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ABSTRACT 

Hydrocarbons, whether derived from petroleum or alternative sources, will most likely remain the 

primary fuel source for the foreseeable future. A challenge in many industry processes for hydrocarbon 

conversion is the formation of molecular weight growth (MWG) species that lead to deposits or soot 

formation. Detailed kinetic models provide the most versatile and informative way to characterize the 

MWG chemistry in these processes. Such models can be used to identify process conditions to minimize 

production of undesirable MWG species while maximizing fuel conversions. While the thermal 

decomposition of saturated hydrocarbons is relatively well understood, the low-temperature gas-phase 

pyrolysis chemistry of olefins is much less well characterized. The current literature mechanisms cannot 

even describe the temperature dependence for propene pyrolysis. Olefins form a large fraction of initial 

products from the decomposition of alkane or alcohol fuels, and their subsequent chemistry substantially 

impacts the final product distribution. Compared to the pyrolysis of their alkane counterparts, olefin 

pyrolysis, at similar temperatures or with similar fuel conversions, generate much higher concentrations of 

MWG species. For these reasons, an improved and more complete understanding of olefin pyrolysis will 

significantly advance the understanding of MWG kinetics during the conversion of hydrocarbon fuels. 

In this work, both experimental and theoretical approaches are developed to describe olefin 

pyrolysis, with a particular emphasis on the kinetic characterization of the generation of MWG products. 

Propene, 1-butene, 2-butene, and isobutene were pyrolyzed in a tabular flow reactor operating at ambient 

pressure (~0.83 atm). Temperature, residence time, and initial fuel dilution were varied to cover a large 

extent of conversion. Fuel conversions and product formation, including MWG species, were quantitatively 

characterized. These data provided a comprehensive database for the validation of the kinetic model 

developed in this work.  

The reactions and rate constants used in the model where based on literature data where available. 

However, the complete model contains hundreds of species and thousands of reactions; providing 

internally-consistent and accurate thermodynamic and kinetic data for these reactions presents a major 

challenge. A key development in this work was the use of the high-level electronic structure calculations to 
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provide generalized rate rules that could then be systematically applied to a particular reaction type to 

facilitate the construction of comprehensive kinetic models. Another important improvement involves the 

systematic investigation of the reactions of resonantly-stabilized free radicals (RSFRs), including 

recombination, addition, dissociation, and hydrogen abstraction, which play pivotal roles in MWG kinetics. 

The updated model, without any attempts to adjust rate coefficients, accurately describes the pyrolysis 

kinetics of the olefins studied. The model also provided improved predictions for pyrolysis of C2-C6 alkanes. 

Analysis of the reaction pathways revealed the importance of some reactions involving RSFRs that had not 

been considered in previous studies.   
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CHAPTER 1 

INTRODUCTION 

1.1 Molecular Weight Growth Concerns during the Conversions of Hydrocarbons 

Hydrocarbons, whether derived from petroleum, natural gas, coal or other alternative 

sources, will be most likely to remain the main energy source for the foreseeable future. Figure1.1 

shows the estimated US energy used in 2014.1 Note that hydrocarbon type fuels, including 

petroleum, natural gas, coal, and biomass, are the most prevalent fuel sources (~85%). The 

efficiency of conversions of the hydrocarbon fuels is only (38.4%); the overall amount of rejected 

energy (59%) is much higher. It is thus important that we are able to accurately predict the 

reactivity of hydrocarbon fuels to optimize the multiple energy conversion processes that employ 

these fuels. Such optimization includes both maximizing the efficiency of conversion as well as 

minimizing possible negative impacts on either the process or the environment. 

 
Figure 1.1 Estimated U.S. energy use in 2014.1 
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In many conversion processes, such as solid oxide fuel cell operation or hot gas mixing 

upstream of steam reformers, hydrocarbon fuels might be exposed for sufficiently long times at 

temperatures between 500oC and 1000oC to allow gas-phase reactions to occur. This chemistry not 

only leads to a change in gas phase composition that enters the process, but it might also produce 

molecular weight growth species (MWG) large enough to precipitate from the gas phase on the 

surface to form deposits (Figure 1.2).2 Deposit formation can reduce the efficiency of the technical 

application. For example it may deactivate the reforming catalyst or fouling in the solid oxide fuel 

cell, or in severe cases lead to a catastrophic failure of the unit. Other examples include formation 

of gas-phase deposit precursors within steam crackers. These limit the time between decoking 

cycles. MWG species contained in exhaust gas emissions from IC engines also constitute an 

environmental and adverse health problem. For these reasons, a significant amount of research is 

currently focused on hydrocarbon pyrolysis reactions, since these are responsible for much the 

undesired MWG chemistry. 

 

Figure 1.2 A scheme for soot formation in homogeneous mixtures (premixed flames).2  
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1.2 Olefin Kinetics Critical for Moleculr Weight Growth  

It has been shown in previous pyrolysis experiments of light alkanes3, 4 that formation of 

MWG species resulting from gas phase chemistry is extremely sensitive to temperature. Figure1.3 

shows the fuel conversion with temperature as well as the production of MWG species, 

characterized by the formation of C5+ species, during the pyrolysis of ethane, propane and n-

butane (experiments performed at a pressure of ~0.8atm and a residence time of ~5s).4 The 

formation of MWG species is negligible until there has been substantial conversion (~30-40%) of 

the parent fuel. However, once MWG begins, it increases very rapidly with temperature.  

 

Figure 1.3 Comparison of fuel conversion and formation of MWG species for several C2-C4 
alkanes4 (Solid lines: fuel conversion; Dashed lines: formation of MWG species. Note: MWG 
species is sum of C5+ products). 
 

In contrast to alkane pyrolysis, the kinetics of light olefin pyrolysis is quite different. A 

major difference of olefins (except ethylene) from alkanes is that they possess allylic C-C or C-H 

bond(s); the decomposition of olefins normally starts by breaking the weaker allylic bond(s) 

forming an allylic radical and H-atoms or alkyl groups.5 The subsequent H-abstrraction reactions 
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are also most likely to attack this position because of lower energies (Scheme 1), forming more 

allylic radicals (plus stable saturated alkanes).  

 

Scheme 1 Engetics comparison for the breakage of allylic and non-allylic C-C and C-H bonds 
(the numbers are reaction enthalpy change, in kcal/mol) 
 
Allylic radicals are one type of resonantly-stabilized free radicals (RSFR); they are generally more 

stable than the “normal” alkyl radicals because of the delocalization of electrons within the 

molecular structiure. Due to these two factors, i.e., more easily formed and higher stability, high 

concentrations of RSFR will be formed duing the pyrolysis of olefins (especially at temperatures 

near 1000K). The higher stability of these radicals may have a profound impact on their subsequent 

reactions. On one hand, the higher stability of these radicals tends to slow down the chemistry. For 

instance, hydrogen abstraction reactions by these radicals are generally slow due to the unfavorable 

energetics. Radical addition reactions are also often slower since the adduct that is formed is 

generally not resonantly stabilized. Similarly, the recombination reactions also result in a relatively 

shallow entrance channel well and dissociation back to the reactants is often favored. On the other 

hand, the high concentrations of allylic radicals may favor addition and recombination reactions, 

even though the rate constants are relatively small, leading to formation of higher molecular weight 

growth (MWG) species. 

Figure 1.4 compares the pyrolysis of several olefins to their alkane analogs.4 Generally the 

decomposition for olefins starts at higher temperature than their alkane counterparts. However, the 

MWG species starts forming at much lower levels of fuel conversion during the decomposition of 

olefins than these observed for the corresponding alkane. As a result, the amount of MWG species 
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produced at a given temperature is significantly higher during the conversion of olefins. In other 

words, olefin decomposition reveals more information of MWG kinetics, which makes them better 

candidates for study.  

 

Figure 1.4 Comparison of the pyrolysis of C3 and C4 alkanes and olefins.4 Solid line with 
symbols: Fuel conversion; Dashed line with symbols: Production of MWG species (Note: MWG 
is sum of C5 up to C12 species). 
 

Other equally important considerations include: (1) Olefins are present in significant 

amounts in transportation fuels including gasoline, aviation and diesel fuel, and they contribute to 

determining the ignition properties of those fuels, including the Octane Numbers that measure 

resistance to knocking behavior in spark-ignition engines. (2) Olefins are also the key 

intermediates of alkanes, alcohols, ethers, or biofuels etc., and form a large fraction of the primary 

initial products, and their subsequent reactions have a substantial impact on the final products. 

More specifically, olefins can undergo radical addition reactions that then lead to the 

aforementioned MWG chemistry and deposit formation, via several more steps.2 Therefore, any 

accurate kinetic model capable of describing pyrolytic systems (as well as oxidative or combustion 

processes) must contain reliable olefin kinetics. This provides the motivation for the current thesis 

research. 
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1.3 Olefin Pyrolysis Kinetics Poorly Understood 

The first steps of the thermal decomposition of alkanes are relatively well understood. C-

C bond fission reactions produce radicals that undergo subsequent β-scission reactions to generate 

smaller radicals (H, methyl, ethyl, etc.) and olefins. In particular, the H atoms and methyl radicals 

formed in these steps will abstract hydrogen atoms from the initial hydrocarbon parent fuels, 

accelerating the consumption. While these reactions are rather well characterized in terms of rate 

expressions, the subsequent chemistry of the olefins produced by the β-scission reactions is much 

less well-characterized. Experimentally, most of the reseach on the decomposition of olefins 

(pyrolysis, oxidation or combustion) focused only on low levels of fuel conversion, and few 

characterized the MWG kinetics. From a kinetic modeling perspective, neither the current CSM 

kinetic mechanim nor any identifiable literature model is able to describe some of the experimental 

results observed during olefin pyrolysis. In this thesis, four gaseous olefins (including propene, 1-

butene, 2-butene, and isobutene) will be used as the model counponds to unravel the MWG kinetics.  

Propene is the simplest olefin with an allylic site; it provides a good opportunity to study 

the reaction kinetics of the smallest resonantly-stabilized radical, allyl (C3H5, C=CC•). The 

pyrolysis of propene has been the subject of study by Simon and Back,6, 7 Barbe et al.,8 Hidaka et 

al.,9 Davis et al.,10 Norinaga et al.,11, 12 and Al-Shoaibi and Dean13; a more detailed discussion can 

be found in Chapter 7. Yet despite its simplicity and these prior investigations, questions still 

remain about the initiation kinetics of propene pyrolysis at low to intermediate temperatures. 

Earlier attempts4, 14, 15 to describe the kinetics in terms of theoretically plausible reactions generally 

under-predicted the low temperature reactivity. For example, the earlier kinetic model15 developed 

in our group was able to properly characterize alkane pyrolysis, but significantly under-predicted 

the propene conversion. Several other published kinetic models,16, 17, 18 which were originally 
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developed for propene pyrolysis, oxidation, or combustion, also fail to capture the fuel conversion 

(shown in Figure 1.5). It’s evident that one has to firstly understand the initiation kinetics before 

one can properly unravel the MWG kinetics in propene pyrolysis. 

 

Figure 1.5 Comparison of predictions from several published kinetic models to the fuel 
conversion of propene pyrolysis (Symbols—Expt.4, Operating conditions: P=~0.8atm, τ=~5s, 
initial ~50% C3H6 in N2, Solid lines—Model predictions15, 17, 18) 
 

The butenes are the smallest olefins with isomeric structures, and they are also the largest 

gasous olefins that are convenient to study in the gas phase. With 4 heavy atoms (i.e., non-

hydrogen atoms), the butene isomers serve as good model compounds for upgrading and validating 

the detailed kinetic mechanisms for larger hydrocarbon species. 2-Butene possesses 6 equalent 

allylic H atoms, the initiation reaction and the subsequent H-abstraction will rapidly form 2-

methyl-allyl, which has two stabilized structures, i.e., C=CC•C and CC=CC•. This investigation 

provides the opportunity to study the reaction kinetics of a larger resonantly-stablied radical. The 

decomposition of 1-butene generates both the allyl and 1-methyl-allyl radicals, giving the 

opportunity to investigate the reactions involving different stabilized radicals. In addition the 

combined study of 1-butene and 2-butene will reveal the impact of the location of the double bond 
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within the molecule on the kinetic features. More detailed discussions of these two olefin species 

is provided in Chapters 8 and 9, repectively. Isobutene is the smallest brached olefin, which can 

be used as model compound for larger branched species. The subsequent reaction give birth the 

smallest allylic radical, 2-methyl-allyl (C4H7, C=C(C)C•). The corresponding detailed discussion 

can be found in Chapter 10.  

The butenes have also the subject for many kinetic studies (specific references can be found 

in Chapters 8-10); however, only a few have quantitatively characterized the MWG chemistry in 

the pyrolysis of buetenes. Dagaut et al.19 measured the concentration profiles for several C4-C6 

MWG species obtained by probe sampling and GC analysis during the oxidation of isobutene. The 

proposed reaction mechanism under predicted the several C5 products formation. Yasunaga et al.20 

measured the production profile of 1,3-C4H6 and benzene with temperature during the pyrolysis of 

isobutene. The authors incorporated the addition of isobutenyl (iso-C4H7) radical to propyne 

(pC3H4) in their mechanism to account for the formation of benzene by estimating one global 

reaction step, i.e., iso-C4H7 + p-C3H4 = C6H6 + H2 + CH3. Zhang et al.21 developed a kinetic model 

for the pyrolysis of the three butene isomers. Their kinetic model was able to describe light species 

and intermediate radicals, but very few MWG products were characterized. Schenk et al.22 carried 

out the detailed mass spectrometric and modeling study of laminar premixed flames of isomeric 

butenes. Multiple C5 growth species were identified and measured, but the model only provided 

qualitative descriptions of these products. The flow reactor pyrolysis for butene isomers by Al 

Shoaibi4 detected multiple MWG species. However, the characterization was considered as semi-

quantitative since there was no direct calibration for these species. The associated modeling study 

indicated that more work is needed regarding the characterization of MWG kinetics.  
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Previous studies in the Dean group include the pyrolysis of alkanes and light olefins.4, 13-15 

The observations and recommendations from those studies, together with the existing experimental 

database, serve as the starting point for the current study. Improvements to the setup of the 

pyrolysis experiment now allows collection of more detailed product information, especially the 

MWG species, than those in earlier studies. Therefore the experimental database can be extended 

by performing additional pyrolysis experiments in a tubular flow reactor with GC/MS/FID 

detection (which will be described in Chapter 2) in the temperature range of ∼400oC-900oC. 

Variations in residence times, inlet concentrations, and fuel molecular structures, along with 

quantitative characterization of the MWG species formed during pyrolysis with the GC/MS will 

produce a comprehensive database to provide a stringent validation for the kinetic model.  

Simulations using the commercial software package CHEMKIN PRO with the current 

CSM mechanism will be compared to the experimental database discussed above to identify the 

specific deficiencies. Rate and sensitivity analysis techniques will be applied to identify probable 

sources for the disagreement. Then theoretical tools23, 24, 25 will be used to develop improved 

reaction/rate constant combinations to address the deficiencies in order to update the CSM 

mechanism with the goal being prediction of the experimental data to within the uncertainty limits. 

Should the updated mechanism be able to successfully predict the data, then we would conclude 

with some degree of confidence that the new mechanism contains a reasonable description of the 

kinetics. On the other hand, if some of the predictions remain unsatisfactory, this information is 

still valuable in that it will allow to design additional experiments to pinpoint the discrepancy, 

thereby directing the theoretical effort in that direction. Therefore the two parts − experiment and 

model development − need to work in parallel to achieve success. 
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1.4 Objectives and Overview of This Thesis 

The generation of MWG species has been one of the largest concerns related to the use of 

hydrocarbon fuels. Comparing to their alkane counterparts, the MWG kinetics starts forming much 

earlier (e.g., lower temperatures and/or lower fuel conversions) during the thermal decomposition 

of olefin fuels, and significantly more MWG species are generated at the same temperatures, which 

make them good model compounds for the investigation of MWG kinetics during hydrocarbon 

conversion. Furthermore, olefins are important intermediates and conrtribute to determing the final 

products distribution for the conversion of other practical fuels. The decomposition of olefin will 

generate significant amount of resonantly-stabilized radicals at temperatures ~1000 K, which 

result in quite different and generally more complicated chemistry than the corresponding alkane 

fuels. A literature analysis of previous research on these unsaturated fuels indicates that the 

understanding for the pyrolysis chemistry is far from complete. For example, neither the earlier 

CSM kinetic models nor any other literature mechanism can describe the MWG chemistry 

occurring during olefin pyrolysis (evem for the simple propene system). 

 In this thesis, propene and three butene isomers (1-butene, 2-butene, and isobutene) will 

be used as the model compounds as representatives for the larger linear and brached olefin in this 

work to investigate the reaction kinetics involving different resonantly-stabilized radicals. An 

improved experimental apparatus is used to quantitatively characterize the MWG products formed 

during the pyrolysis of the C3 and C4 olefins. This provides a comprehensive database for the 

validation of kinetic models (not only the one developed in this study, but also these by other 

researchers). This thesis is devoted to unraveling the MWG kinetics observed during hydrocarbon 

pyrolysis through the development of a detailed kinetic mechanism by using both experimental 

and theoretical approaches.  
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This thesis is arranged as follows: 

Chapter 2 presents the experimental and theoretical methods applied in this work.  

Chapters 3-5 present the systematic development of rate estimation rules that are used to 

aid in the construction of detailed kinetic models. Chapter 3 describes a systematic theoretical 

study for two important isomerization reactions, i.e., H-atom shift and cycloaddition reactions, of 

the saturated alkyl and “normal” alkenyl radicals. High-pressure rate estimation rules are derived 

based on the results of electronic structure calculations at the CBS-QB3 level of theory combined 

with transition state theory calculations. The impact of ring size and substituent groups on pre-

exponential factors and activation energies for types of reactions are discussed in the context of a 

Benson-type structure-reactivity relationship. Chapters 4 and 5 investigate the impact of resonance 

stabilization on the H-atom shift and cycloaddition reactions, respectively. Multiple reactions 

schemes are proposed based on the effect of the partially formed resonance structures formed in 

the transition state. The corrections for the ring strain energies and the numbers of free rotors that 

are frozen in the transition state are analyzed. 

 Chapter 6 analyzes various types of reactions of allylic radicals that impact MWG kinetics 

using electronic structure calculations; reactions considered include recombination, addition, and 

abstraction of allylic radicals. A strategy is proposed to use the rate estimation rules discussed in 

Chapters 3-5 to allow straightforward estimation of potential energy surfaces for complex 

pressure-dependent chemically-activated systems; such reactions are critical to properly describe 

MWG kinetics.  

The following four chapters (i.e., Chapters 7-10) discuss the application of the improved 

fundamentally-based kinetic model to the pyrolysis of four light olefin systems. These chapters 

focus on the experimental and modeling analysis of the pyrolysis of propene, 1-butene, 2-butene, 
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and isobutene, respectively. The data reported in this work expands and improves upon prior 

research.4 Reported pyrolysis data by other research groups, whenever available, are also used to 

validate the developed model.  

Chapter 11 applies the improved model to several previously analyzed alkane pyrolysis 

systems, illustrating the improved prediction of MWG species in these systems as well. 

Chapter 12 concludes this thesis and presents a vision of future work to address additional 

research challenges in this area.  
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CHAPTER 2  

EXPERIMENTAL AND THEORETICAL APPROACHES  

2.1 Experimental Method 

The Tubular Fuel Conversion Reactor (TFCR) was used in this study for the olefin 

pyrolysis. The following parts will discuss this experiment setup and the operating conditions 

inverigated. 

2.1.1 Experimental Apparatus 

Fig. 2.1 shows the experimental apparatus, which has been used for both alkane,1, 2, 3, 4 and 

olefin pyrolysis.3 The experimental data collected in this work for the olefin pyrolysis is similar to 

prior CSM work, but the use of an updated experimental setup and expanded calibration for the 

measured products permitted more definitive measurements. A vaporizer and another GC/MS 

6890 have been installed especially for liquid fuel calibration and experiment. It allows direct 

injection of liquids as well as a provision to monitor liquid fuel flow rates. 

   

Figure 2.1 Experimental apparatus (Left: Experiment apparatus picture; Right: Schematic.) 
 

A known flow of propene or the three isomeric butenes (Matheson TriGas Co.) in N2 

(General Air, 99.998%) is passed through a 6 mm-ID quartz tube that is housed in an electric 

furnace. There are some impurities found in the fuels (detailed concentrations will be provided in 
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Chapters 7-10), and these are accounted for in the modeling efforts. Experiments are conducted at 

a (high-altitude) ambient pressure of ~0.83 atm. The temperature profile of the reactor is measured 

axially using a K-type (Cr/Ni) thermocouple. As shown in Figure 2.2, the temperature is 

approximately constant at the center of the reactor. The temperature in this region was varied from 

~550 to 875 °C; the reproducibility of the measurement is ±2°C. At the entrance and exit of the 

reactor the temperature gradient is steep, and the measurement is very sensitive to the exact axial 

position of the thermocouple. An estimated maximum error of ±15°C occurs at the first and last 

position of the profile. However, the temperatures at the edges of the reactor are sufficiently low 

such that chemistry is not expected to occur and towards the center of the reactor the magnitude 

of this error decreases rapidly. The total flow rate was set to 30, 60, 100, or 150 SCCM, which 

corresponds to residence times of approximately 5.0, 2.5, 1.5 and 1.0 second, respectively. The 

actual residence time in the reactor is dependent upon the temperature profile, total flow, and extent 

of reaction (i.e., total number of moles in the reactor at a given distance) and is determined more 

precisely by model calculations that account for each one of these variables.  

 

Figure 2.2. Temperature profiles measured along the centerline of the flow reactor. 
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Following the reactor, the gas stream was analyzed using gas-chromatography (GC). 

Permanent gases and light hydrocarbons were analyzed using a Hewlett Packard 5890 Series II 

Plus GC. Separation of the gas mixture was achieved, using tandem Supelco 6 ft x 1/8” stainless 

steel packed Porpack R and 15 ft x 1/8” stainless steel packed Carboxen 1000 columns with Ar 

carrier gas and a thermal conductivity detector (TCD). Light and heavy products were analyzed 

using a J&W Fisher SPB-1 60 m x 0.53 mm-ID 5µm fused silica film capillary column with He 

as the carrier gas. In a Thermo Scientific Finnigan Trace GC Ultra, the column effluent was 

analyzed by a parallel FID and a mass spectrometer (MS) detector. The initial oven temperature 

was held at 40°C for 5 minutes and then ramped at 20°C/min to 220°C. A major improvement 

from prior experimental measurements performed in the Dean group was that the MS detector 

allows for the products to be identified with greater certainty. One limitation to the analytical 

method was that 1-butene and iso-butene, 1,3-methylcyclopentadiene and 2,4-

methylcyclopentadiene, as well as 1,3-cyclohexadiene and 1,4-cyclohexadiene were not 

completely separated from one another and, in these cases, the sum of the isomers was reported. 

Since these two or more species that co-elute have similar response factors to one another, the sum 

of the mole fraction and the carbon (C) and hydrogen (H) balances were only minimally impacted.    

Nitrogen was added to the system along with the fuel. This dilution helps control the extent 

of reaction to avoid excessive MWG that could lead to deposit formation within the lines. The 

greatest advantage of adding inert gases is to determine the change in the number of moles during 

the reaction. Although the number of moles of inert does not change, the mole fraction of nitrogen 

will change due to the change in the total number of moles after pyrolysis. Thus the change in the 

measured inert mole fraction can be used to account for the overall mole change during the reaction. 
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This information is required to compute the mass balance during an experiment and to account for 

the change in residence time. 

Methane and some C2 species are measured by both TCD and FID. The dual measurements 

agree well with each other for these species. The sum of the measured mole fractions as well as 

calculated carbon and hydrogen balances are also reported in the data tables. In all tables, the 

measured mole fractions sum to ∼100% within the expected experimental error. This indicates that 

the analytical methods properly account for the majority of the pyrolysis products that reach the 

GC sample loop. Any species with very long retention times that might not have been detected by 

the methods are on the order of 1% or less. A qualification to this statement is that some species 

might be hidden under larger peaks, for instance acetylene is hidden under ethylene, isobutene is 

hidden under 1-butene, and methyl-2,4-cyclopentadiene is indistinguishable from its isomers, 

methyl-1,3-cyclopentadiene and methyl-1,4-cyclopentadiene; however, in each of these cases, 

their similar FID response factors would lead to a similar total C2, C4, or C6 sum. The measured 

carbon and hydrogen balances are approximately unity over most of the temperature range and 

only begin to show a deviation at the highest temperatures, perhaps suggesting a slight loss of 

product prior to the GC sample loop due to deposit or soot formation. 

The response factors were calibrated for both the gases and liquid products. Commercial 

gas mixtures were used in addition to in-house mixtures. The commercial gas mixture (Matheson 

Trigas) contained nitrogen, methane, ethylene, ethane, propene, propane, isobutene, and n-butane. 

The calibration of the liquid C5-C9 species was performed by dissolving the species in benzene or 

toluene, then pumping this mixture through a vaporizer and into the reactor. A standard chemical 

solution (Sigma Aldrich) containing seven C6-C9 species (benzene, toluene, ethyl-benzene, o-

xylene, 1,2,4-trimethylbenzene, 2-hexanone, and 2,2,4-trimethylpentane) was employed. The 



19 
 

accuracy of the gas calibration was estimated to be ~2% relative, while that of the liquid calibration 

was estimated to be ~5% relative. The response factors of species that were not calibrated directly 

(mostly larger hydrocarbons) were estimated. Overall, the MWG products are better quantified in 

this work than in the prior studies.2, 3  

2.1.2 Olefin Pyrolysis Experiments 

The objective of the experiments is to generate a comprehensive database on olefin 

pyrolysis that may be used to provide a stringent validation test for the improved kinetic model. 

The olefins studied included propene, 1-butene, 2-butene, and isobutene. The experimental 

variables included temperature, residence time, and extent of inert dilution. In addition to 

measurements of fuel conversion and major product formation, significant efforts were devoted to 

identification and quantitative characterization of MWG species formed during olefins pyrolysis.  

Compared to C2H4 and C3H6, C4H8 isomers can differ in the location of the double bond, 

and either be linear or branched. The previous experiments show that the pyrolysis chemistry of 

the three butene isomers differed substantially.3 These distinct reactivities make them excellent 

model compounds to advance our understanding of the pyrolysis chemistry of alkenes.  The 

comparison of product distributions among these isomers will shed light on the varying reaction 

pathways for olefins with different structures. 

In the previous experiments,1, 2, 5 the total flow rate (fuel + inert gas) was usually set at ~30 

sccm, which corresponds to the residence time of ~5s. The pyrolysis temperature range for alkanes 

was generally from 550ºC to 850ºC, while it was lower for olefins -- typically 550ºC to 700ºC. 

The experiments were designed to provide sufficient MWG chemistry to be able to accurately 

measure the products, but not so much as to form deposits within the system.  Pyrolysis data over 

a wide range of temperatures is desired to better validate the mechanism. One way to reach higher 
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temperatures, yet reduce the potential for deposits, is to reduce the residence time by increasing 

the total flow rate. The residence times employed in this study were ~5s, ~2.5s, and ~1s. For the 

olefin experiments at ~5s residence time, significant MWG species were observed when the 

temperature was higher than 650ºC, with deposit formation observed at higher temperatures.  

Another approach to obtain MWG data at higher temperatures without undesired deposit 

formation is to increase the mole fraction of inert. Al Shoaibi3 used different dilutions for several 

light alkene pyrolysis in his thesis by changing 50/50% to 33.3/66.7%. The current study 

substantially extended the inert dilution range to include olefin/inert gas ratios of 50/50, 10/90, 

5/95 (mole %). In addition to these experiments and the previous data collected in our group, other 

available data sources from the literature were used to validate the kinetic mechanism. Together, 

these datasets will serve as a stringent test of the mechanism. 

2.2 Theoretical Methods 

The following part will discuss: the detailed kinetic model used in this work; the electronic 

structure calculations to obtain kinetic paramertes for elementary reactions; and analysis for 

pressure-depedent reactions based on the QRRK/MSC approach.  

2.2.1 Kinetic Modeling 

The initial starting point for this mechanism was that used in earlier CSM work describing 

the MWG kinetics during ethane pyrolysis at high conversion.4 The mechanism was expanded to 

describe the pyrolysis of propene and butene isomers. The mechanism contains 581 species and 

9244 reactions. While it is not feasible to discuss each reaction contained within the mechanism, 

they can be broken down into six main classes: 1) dissociation/recombination, 2) hydrogen atom 

abstraction, 3) addition/β-scission, 4) isomerization, 5) disproportionation, and 6) other 
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rearrangements such as Diels-Alder/retro-Diels-Alder reactions. Some specific reactions will be 

discussed throughout the thesis.  

The simulations are performed using the ChemKin Pro suite of programs.6 The input 

parameters consist of the previously described kinetic mechanism and corresponding 

thermodynamic properties as well as the measured temperature profiles, flow rates, pressure, and 

reactor dimensions. The quartz reactor used in this study is treated as a plug flow reactor assuming 

that there are no wall effects. The plug flow assumption has previously been verified by comparing 

these results those obtained using a parabolic flow model.5 This program was used to generate 

concentration-time profiles, rates of production plots, and sensitivity analysis. In many instances, 

the mechanism was run in an irreversible format (i.e., the forward and reverse reactions are both 

explicitly specified). Note that in either format, reversible or irreversible, the reverse rate constants 

are calculated from the thermodynamic database and both formats provide identical concentration-

time profiles. But, in a reversible format a sensitivity analysis will not identify partially 

equilibrated reactions. This is because an increase in the forward rate constant will be offset by the 

simultaneous change in the reverse rate constant. However, in an irreversible format the two 

reactions are now decoupled and the results can be used to examine the impact of the equilibrium 

constant assignment on the predictions.  

2.2.2 Electronic Structure Calculations 

In order to reliably predict thermal decomposition of fuels, an accurate description of the 

chemical kinetics is required.7 However, a major problem is that the amount of the available 

thermodynamic and kinetic data from carefully designed measurements is very limited and often 

restricted only in a narrow range of conditions that might be far removed from those of the 

application. Increases in CPU power, data storage capacity and improvements in the algorithms 
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have made theoretical calculations of thermodynamic properties and rate constants feasible, even 

for moderately large molecules. In recent years, high-level electronic structure calculations have 

matured to a point that they reach a level of precision almost comparable to well-defined 

experimental measurements. The theoretical methodologies illustrating the electronic structure 

calculations to pressure-dependent rate constants to be incorporated into detailed kinetic 

mechanism can be illustrated by Fig.2.3. 

 

Figure 2.3. Theoretical approaches: from electronic structure calculations to rate constants to be 
incorporated into kinetic models. 
 

Electronic structure calculations in this research were carried out using the Gaussian 03 

and 09 suites of programs.8, 9 The CBS-QB3 composite method10 was used to calculate optimized 

geometries, frequencies, and electronic energies for the lowest energy conformer of the reactants, 

products, and transition states. This method has been shown to predict heats of formation for a 

large test set of molecules with an accuracy of just over 1 kcal/mol.10 Low frequency vibrational 

modes that resemble torsions around single bonds were treated as hindered internal rotors rather 

than as harmonic oscillators. Hindrance potentials were calculated at the B3LYP/6-31G(d) level 

of theory via relaxed surface scans with a step size of 10 degrees. Hindered potentials (with barriers 
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≤ 12 kcal/mol) were fitted to truncated Fourier series expansions. Reduced moments of inertia for 

asymmetric internal rotors were calculated at the I(2,3) level based on the equilibrium geometry 

as defined by East and Radom.11 The 1-D Schrödinger equation was numerically solved for each 

internal rotor using the eigenfunctions of the 1-D free rotor as basis functions. The energy 

eigenvalues are then used to numerically calculate their contributions to thermodynamic functions. 

All other modes were treated as harmonic oscillators and the frequencies were scaled by a factor 

of 0.99. Thermodynamic properties (e.g., ΔfH298, S298, and Cp values) were calculated using 

standard statistical mechanics methods. The electronic energy of each species was converted to its 

heat of formation using the atomization method. Since only relative energies are required in this 

work, no attempts were made to improve the heats of formation using, for example, bond additivity 

corrections. Inspections of the hindered rotor potentials help ensure that the optimized geometry 

of a molecule corresponds to the lowest energy minimum. A normal mode analysis was performed 

to identify the nature of the species. Transition states were identified by having one imaginary 

frequency, which was animated to verify that it corresponds to the desired reaction coordinate. A 

more detailed description can be found in earlier publications.7, 12, 13 

High-pressure rate coefficients were calculated using canonical transition state theory 

(TST): k(T) =κ(T) • kBT/h•exp(-∆GŦ/RT), where κ(T) is the tunneling correction factor, and ∆GŦ 

is the Gibbs free energy difference between the transition state, minus the contribution from the 

reaction coordinate, and the reactants. The remaining variables have their usual meaning. 

Tunneling correction factors were calculated with an asymmetric Eckart potential.14 Rate constants 

were calculated over a temperature range of 300 – 2500 K in 50 K increments and fit to modified 

Arrhenius expressions: k(T) = A’•Tn•exp(-E/RT). The error in the pre-exponential factor is 

expected to be at least a factor of 2 at 1000K. While some error from the hindered rotor treatment 
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cancels on the TST rate constant formula, if the number of rotors on the reactants and transition 

state are significantly different, the uncertainty will be larger. The error in the activation energy is 

estimated to be ∼1 kcal/mol. Together, this leads to an uncertainty of a factor of ~ 3 at 1000 K in 

the calculated rate coefficients. Uncertainties arise from errors in the ab initio method such as 

variations in optimized reactant and TS geometries as well as errors in the harmonic frequencies 

and hindered rotor calculations. 

When reliable experimental kinetic data are available, these values are implemented in the 

mechanism. In other cases, rate constants are determined using transition state theory based on the 

results of electronic structure calculations. In many cases, this approach is used to develop rate 

estimation rules that can be applied larger species that are not calculated directly. Detailed 

discussion of this approach have previously been provided.7, 15 Roughly one-third of the reactions 

in the mechanism are pressure dependent. The rate coefficients for these reactions are evaluated 

as a function of temperature and pressure using a three frequency Quantum-Rice-Ramsperger-

Kassel analysis with a modified strong collision approximation (QRRK/MSC).16 

Thermodynamic reversibility is used to determine reverse rate constants. Thermodynamic 

parameters are either estimated from group additivity using THERM,17 or obtained from electronic 

structure calculations. The mechanism was used for this study without any attempts to improve 

the predictions by adjusting rate expressions. The files containing the complete kinetic model and 

the associated thermodynamic data are provided in the Appendix.  

2.2.3 QRRK/MSC Analysis 

Pressure- and temperature-dependent rate constants for the multiwell and multichannel 

potential energy surface (PES) were calculated based on a steady state analysis in which the 

energy-dependent unimolecular rate coefficients, k(E), were computed using Quantum-Rice-
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Ramsperger-Kassel (QRRK) theory. The density of states was calculated from three representative 

frequencies, which were extracted from an analysis of the heat capacity. Collisional stabilization 

rate constants were calculated using the modified strong collision (MSC) assumption.18 More 

details of the methodology can be found in the work of Chang et al.16 The Lennard-Jones collision 

diameters (σLJ) and well depths (εLJ) were estimated for adducts/isomers. For almost all of the 

QRRK/MSC calculations, the average energy transferred per collision for the collider N2, 〈∆Eall〉, 
is assigned to be -440 cal/mol. The one exception is the calculation for allyl recombination for 

which the collider is Kr and 〈∆Eall〉 = -334 cal/mol.  

Although the QRRK/MSC approach is clearly more approximate than a Rice-Ramsperger-

Kassel-Marcus (RRKM)/Master Equation approach, several previous studies have shown that it 

produce results with similar reliability.19-25 Furthermore, because of the approximate nature of this 

approach, it can be used to efficiently generate results for large reaction mechanisms that often 

contain hundreds or even thousands of pressure dependent reactions. 

2.3 Summary  

The improved tubular flow reactor system is able to quantitatively characterize the kinetics 

of olefin pyrolysis; data were obtained for reactant conversion, major product formation, and 

formation of MWG species. Experiments examining the impact of temperature, residence time, 

and inert gas dilution were conducted. These data as well as those collected by other research will 

provide a stringent data base for the validation of the developed model. When reliable experimental 

rate constant data were not available, electronic structure calculations were performed to obtain 

these values. In many instances these results were generalized to develop rate rules for reaction 

classes. Where appropriate, pressure dependent rate constants were computed and incorporated in 

the mechanism. The overall approach is illustrated in Figure 2.4. 
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Figure 2.4 Approach to develop an improved mechanism for olefin pyrolysis. 
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CHAPTER 3 

REACTIVITY-STRUCTURE BASED RATE ESTIMATION RULES FOR ALKYL RADICAL 

H-ATOM SHIFT AND ALKENYL RADICAL CYCLOADDITION REACTIONS 

Modified from a paper published in The Journal of Physical Chemistry A1 

Kun Wang2, Stephanie M. Villano3, and Anthony M. Dean4 

3.1 Abstract  

Intramolecular H-atom shift reactions of alkyl radicals and cycloaddition reactions of 

alkenyl radicals are two important reaction classes in hydrocarbon combustion and pyrolysis.  In 

this work, we derive high-pressure rate estimation rules that are based on the results of electronic 

structure calculations at the CBS-QB3 level of theory combined with transition state theory 

calculations. The rules for the H-atom shift reactions of alkyl radicals cover the 1,2- up to the 1,7-

H shifts. The rules for the cycloaddition reactions of alkenyl radicals are for both the endo- and 

exo-cycloaddition and include the formation of 3- to 7-member ring products. The results are in 

good agreement with available experiment measurements and other theoretical studies. Both types 

of reactions proceed via cyclic transition state structures. The impact of ring size and substituent 

groups on pre-exponential factors and activation energies are discussed in the context of a Benson-

type structure-reactivity relationship. Similar relationships between the pre-exponential factors 

and the number of internal rotors lost in formation of the transition state are derived for both H-

shift and cycloaddition reactions. The activation energies are found to be more complicated. The 

                                                           
1 Reprinted with permission from The Journal of Physical Chemistry A 2015, DOI: 
10.1021/jp511017z.    
    Copyright 2015 American Chemical Society.  
2Graduate student, 3Assistant Research Professor, and 4Professor, respectively, 

Department of Chemical and Biological Engineering, Colorado School of Mines.  
4Author for correspondence. 
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ring strain contribution to the barrier is much lower for the exo-cycloaddition reactions than it is 

for the other two investigated reaction systems. The ring strains for the H-shift and endo-

cycloaddition are similar to one another and are comparable to that of cycloalkanes for 3- to 6-

member rings, but are significantly lower for the larger rings. The results suggest that 1,6-H shift 

and 1,7-endo cycloaddition reactions might be faster than previous estimates.  

3.2 Introduction 

Hydrocarbons, whether derived from petroleum or renewable sources, will be a primary 

fuel source for the foreseeable future. Because of this, there has been a longstanding interest in 

understanding their thermal decomposition. Detailed kinetic models that can accurately describe 

the oxidation and/or pyrolysis of hydrocarbons are a valuable tool that can be used to predict the 

performance of these fuels under varying conditions. Generally speaking, these mechanisms are 

very large, sometimes consisting of thousands of species and tens of thousands of reactions. To 

facilitate their development, the kinetic parameters for a given type of reaction are often assigned 

using rate estimation rules. In the past, many of these rules were assigned based on limited amounts 

of published data, either obtained by experiment or theoretical means. However, with advent of 

more sophisticated computer hardware and more accurate electronic structure methods, it is now 

possible to use this approach to develop these rate constant rules by systematic calculations of a 

series of reactions for a given reaction class.  

The purpose of this work is to derive rate estimation rules for the intramolecular H-atom 

shift reactions of alkyl radicals and the cycloaddition reactions of alkenyl radicals. The 

commonality in these two reaction classes is that they both proceed through cyclic transition state 

structures. From the perspective of a Benson-type mode,1 these reactions may be considered to be 

intramolecular H-abstraction or addition reactions, respectively. Thus, their activation energies 
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may be considered to consist of two parts: the activation energy of the corresponding bimolecular 

reaction plus the ring strain energy (Ea = Ebi + Estrain). Prior to any reliable experimental or 

theoretical studies, the ring strain energy was often assumed to be that of the corresponding 

cycloalkane1. However, recent work suggests that this analogy does not provide good estimates.2-

5 Pre-exponential factors were calculated from the entropy difference between the reactant and 

transition state. This difference should correlate with the loss of internal rotors in the cyclic 

transition state structure. While there have been several previous experimental and theoretical 

studies of both reaction classes, this work provides results for a large number of reactions using a 

consistent theoretical approach that permits development of a more complete structure-reactivity-

based picture for these two reaction classes.  

Intramolecular H-atom shift reactions play an important role in hydrocarbon combustion 

and pyrolysis. These reactions compete with unimolecular β-scission as well as bimolecular 

reactions. They may modify the initial alkyl radical isomer population that is formed by H-atom 

abstraction reactions from the parent hydrocarbon, thereby affecting both the rate and the product 

distribution. There have been a number of prior experimental6-15 and theoretical studies16-22 on this 

reaction class. These data show that the 1,4- to 1,6-H atom shift reactions (that proceed via 5- to 

7-member ring transition states, respectively) are favored over the 1,2- and 1,3-shifts (via 3- and 

4-member ring transition states). Several of these studies have provided rate estimation rules. 

Sirjean et al.5 and Ratkiewicz et al.23-25 developed rate rules for 1,4- to 1,6-H shift reactions. 

Matheu et al.26 developed a set of rate rules for the 1,2- to 1,6-H shifts in alkyl radicals. In each of 

these cases, the rules were based on only a limited number of reactions and no substituent effects 

were considered. Davis and Francisco4, 27 conducted thorough investigations on all possible H-

shift reactions for linear and branched alkyl radicals using CBS-Q, G2, and G4 composite 
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computational methods. The impact of abstraction site location, substituents, and transition-state 

configurations on the activation energy, pre-exponential factor, tunneling factor, and the overall 

rate coefficient was discussed. However, the authors did not generalize their results to provide the 

rate constant rules that are needed to generate self-consistent rate constants for inclusion in kinetic 

mechanisms. 

Alkenyl radicals (where there is an alkyl radical site on an olefin) are formed by allylic 

radical addition to olefins or by H-abstraction from olefins. Once formed, they can isomerize via 

cycloaddition or H-atom shift (preferably forming an allylic radical), β-scission, or undergo 

bimolecular reactions. The cycloaddition pathway is important because it may be an efficient route 

to form aromatics and ultimately to the formation of deposits or soot.28 There are two possible 

addition sites (c.f., Scheme 1). Addition to the far vinylic carbon leads to a cycloalkyl radical; this 

is referred to as an endo-cycloaddition. Addition to the near vinylic carbon leads to a cycloalkyl-

carbinyl radical; this is referred to as an exo-cycloaddition.  

 

Scheme 1: Schematic for the 1,4-endo- and exo-cycloaddition reactions 

Several prior studies have been conducted on these cycloaddition reactions or on the 

reverse ring opening reactions.29-33 Baldwin34 provided semi-empirical rules to predict the relative 

ease of ring closure via the two pathways; the exo-cycloaddition reactions were found to be more 

favorable than the corresponding endo-addition. Matheu et al.26 proposed high-pressure rate 

constants for the endo-cycloaddition to form 5- and 6-member ring radicals and for the exo-

cycloaddition to form 5-member ring radicals. The rate constant for the cycloaddition of 1-hex-4-

enyl radical was much larger for the endo-cycloaddition, forming a 6-member ring, than that for 
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the exo-cycloaddition, forming a 5-member ring; this is in contrast to the Baldwin rule34. Recently, 

Wang et al.35 investigated a series of vinyl migration reactions that proceed though these endo- 

and exo-cyclic radical intermediates. Their results show that the exo-cyclization reactions that 

proceed via a 3-membered ring are more facile than the endo-cyclization reactions as well as the 

other exo-cyclization reactions that form larger rings. Sirjean et al.33 performed a theoretical study 

of the ring opening β-scission reactions of C3-C7 cycloalkyl and methyl cycloalkyl radicals. Their 

results shows that the activation energy for the endo-ring opening are greater than these of exo-

ring opening; similar trends are expected for the reverse reactions.  

In this study we present electronic structure calculations at the CBS-QB3 level of theory 

combined with transition state theory to calculate high pressure rate constants for systematic sets 

of reactions within these two reaction classes. For the H-atom shift reactions of alkyl radicals, we 

investigate the 1,2- through 1,7-H shifts. For the alkenyl radical cycloaddition reactions, we 

investigate both the endo- and exo- ring closures that lead to the formation of 3- to 7-member 

cycloalkyl radicals. These rate constants serve as the basis for development of high-pressure rate 

rules. As discussed above, these results are interpreted in the context of structure-reactivity 

relationships to gain insights into the trends the activation and ring strain energies as well as in the 

pre-exponential factors. The impact of ring size and substituent effects are investigated. This is the 

first in a series of two papers; the second paper examines the impact of resonant stabilization on 

these reaction types.    

3.3 Theoretical Methods 

Electronic structure calculations were carried out using the Gaussian 03 and 09 suites of 

programs,36, 37 with the CBS-QB3 composite method.38, 39 A more detailed description can be 

found in earlier publications,40, 41, 42 as well as in Chapter 2. 
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High-pressure rate coefficients were calculated using canonical transition state theory 

(TST), with the tunneling correction factors were calculated with an asymmetric Eckart potential.43 

Several identity H-atom shift reactions were evaluated (i.e., the reactant and the product are 

identical). Since the corresponding transition states are symmetric with respect to the reaction 

coordinate, the pre-exponential factors are multiplied a factor of 2 to account for the fact that 

passage though the transition state from either direction (the reactant or product) results in an 

indistinguishable H-shift, which doubles the rate constant.44, 45 Another scenario arises for cases 

where substituents are present in the transition state ring structure; this results in the presence of 

two or more isomers. In many cases, in planar transition state ring structures (e.g., the 1,2- to 1,4 

H atom shift transition states), these are optical isomers and the entropies are corrected by adding 

R•ln(2) which increases the rate constant by a factor of 2. However, if two or more substituents 

are present at different locations on the ring or if the ring is non-planar, these isomers are 

energetically distinct. Both the axial and equatorial structures were calculated, leading to two or 

more rate constants, which were then summed to get a total value.  

In several places throughout the text, tables, and figures, we employ a chemical notation 

that omits the hydrogen atoms. A radical site is indicated by a bullet and a double bond by an equal 

sign. The units employed are kcal, sec, and mol.  

3.4 Results 

3.4.1 H-shift Reactions of Alkyl Radicals  

Table 3.1 presents the results for the 1,2- through 1,7-H-atom shift reactions. The following 

notation is used: For a 1,x-H shift, x refers to the location of the carbon from which the hydrogen 

is abstracted relative to the carbon of the original radical site. Thus, a 1,2-shift proceeds through a 

3-member ring transition state and so forth. The rate constants are listed in a modified Arrhenius 
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form and the pre-exponential factors are normalized to reflect the number of degenerate hydrogen 

atoms. For these reactions, the value “n” in the modified Arrhenius fits ranges from ~1.3 to ~2.2. 

Although this is smaller than the typical values of ~3 for bimolecular hydrogen abstractions, it 

does indicate significant upward curvature on an Arrhenius plot. Thus, use of the modified 

Arrhenius form is essential to properly describe the temperature dependence over a wide range. 

For substituted H-atom shift reactions that can proceed via axial and equatorial transition state 

structures, the reported rate parameters are obtained by fitting the sum of two or more rate 

constants. Typically, the equatorial transition state is lower in energy than the axial one. 

The rate constants for these isomerization reactions group together according to the size of 

ring formed in the transition state. Figure 3.1 compares the rate constants for the simplest n-alkyl 

radical in each one of the categories. The pre-exponential factors decrease as the size of the ring 

increases. The activation energies also decrease in going from a 3- and 4-member ring to a 5-

member ring, then again to a 6- and 7-member ring, before slightly increasing with the formation 

of an 8-member ring. These trends will be discussed in detail later in the text.  

 

Figure 3.1 Comparison of rate constants for n-alkyl radical isomerization for the simplest H-shift 
in each reaction category. 
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Table 3.1 Calculated Rate Parameters, Rate Constants, and Heats of Reactions for the H-shift 
Isomerization Reactions. 

 

# Reactions n H AH    n E 

1,2-H shift

pp k rule/k TST k rule/k TST

1 C2H5 → C2H5 3 4.71E+06 1.81 37.1 0 1.93E-05 1.11E+07

ss rate rule 4.02E+06 1.86 36.6 -0.1 4.06E-05 1.52E+07

2 CCC•C → CCC•C 2 5.85E+06 1.83 36.8 0 3.76E-05 1.08 1.77E+07 0.86

3 CCCC•CC → CCCC•CC 2 3.35E+06 1.91 36.5 0 4.47E-05 0.91 1.91E+07 0.80

4 CCCCC•C → CCCC•CC 2 3.09E+06 1.88 36.6 -0.17 3.25E-05 1.25 1.45E+07 1.05

5 CCCC•C → CCC•CC 2 4.69E+06 1.82 36.7 -0.31 3.09E-05 1.31 1.37E+07 1.11

tt

6 C2C•CC2 → C2C•CC2 1 8.38E+07 1.60 38.1 0 3.28E-05 2.93E+07

st rate rule 5.74E+07 1.53 35.7 -2.10 1.77E-04 2.49E+07

7 C2CC•C → CCC•C2 1 1.22E+08 1.45 36.0 -1.95 1.64E-04 1.08 2.83E+07 0.88

8 C2CC•CC → CCCC•C2 1 2.92E+07 1.60 35.5 -2.24 1.64E-04 1.08 2.40E+07 1.04

ps rate rule 3.24E+07 1.57 35.3 -2.86 2.02E-04 2.29E+07

9 C2CCC• → C2CC•C 2 3.18E+07 1.61 35.5 -2.45 1.92E-04 1.05 3.00E+07 0.76

10 CCCC• → CCC•C 2 2.07E+07 1.64 35.4 -2.81 1.72E-04 1.18 2.49E+07 0.92

11 CCCCC• → CCCC•C 2 2.42E+07 1.62 35.2 -2.96 2.04E-04 0.99 2.59E+07 0.88

12 CCCCCC• → CCCCC•C 2 2.46E+07 1.61 35.2 -2.97 2.00E-04 1.01 2.52E+07 0.91

13 CCC• → CC•C 2 2.36E+07 1.62 35.2 -3.15 2.15E-04 0.94 2.64E+07 0.87

14 C=C2CCC• → C=C2CC•C 2 5.60E+06 1.80 35.1 -2.91 1.64E-04 1.23 2.34E+07 0.98

15 C=CC2CC• → C=CC2C•C 2 4.05E+06 1.85 35.1 -2.62 1.59E-04 1.28 2.41E+07 0.95

16 C=CCCCC• → C=CCCC•C 2 2.41E+07 1.63 35.4 -2.84 1.84E-04 1.10 2.68E+07 0.86

17 trans-CC=CCCC• → trans-CC=CCC•C 2 2.22E+06 1.91 35.3 -2.54 1.06E-04 1.91 1.85E+07 1.24

18 cis-CC=CCCC• → cis-CC=CCC•C 2 1.61E+07 1.65 35.7 -2.52 1.02E-04 1.98 1.90E+07 1.21

19 C•Ccy(CCCC) → CC•cy(CCCC) 2 2.35E+07 1.61 34.8 -3.65 2.99E-04 0.68 2.79E+07 0.82

pt rate rule 1.51E+08 1.39 33.0 -5.48 3.27E-03 6.23E+07

21 C2CC• → C3C• 1 7.92E+07 1.48 33.2 -5.10 2.20E-03 1.48 5.88E+07 1.06

22 CCCC2• → CCC•C2 1 2.88E+08 1.32 33.1 -5.15 3.23E-03 1.01 6.77E+07 0.92

23 C=CCCC2• → C=CCC•C2 1 1.30E+08 1.43 33.2 -5.19 2.50E-03 1.31 6.64E+07 0.94

24 C2•Ccy(CCC) → C2C•cy(CCC) 1 3.72E+08 1.27 32.8 -6.49 4.26E-03 0.77 6.73E+07 0.93

1,3-H shift

pp rate rule 5.90E+04 2.17 35.4 0.00 1.39E-05 3.15E+06

25 CCC• → CCC• 3 6.87E+04 2.13 36.1 0 5.77E-06 2.41 2.29E+06 1.37

26 C2CC• → CCC2• 6 1.10E+05 2.11 35.8 0 1.09E-05 1.28 3.37E+06 0.94

27 C3CC• → C3CC• 9 1.43E+05 2.07 35.1 0 2.23E-05 0.62 4.27E+06 0.74

ss rate rule 1.11E+05 2.16 35.1 -0.09 3.43E-05 6.19E+06

28 CCCC•C → CCCC•C 2 1.80E+05 2.12 35.4 0 3.05E-05 1.12 7.25E+06 0.85

29 CCCC•CC → CCCCC•C 2 9.34E+04 2.16 34.8 -0.17 3.30E-05 1.04 5.80E+06 1.07

tt

30 C2C•CCC2 → C2CCC•C2 1 2.54E+05 2.03 33.6 0.00 1.46E-04 9.76E+06

st

31 C2CCC•C → C2C•CCC 1 7.12E+05 1.82 33.6 -1.59 1.16E-04 5.87E+06

ps rate rule 5.32E+05 1.93 33.8 -2.79 1.46E-04 8.73E+06

32 CCCCC• → CCC•CC 2 4.38E+05 1.98 34.1 -2.64 1.14E-04 1.29 9.50E+06 0.92

33 CCCC• → CCC•C 2 4.07E+05 1.97 34.4 -2.81 7.35E-05 1.99 7.55E+06 1.16

34 CCCCCC• → CCCC•CC 2 3.76E+05 1.96 33.9 -2.81 1.02E-04 1.44 7.55E+06 1.16

35 C=CCCCC• → C=CCC•CC 2 1.11E+05 2.11 34.0 -2.33 6.70E-05 2.18 6.50E+06 1.34

36 C=CC(C•)CC → C=CC(C)C•C 2 7.55E+06 1.62 33.8 -2.96 2.85E-04 0.51 1.26E+07 0.69

37 CCCC2• → C2CC•C 2 8.78E+05 1.88 33.7 -3.20 1.91E-04 0.77 1.08E+07 0.81

pt

38 C2CCC• → CCC•C2 1 1.73E+06 1.79 32.5 -4.40 6.42E-04 1.52E+07

Modified Arrhenius Parameters ∆∆∆∆RH
298 

[kcal/mol]

k TST (k rule/k TST) on per H basis

500 K 1500 K
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Table 3.1 Continued. 

 

1,4-H shift

pp rate rule 7.59E+04 1.74 19.8 -0.37 8.37E+00 3.25E+07

39 CCCC• → CCCC• 3 1.29E+05 1.73 20.8 0 4.70E+00 1.78 3.71E+07 0.88

40 C=CC(C•)CC → C=CC(C)CC• 3 5.05E+05 1.47 19.7 -0.34 1.16E+01 0.72 3.08E+07 1.06

41 CCCC2• → C2CCC• 3 2.05E+05 1.59 19.7 -0.76 9.37E+00 0.89 2.97E+07 1.10

ss rate rule 3.87E+05 1.66 19.1 -0.13 5.10E+01 1.20E+08

42 CC•CCCC → CCCCC•C 2 5.94E+05 1.66 19.5 0 5.44E+01 0.94 1.58E+08 0.76

43 CC•CCCCC → CCCCC•CC 2 6.18E+05 1.59 19.1 -0.04 5.51E+01 0.93 1.13E+08 1.06

44 CCCC•CCCC → CCCCCCC•C 2 2.58E+05 1.67 18.9 -0.35 4.52E+01 1.13 9.08E+07 1.32

tt

45 C2C•CCCC2 → C2CCCC•C2 1 7.48E+04 1.81 16.8 0 2.64E+02 1.52E+08

st

46 C3CCC•C → C3•CCCC 1 5.02E+05 1.52 17.2 -1.84 1.98E+02 1.07E+08

ps rate rule 3.77E+05 1.63 17.9 -2.91 1.38E+02 1.37E+08

47 C•CCCCCCC → CCCC•CCCC 2 1.26E+06 1.51 18.2 -2.58 1.72E+02 0.80 1.79E+08 0.77

48 C3CCCC• → C3C•CCC 2 9.12E+05 1.54 18.1 -2.60 1.64E+02 0.84 1.61E+08 0.85

49 CCC2CC• → CC•C2CC 2 3.43E+05 1.56 17.6 -2.72 1.10E+02 1.25 8.09E+07 1.69

50 C•CCCCC → CCC•CCC 2 1.18E+06 1.52 18.4 -2.81 1.35E+02 1.02 1.63E+08 0.84

51 C•CCCCCC → CCCC•CCC 2 8.05E+05 1.53 18.2 -2.88 1.16E+02 1.19 1.25E+08 1.10

52 CCCCC• → CCCC•C 2 1.15E+06 1.51 18.6 -2.96 9.75E+01 1.41 1.33E+08 1.03

53 C•C2CCC → CC2CC•C 2 2.76E+06 1.39 17.6 -3.80 3.24E+02 0.42 1.98E+08 0.69

pt

54 C3CCC• → C3•CCC 1 3.35E+06 1.39 16.5 -4.64 1.18E+03 3.31E+08

1,5-H shift

pp rate rule 4.59E+04 1.68 12.6 -0.16 4.89E+03 1.46E+08

55 CCCCC• → CCCCC• 3 3.17E+04 1.67 13.4 0 1.51E+03 3.23 7.07E+07 2.07

56 CCC2CC• → CCC2CC• 3 5.22E+04 1.70 12.6 0 6.67E+03 0.73 1.86E+08 0.79

57 C•C2CCC → CC2CCC• 3 1.15E+05 1.58 12.5 -0.48 7.33E+03 0.67 1.73E+08 0.85

ss rate rule 6.37E+04 1.64 12.0 -0.08 9.74E+03 1.85E+08

58 CC•CCCCC → CCCCCC•C 2 1.11E+05 1.53 12.3 0 1.29E+04 0.76 2.50E+08 0.74

59 CCC•CCCCC → CCCCCCC•C 2 1.15E+04 1.79 11.5 -0.16 7.66E+03 1.27 1.14E+08 1.62

tt

60 C2C•CCCCC2 → C2CCCCC•C2 1 1.69E+04 1.73 9.6 0 5.24E+04 2.10E+08

st

61 C3CCCC•C → C3•CCCCC 1 1.53E+05 1.40 10.5 -1.60 2.59E+04 1.23E+08

ps rate rule 1.31E+05 1.62 11.1 -3.01 4.30E+04 4.34E+08

62 C•CCCCCCC → CCCC•CCCC 2 9.73E+04 1.63 11.0 -2.58 4.11E+04 1.05 3.67E+08 1.18

63 C•CCCCC → CCCCC•C 2 2.50E+05 1.46 11.5 -2.92 2.25E+04 1.91 2.22E+08 1.96

64 C•CCCCCC → CCCCC•CC 2 1.18E+05 1.55 11.1 -3.02 2.69E+04 1.60 2.48E+08 1.75

65 C•C2CCCC → CC2CCC•C 2 3.44E+05 1.37 10.5 -3.52 4.69E+04 0.92 2.22E+08 1.96

pt

66 C3CCCC• → C3•CCCC 1 1.03E+06 1.27 9.4 -4.70 2.31E+05 4.71E+08

1,6-H shift

pp rate rule 2.46E+03 1.79 11.9 -0.33 1.05E+03 2.21E+07

67 C•CCCCC → CCCCCC• 3 2.45E+03 1.78 12.7 0 5.01E+02 2.11 1.53E+07 1.45

68 C•C2CCCC → CC2CCCC• 3 6.38E+03 1.69 11.8 -0.66 1.80E+03 0.59 2.73E+07 0.81

ss

69 CC•CCCCCC → CCCCCCC•C 2 6.71E+03 1.75 10.7 0 7.71E+03 6.37E+07

tt

70 C2C•CCCCCC2 → C2CCCCCC•C2 1 1.54E+03 1.78 8.2 0 2.80E+04 4.28E+07

st

71 C3CCCCC•C → C3•CCCCCC 1 1.65E+04 1.50 9.0 -1.60 2.40E+04 4.62E+07

ps rate rule 1.29E+04 1.67 10.2 -2.88 1.39E+04 8.45E+07

72 C•CCCCCC → CCCCCC•C 2 2.51E+04 1.64 10.5 -2.98 1.24E+04 1.12 8.43E+07 1.00

73 C•CCCCCCC → CCCCCC•CC 2 1.43E+04 1.64 10.0 -2.77 1.78E+04 0.78 7.94E+07 1.06

pt

74 C3CCCCC• → C3•CCCCCC 1 5.15E+04 1.35 8.6 -4.54 4.07E+04 5.10E+07
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Table 3.1 Continued. 

 

Note: a The units for AH, A’H, and kTST, krule are cm3/mol-s, and are kcal/mol for E; the A terms 
are normalized by the number of equivalent hydrogens. 
 b The k(rate rule) term has been calculated using the blue bold rate rule listed for each subset.  
c Molecule structures are presented in abbreviated form (H atoms missing, radical site marked 
with “•”) to improve readability. For example, C=CC2 represents isobutene. 
 

Within each ring-size category, there are six further sub-categories depending upon the 

nature of the radical site and the abstracted hydrogen atom. These include primary-primary (i.e., a 

primary radical forming another primary radical after the H-shift, which is abbreviated to pp), 

secondary-secondary (ss), tertiary-tertiary (tt), secondary-tertiary (st), primary-secondary (ps), and 

primary-tertiary (pt). Of these, the pp, ss, and tt reaction types are very close to thermoneutral. For 

the other three reaction types, the reaction enthalpy increases in going from st to ps to pt. Although 

it is somewhat challenging to see in the modified Arrhenius form, the energy barriers correlate 

with the reaction enthalpies. Thus, for a given type of radical the barrier deceases with increasing 

substation (e.g., pp > ps > pt and ss > st). Interestingly, however, the barriers also decrease with 

increasing substitution within the group of thermoneutral reactions (e.g, pp > ss > tt). Due to these 

differences, we have assigned six rate rules for each ring-size category. The rate rules for the 1,2- 

up to 1,7-H shift reactions are shown in Figure 3.2. 

For most of the cases, we have evaluated enough reactions within each sub-category to 

enable the development of six rules for each category of H-atom shift. For some of the larger-sized 

species, only one or two reactions were evaluated in each sub-category. In these cases, the rate 

1,7-H shift

pp rate rule 4.28E+01 2.10 15.1 -0.37 1.39E+04 8.45E+07

75 C•CCCCCC → CCCCCCC• 3 1.00E+02 1.99 15.7 0 3.65E+00 1.35 1.06E+06 1.18

76 CCCCCCC2• → C•CCCCC2 3 5.62E+01 2.07 14.9 -0.73 6.53E+00 0.75 1.41E+06 0.89

ss

77 CC•CCCCCCC → CCCCCCCC•C 2 9.92E+01 2.00 13.2 0 4.55E+01 2.53E+06

st

78 C3CCCCCC•C → C3•CCCCCCCC 1 1.93E+02 1.74 11.0 -1.70 1.66E+02 1.51E+06

ps

79 C•CCCCCCC → CCCCCCC•C 2 5.31E+02 1.81 13.2 -2.92 7.60E+01 3.33E+06

pt

80 C3CCCCCC• → C3•CCCCCCC 1 1.55E+03 1.61 10.7 -5.08 8.20E+02 5.20E+06
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parameters are consistent with the trends observed for the whole set of H-atom shift reactions. The 

overall consistency of the activation energies is evident in the Evans-Polanyi relationships shown 

in Figure 3.3.  

 

 

 

Figure 3.2 Predicted rate rules for different reaction categories for 1,2- to 1,7-H shifts. 
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Also provided in Table 3.1 are the ratios of the TST-derived rate constant at 500 and 1500 

K to that obtained from the rate estimation rule. In most cases, this ratio is within a factor of 2. 

However, there are some exceptions; in several instances, it is observed that the simplest reactions 

within a given sub-category have the smallest rate constants (e.g., reactions 25, 55, and 67 are 

lower than the rate rule). This is generally due to the slightly higher activation energy (~0.6 - 1.3 

kcal/mol). 

 

Figure 3.3 Evans-Polanyi relationships for the 1,2- to 1,7-H shift isomerization at 298K. 
 

The impact of substitution has previously been investigated. Davis and Francisco4, 27 

performed a comprehensive investigation on the effect of methyl substitution at various positions 

along the backbone of 1-alkyl radicals. Consistent with previous findings,2, 3, 25 their results show 

that the activation energy decreases as the degree of branching around the abstracted C-H site 

increases, reflecting the changes in the enthalpy of reaction, e.g., kpp <  kps < kpt. Interestingly, the 

addition of methyl groups at other carbon sites along the alkyl chain also tends to lower the 

activation energy (by ~0.8 to 1.6 kcal/mol). This is attributed to the presence of gauche interactions 

in the reactant that are partially relieved in the transition state structure. While we do not provide 

a systematic investigation, we do provide several examples that show the impact of substitution. 
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The results presented here are consistent with those of Davis and Francisco4 and we further show 

that the presence of additional or larger groups will lower the activation energy even more. Despite 

this, however, the majority of the rate constants still fall within a factor of 2 of the rate rules. This 

is because there are also changes in the A-factor that often offset the decrease in barrier height.  

 

Figure 3.4 Comparisons of the CBS-QB3 rate constants calculated in this study for (a) CCCCC• 
→ CC•CCC and (b) CCCCCC• → CC•CCCC to those available in the literature. 
 

Several prior experimental and theoretical studies have been conducted for the H-atom shift 

reactions. Sirjean et al.5 has provided a review of the available experimental values, the majority 

of which are on the 1,4- and 1,5-H shift reactions, and they calculated several cases using CBS-

QB3 calculations. Figure 3.4 compares the results of the present work to that of Sirjean et al.5 as 

well as to experimental measurements for the 1,4-H-atom shift of n-pentyl and 1,6-H shift in n-

hexyl. The two CBS-QB3 derived values are in reasonable agreement, especially when one 

considers the various approaches to account for hindered rotors.46 Furthermore, both sets of 

calculated values are in good agreement with the experiment data. Additional comparisons are 

provided in Figure 3.5.  

 

(a) (b) 
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Figure 3.5 Comparison of experimentally measured and calculated rate constants for H-shift 
reactions. 
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3.4.2 Cycloaddition Reactions of Alkenyl Radicals 

There are two available sites for intramolecular addition to the double bond of alkenyl 

radicals: the endo- and the exo- positions. The following notation is used: For a 1,x-cycloaddition, 

x refers to the location of the carbon radical relative to the far vinylic carbon. As shown in Scheme 

1, a 1,4-endo addition leads to the formation of a cyclobutyl radical where the unpaired electron is 

contained within the ring structure. In the 1,4-exo addition, a cyclopropyl-carbinyl radical is 

formed, where the unpaired electron is located outside the ring on the alkyl substituent. In Tables 

3.2 and 3.3 we provide the calculated rate constants for the 1,4- to 1,7-cycloaddition reactions for 

the two addition sites, respectively. The investigated endo-cycloadditions form 4- to 7-member 

rings; the endo-reaction that forms a 3-member ring will be presented in forthcoming work since 

it involves a resonantly stabilized radical. The investigated exo-addition reactions form 3- to 6-

member rings. These rate constants show less of a non-Arrhenius temperature dependence, with a 

typical “n” values in the range of 0.4 to 1.8, whereas a typical bimolecular alkyl radical addition 

reaction has “n” ranges from ~2.5 to ~3.5. For cycloaddition reactions that can proceed via an axial 

and equatorial transition state structure we report the sum of the rate constants, although the latter 

one is generally favored.  

Similar to the H-atom shift reactions, both the endo- and exo-cycloaddition rate constants 

also group according to the size of the ring formed in the transition state/product. A comparison 

of the rate constants for the simplest n-alkenyl radicals in each one of these categories is shown in 

Figure 3.6. In both cases, the pre-exponential factors decrease as the ring size expands. For the 

endo-cycloadditions (solid lines), the activation energies also decrease with the ring expansion. 

For the exo-cycloadditions (dashed lines), the activation energy is predicted to be surprisingly low  
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Table 3.2 Calculated Rate Parameters, Rate Constants, and Heats of Reactions for the Endo-
cycloaddition Reactions for Alkenyl Radicals. 

 

Note: a The units for A and kTST, krule are cm3/mol-s, and are kcal/mol for E. b The k(rate rule) term has 
been calculated using the blue bold rate rule listed for each subset; The single star ∗ means the reactions 
are excluded during the rate rule development. c The notation for others are the same as Table 3.1. 

A n E 

1,4-Endo-Cycloaddition 6.34E+07 1.12 29.5 3.9 8.40E-03 1.13E+07

1 C=CCC● 6.60E+07 1.08 30.4 4.6 2.87E-03 2.9 6.84E+06 1.6

2 C=CCC●C 1.02E+07 1.34 30.1 4.9 2.88E-03 2.9 7.86E+06 1.4

3 C=CCC●CC 1.00E+07 1.34 29.4 4.2 5.58E-03 1.5 9.52E+06 1.2

4 trans-CC=CCC● 1.61E+08 0.96 29.4 4.7 9.33E-03 0.9 9.62E+06 1.2

5 cis-CC=CCC● * 4.74E+06 1.37 32.1 3.5 2.18E-04 2.25E+06

6 C=CCC2● 2.01E+08 1.02 29.7 3.6 1.19E-02 0.7 1.62E+07 0.7

7 C=C2CC● 3.82E+08 0.91 30.0 3.2 8.11E-03 1.0 1.23E+07 0.9

8 C=CCC3● 2.41E+08 0.96 29.3 2.8 1.46E-02 0.6 1.48E+07 0.8

9 C=CCC●C2 2.02E+06 1.58 29.7 4.8 3.48E-03 2.4 9.60E+06 1.2

10 C=C2CC●C 2.71E+08 0.99 29.7 3.4 1.33E-02 0.6 1.73E+07 0.7

11 C2C=CCC● * 1.15E+07 1.24 30.9 3.7 7.50E-04 3.02E+06

1,5-Endo-Cycloaddition 9.87E+06 1.06 13.0 -18.7 1.56E+04 3.02E+08

12 C=CCCC● 1.65E+07 1.02 14.2 -18.5 1.41E+04 1.1 5.08E+08 0.6

13 C=CCCC●C 4.64E+06 1.15 13.9 -18.0 5.31E+03 2.9 1.95E+08 1.6

14 C=CCCC●C2 1.07E+06 1.38 12.2 -17.9 2.54E+04 0.6 4.18E+08 0.7

15 cis-CC=CCCC● 5.66E+06 1.13 15.9 -19.1 7.19E+02 1.05E+08

16 trans-CC=CCCC● 2.94E+07 0.93 13.9 -17.6 1.63E+04 1.0 4.84E+08 0.6

17 C=CCCC2● 6.65E+07 0.83 13.4 -18.6 1.70E+04 0.9 3.20E+08 0.9

18 C=CC2CC● 7.25E+07 0.83 14.1 -19.2 9.48E+03 1.6 2.73E+08 1.1

19 C=C2CCC● 2.23E+07 1.00 13.5 -19.3 1.43E+04 1.1 3.55E+08 0.8

20 C=CCCC3● 1.38E+08 0.75 12.6 -19.3 5.05E+04 0.3 4.86E+08 0.6

21 C=CC(C2)CC● 1.60E+08 0.76 13.4 -20.0 2.60E+04 0.6 4.55E+08 0.7

22 C2C=CCCC● * 4.90E+06 1.13 15.6 -18.2 8.64E+02 9.94E+07

1,6-Endo-Cycloaddition 2.79E+06 0.96 6.0 -22.5 2.63E+06 4.28E+08

23 C=CCCCC● 1.25E+06 1.08 6.7 -22.1 1.30E+06 2.0 3.34E+08 1.3

24 C=CCCCC●C 4.87E+05 1.17 6.3 -21.8 1.34E+06 2.0 3.06E+08 1.4

25 C=CCCCC●C2 3.30E+04 1.42 4.7 -21.4 2.08E+06 1.3 2.10E+08 2.0

26 cis-CC=CCCCC● * 8.16E+05 1.06 8.3 -21.4 1.47E+05 1.13E+08

27 trans-CC=CCCCC● 1.26E+06 1.02 6.3 -22.0 1.30E+06 2.0 2.49E+08 1.7

28 C=CCCCC2● 2.01E+06 1.05 5.8 -23.8 4.26E+06 0.6 5.99E+08 0.7

29 C=CCC2CC● 7.32E+06 0.84 5.9 -23.2 3.89E+06 0.7 4.64E+08 0.9

30 C=CC2CCC● 1.24E+07 0.79 6.2 -22.8 3.44E+06 0.8 4.61E+08 0.9

31 C=C2CCCC● 1.46E+06 1.02 6.1 -23.0 1.93E+06 1.4 3.15E+08 1.4

32 C=CCCCC3● 1.19E+07 0.78 6.2 -23.6 3.03E+06 0.9 4.08E+08 1.0

33 C=CCC(C2)CC● 3.50E+07 0.70 6.3 -23.1 4.99E+06 0.5 6.61E+08 0.6

34 C=CC(C2)CCC● 5.85E+07 0.63 6.3 -23.2 5.61E+06 0.5 6.72E+08 0.6

35 C2C=CCCCC● * 3.44E+05 1.10 7.7 -21.5 1.40E+05 7.87E+07

1,7-Endo-Cycloaddition 3.98E+04 1.27 6.2 -19.1 2.06E+05 5.46E+07

36 C=CCCCCC● 1.14E+05 1.20 6.5 -19.6 3.26E+05 0.6 8.19E+07 0.7

37 C=CCCCCC●C 2.11E+04 1.34 6.4 -18.5 1.47E+05 1.4 4.11E+07 1.3

38 C=CCCCCC●C2 5.54E+02 1.66 4.9 -18.0 1.27E+05 1.6 1.90E+07 2.9

39 cis-CC=CCCCCC● * 6.03E+04 1.21 8.1 -19.3 3.37E+04 2.64E+07

40 trans-CC=CCCCCC● 1.10E+05 1.18 6.5 -19.8 2.76E+05 0.7 6.91E+07 0.8

41 C=C2CCCCC● 1.85E+05 1.07 6.4 -19.7 2.43E+05 0.8 5.03E+07 1.1

42 C2C=CCCCCC● * 1.22E+04 1.36 8.5 -18.9 1.19E+04 1.40E+07

500 K 1500 K
# Reaction Reactants

Modified Arrhenius Parameters ΔR H
298 

[kcal/mol]

k TST (k rule /k TST )
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Table 3.3 Calculated Rate Parameters, Rate Constants, and Heats of Reactions for the Exo-
cycloaddition Reactions. 

 

Note: a The units for A and kTST, krule are cm3/mol-s, and are kcal/mol for E. b The k(rate rule) term has been 
calculated using the blue bold rate rule listed for each subset; The single star ∗ means the reactions are 
excluded during the rate rule development. c The notation for others are the same as Table 3.1. 

A    n E 

1,4-Exo-Cycloaddition 1.08E+07 1.45 6.6 2.4 1.15E+08 4.80E+10

1 C=C-C-C● 6.32E+08 0.97 8.9 2.5 3.28E+07 3.5 3.77E+10 1.3

2 C=C-C-C●-C 5.56E+08 1.00 9.3 3.1 2.35E+07 4.9 3.74E+10 1.3

3 C=C-C-C●-C2 2.47E+08 1.11 9.1 4.1 2.49E+07 4.6 3.89E+10 1.2

4 cis-C-C=C-C-C● 9.92E+08 0.95 8.0 1.6 1.16E+08 1.0 6.91E+10 0.7

5 trans-C-C=C-C-C● 1.68E+09 0.84 9.2 2.7 3.10E+07 3.7 3.64E+10 1.3

6 C=C-C-C2● 1.08E+09 0.90 7.3 1.5 1.82E+08 0.6 6.56E+10 0.7

7 C=C2-C-C● * 8.52E+08 0.89 10.4 3.3 6.21E+06 1.78E+10

8 C=C-C-C3● 1.85E+09 0.75 6.2 1.1 3.90E+08 0.3 5.61E+10 0.9

9 C2-C=C-C-C● 2.90E+09 0.79 8.5 1.8 7.67E+07 1.5 5.29E+10 0.9

1,5-Exo-Cycloaddition 1.35E+06 1.48 12.2 1.5 6.42E+04 1.15E+09

10 C=C-C-C-C● 2.07E+06 1.46 14.1 2.5 1.23E+04 5.2 7.90E+08 1.5

11 C=C-C-C-C●-C 4.73E+06 1.31 13.1 2.1 3.05E+04 2.1 8.61E+08 1.3

12 C=C-C-C-C●-C2 1.02E+05 1.80 11.1 2.2 1.01E+05 0.6 1.27E+09 0.9

13 trans-C-C=C-C-C-C● 8.65E+06 1.30 13.8 2.2 2.51E+04 2.6 1.13E+09 1.0

14 cis-C-C=C-C-C-C● 2.69E+07 1.13 13.9 1.1 2.54E+04 2.5 9.86E+08 1.2

15 C=C-C-C-C2● 6.52E+07 1.00 13.0 1.1 6.69E+04 1.0 1.26E+09 0.9

16 C=C-C2-C-C● 3.15E+07 1.08 12.7 0.9 6.84E+04 0.9 1.15E+09 1.0

17 C=C2-C-C-C● * 6.48E+06 1.25 15.0 2.6 3.96E+03 3.79E+08

18 C=C-C-C-C3● 6.20E+06 1.30 11.7 0.0 1.50E+05 0.4 1.63E+09 0.7

19 C=C-C(C2)-C-C● 2.60E+07 1.13 12.4 0.2 1.14E+05 0.6 1.60E+09 0.7

20 C2-C=C-C-C-C● 5.53E+07 1.02 13.5 1.3 3.78E+04 1.7 1.01E+09 1.1

1,6-Exo-Cycloaddition 1.60E+06 1.20 3.8 -16.4 5.96E+07 2.89E+09

21 C=C-C-C-C-C● 6.98E+05 1.33 4.7 -15.7 2.45E+07 2.4 2.47E+09 1.2

22 C=C-C-C-C-C●-C 1.87E+05 1.48 3.9 -15.5 3.71E+07 1.6 2.54E+09 1.1

23 C=C-C-C-C-C●-C2 1.26E+05 1.48 3.7 -15.1 3.01E+07 2.0 1.82E+09 1.6

24 trans-C-C=C-C-C-C-C● 1.72E+06 1.20 4.3 -16.1 4.21E+07 1.4 2.74E+09 1.1

25 cis-C-C=C-C-C-C-C● 9.06E+06 1.01 4.8 -17.2 3.86E+07 1.5 2.87E+09 1.0

26 C=C2-C-C-C-C● * 1.84E+05 1.40 6.2 -15.1 2.22E+06 6.45E+08

27 C=C-C-C-C-C2● 1.25E+06 1.22 3.7 -17.1 5.83E+07 1.0 2.72E+09 1.1

28 C=C-C-C2-C-C● 8.07E+06 1.02 3.9 -16.3 8.86E+07 0.7 3.71E+09 0.8

29 C=C-C2-C-C-C● 6.75E+06 1.04 4.5 -16.6 4.69E+07 1.3 3.04E+09 0.9

30 C=C-C-C-C-C3● 7.05E+06 1.03 3.2 -17.7 1.69E+08 0.4 4.57E+09 0.6

31 C=C-C-C(C2)-C-C● 3.37E+07 0.85 4.1 -16.6 1.06E+08 0.6 4.31E+09 0.7

32 C=C-C(C2)-C-C-C● 1.18E+07 0.99 4.3 -17.4 6.85E+07 0.9 3.72E+09 0.8

33 C2-C=C-C-C-C-C● 2.01E+07 0.90 4.3 -16.6 7.25E+07 0.8 3.42E+09 0.8

1,7-Exo-Cycloaddition 2.79E+04 1.40 4.2 -21.9 2.45E+06 1.93E+08

34 C=C-C-C-C-C-C● 1.53E+05 1.26 5.1 -22.6 2.39E+06 1.0 2.89E+08 0.7

35 C=C-C-C-C-C-C●-C 1.87E+04 1.43 4.1 -21.3 2.21E+06 1.1 1.62E+08 1.2

36 C=C-C-C-C-C-C3● 2.02E+03 1.67 2.6 -20.1 4.62E+06 0.5 1.69E+08 1.1

37 trans-C-C=C-C-C-C-C-C● 4.14E+05 1.14 5.0 -22.5 3.19E+06 0.8 3.21E+08 0.6

38 cis-C-C=C-C-C-C-C-C● 4.27E+05 1.06 5.0 -23.5 2.04E+06 1.2 1.81E+08 1.1

39 C=C2-C-C-C-C-C● * 2.46E+04 1.32 6.1 -20.2 1.99E+05 5.09E+07

40 C2-C=C-C-C-C-C-C● 2.16E+05 1.18 4.3 -23.1 4.40E+06 0.6 2.80E+08 0.7

# Reactions
Modified Arrhenius Parameters ΔR H

298 

[kcal/mol]

k TST (k rule /k TST )

500 K 1500 K
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to form the 3-member ring. It increases in going to a 4-member ring, and then decreases 

sequentially when forming larger rings. The low barrier for the formation of the 3-membered ring 

has previously been reported.35 While this is unusual, it is not unprecedented. The barriers for the 

formation of dioxiranylmethyl radical from peroxy vinyl radical,47 and oxirane + OH from β-

hydroperoxy alkyl radicals41, 48 are also lower than expected. The trends observed in this study will 

be discussed in more detail later in the text.  

 

Figure 3.6 Comparison of rate constants for the simplest endo- (solid lines) and exo- (dashed 
lines) cycloaddition reactions for unsubstituted n-alkenyl radicals.  
 

Within each one of the ring-size categories, we have examined the impact of substitution 

along the carbon backbone. The results suggest that the pre-exponential factors are insensitive to 

the presence of a substituent(s), and within a given category they all group closely together (within 

a factor of ~2). In general, substitution tends to decrease the reaction barrier. This is illustrated in 

Figure 3.7, which compares the rate constants for the 1,4- up to 1,7-cycloaddition reactions.  

For the endo-reactions, there is a decrease in the barrier by less than 1 kcal/mol with the 

addition of one methyl group and a further decrease with the addition of a second methyl group by 

~1 kcal/mol. The barriers for reactions where the double bond is located in the interior of the  
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Figure 3.7 Predicted rate constants for 1,4- to 1,7-exo-cycloaddition with and without 
substituent groups.  
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carbon chain (i.e., the alkenyl radical contains substituents on the 1-position of the double bond) 

depend upon whether the reactant is in the cis- or trans-configuration. For the singly substituted 

trans-alkenyl radicals, the general trend is followed and a decrease in the barrier is observed. 

However, if the substituted alkenyl radical is in the cis-form, the barrier increases. Roughly the 

same magnitude of increase (0.5 to 1.5 kcal/mol) is observed for the addition of two methyl groups 

on the 1-position. This increase is attributed to unfavorable sterics of the axially positioned methyl 

group on the carbon where addition occurs in the transition state structure. Since the radical adds 

perpendicularly to the double bond, the geometry of the substituted 1-carbon is essentially locked-

in and the ring cannot flex to relieve the unfavorable interaction. If, however, there is an axially 

positioned methyl group on other carbon atoms, the ring can adjust to minimize the unfavorable 

interaction. Similar, but slightly more dramatic, trends are observed for the exo-cycloaddition 

reactions. In this case, the addition of one methyl lowers the barrier by as much as by 2 kcal/mol 

and two methyl groups can lowers it by up to 3.5 kcal/mol. Here the outlier reaction involves 

substitution of a methyl group on the 2-position of the double bond resulting in an increase in the 

barrier by roughly 0.5 to 1.5 kcal/mol. This results in the same unfavorable interaction as in the 

outlier endo-cases.   

The pre-exponential factors for the exo-pathway are higher than those for the competing 

endo-pathway due to fewer hindered rotors that are lost in the smaller sized ring. The contribution 

from the higher pre-exponential factors would, however, typically be offset by the higher barrier 

associated with the formation of the smaller ring. Inspection of the two sets of rate constants in 

Figure 3.6 shows that this is clearly not the case. The exo-cycloaddition pathways are favored over 

the endo-pathways, even for cases where the formation of the endo-products are favored 

thermodynamically. Possible reasons for this will be discussed in the next section. However, there 
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are a few select cases where the endo-pathway is favored over the exo-pathway. These involve 

alkenyl radicals that have a substituent on the 2-position, which significantly lowers the rate of 

addition of the exo-pathway. For example, cycloaddition of the 3-methyl-1-hex-5-enyl radical 

(C=C(C)CCCC•) predominantly proceeds via the endo-pathway at lower temperatures (shown by 

the blue solid and dashed lines in Figure 3.8). Several previous studies49-53 have leveraged the 

reactivity of substituted alkenyl radicals to alter the reaction selectivity.  

 

Figure 3.8 Comparison of the rate constant for the 1,6-exo- and endo-cycloaddition reactions for 
5-hex-1-enyl and 5-methyl-5-hex-1-enyl radicals. 
 

For both the endo- and exo-cycloaddition reactions a series of rate rules were developed 

based upon the size of ring formed in the transition state structure/product. Even though the results 

clearly show that substitution alters the reaction barrier as well as the heat of reaction, there was 

no consistent variation of barrier height with the enthalpy change. Thus, only one rate rule was 

developed for each one of these sub-categories. In general, the rule can predict the individual rate 

constants to within a factor of 3 at 500 and 1500K. The exceptions to this are the outlier cases 

discussed above, which were not used in the derivation of the rate rule. In these cases the rate rule 

overpredicts the rate constants by roughly an order of magnitude. Other outlier cases involve select 
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reactions in the 1,4- and 1,5-exo-reactions, which are within a factor of 5. Since the 1,4-exo-

cycloadditions are fast, one may need to exercise caution when employing this particular rule. The 

wider deviation in the agreement with the rate rule, as opposed to the better agreement in the H-

atom shift reactions, is due to the sensitivity of the barrier with respect to substitution. The impact 

of this is greatest for the reactions that form smaller sized rings. 

 

Figure 3.9 Comparison of the rate constant for endo-cycloaddition reactions (a) C5H9 → c-C5H9 
and (b) C6H11 → c-C6H11 obtained in this study and those reported in the literature. 
 

There have been a number of prior studies that have focused on the endo-cycloaddition 

reactions. In Figure 3.9 we compare the rate constants for the endo-cycloaddition of the 1-pent-4-

enyl and 1-hex-5-enyl radicals (C=CCCC• and C=CCCCC•) to other experimental and theoretical 

values in the literature. The experimental data for the pentenyl cycloaddition reaction is from the 

shock tube studies of Awan et al.22 Gierczak et al.54 also studied this reaction using a chemical 

activation approach. Both experiments used RRKM calculations to obtain rate parameters for the 

various competing reactions. The agreement between the rate constants obtained in this work, 

those from the other two computational studies, and the experimental data is quite reasonable. The 

recommendation by Tsang55 is significantly lower. Good agreement is also obtained for the reverse 

ring opening reaction, as shown in Figure 3.10. The experimental data for the 1-hex-5-enyl radical 

is from the kinetic studies of oxidation of cyclopentane by Handford-Styring and Walker.56 The 

(a) (b) 
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value reported here is in good agreement with this data. However, the calculated rate constants of 

Matheu et al.26 and Sirjean et al.33 are much higher. The pre-exponential factor calculated by 

Sirjean et al.5 is within a factor of 2 of their value for the 1-pen-4-entyl closure. One would expect 

a larger difference in the two, given that there is an additional hindered rotor lost in the transition 

state.  

 

Figure 3.10 Comparison between the rate constant for the ring opening reaction c-C5H9 → C5H9 
in this study and those reported in literature. 
 

Very few rate constants are available in the literature for the exo-cycloaddition of alkenyl 

radicals. Chatgilialoglu et al.57 measured the rate constants for the 1,6-cycloaddition of 1-hex-5-

enyl radical (C=CCCCC•) to form cyclopentyl-carbinyl radical using kinetic EPR spectroscopy 

and laser flash photolysis. Wu et al.58 calculated the rate constant at 298K using the UB3LYP 

functional. Sirjean et al.33 calculated the rate constant for this reaction over the temperature range 

500-2000K. Figure 3.11 compares these results with this work. The values determined in this work 

agree with those in Chatgilialoglu et al.57 and Wu et al.58 It also agrees with Sijean et al.33 at the 

lower temperatures, but deviates significantly at higher temperatures. Wang et al.35 calculated the 

rate constant for several secondary alkenyl radicals for the 1,4 to 1,6-exo-cycloaddition. The 

comparison with those calculated in this study are provided in Figure 3.12. Generally, the energy 
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barriers obtained in this study are consistent with those by Wang et al.59 but the pre-exponential 

factors are higher by about one order of magnitude. 

 

Figure 3.11 Comparison of the rate constant for exo-cycloaddition reactions C=CCCCC• → 
cyclopentyl carbinyl radical in this study and in the literature. 
 

 

 

Figure 3.12 Comparison between the rate constants calculated in this study to those reported in 
literature59 for the 1,4 to 1,6-exo-cycloaddition reactions. 
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3.5 Discussion 

3.5.1 Bimolecular and Ring Strain Components of the Activation Energies  

According to the Benson model1, the activation energy for the alkyl radical H-atom shift 

and alkenyl radical cycloaddition reactions can be considered to consist of two components - a 

contribution from a bimolecular H-atom abstraction or addition reaction, respectively, plus the ring 

strain (Ea = Ebi + Estrain). For both reaction types the contribution from the respective bimolecular 

reaction is the same for the various ring-size categories, so the changes in the activation energies 

with increasing ring size is simply due to changes in the ring strain. 

Table 3.4 summarizes the rate rules for the alkyl radical H-atom shift reactions. In order to 

better observe the trends in the rate parameters with increasing ring size, we provide the rate rules 

in simple Arrhenius form at 298K and over a temperature range of 500 to 1500K. The values at 

298K are provided because they help facilitate the construction of potential energy surfaces (PES), 

since the thermodynamic properties for the stable species are easily obtained at this temperature 

using group additivity. On the other hand, the parameters at 500-1500K are more relevant for 

typical pyrolysis and combustion conditions. (It is important to keep in mind that these reactions 

display significant non-Arrhenius behavior, and the modified Arrhenius form is preferred for 

kinetic modeling studies.) 

The corresponding rate parameters for the bimolecular H-atom abstraction reactions are 

provided in Table 3.5. Note that the bimolecular abstraction reactions are divided into the same 

six sub-categories (pp, ss, tt, ps, st, and tt) as the H-atom shift reactions are. (A representative 

comparison of the calculated abstraction rate constants to experiments is given in Figure 3.13, page 

56).  
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Table 3.4 Summary of Rate Rules, Ring Strains at 298 K and 500-1500 K, and Reaction 
Enthalpy Changes for H-shift Isomerization Reactions. 

 

Note: a The units for AH, A’H, and A’’H are cm3/mol-s, and are kcal/mol for E, Ea, Ea’, Estrain, and Estrain’.  b 

The notation for others are the same as Table 3.1. 

AH    n E A'H  Ea A''H  Ea' 

1,2-H shift

1 pp 4.71E+06 1.81 37.1 8.77E+11 38.2 24.1 7.69E+12 40.5 23.0 0.0

2 ss rate rule 4.02E+06 1.86 36.6 1.06E+12 37.7 25.4 9.95E+12 40.1 24.1 -0.1

3 tt 8.38E+07 1.60 38.1 3.77E+12 39.1 29.8 2.58E+13 41.1 27.9 0.0

4 st rate rule 5.74E+07 1.53 35.7 1.58E+12 36.6 26.6 9.70E+12 38.5 25.0 -2.1

5 ps rate rule 3.24E+07 1.57 35.3 1.23E+12 36.3 24.5 8.56E+12 38.4 23.2 -2.8

6 pt rate rule 1.51E+08 1.39 33.0 1.70E+12 33.8 24.2 9.38E+12 35.7 23.0 -5.1

Average 25.8 24.4

STDEV 2.2 1.9

1,3-H shift

1 pp rate rule 5.90E+04 2.17 35.4 1.20E+11 36.7 22.6 1.48E+12 39.3 21.8 0.0

2 ss rate rule 1.11E+05 2.16 35.1 2.12E+11 36.4 24.1 2.62E+12 38.9 22.9 -0.1

3 tt 2.54E+05 2.03 33.6 2.09E+11 34.8 25.5 2.26E+12 37.3 24.1 0.0

4 st 7.12E+05 1.82 33.6 1.44E+11 34.7 24.7 1.19E+12 36.8 23.3 -1.6

5 ps rate rule 5.32E+05 1.93 33.8 2.24E+11 34.9 23.1 2.09E+12 37.2 22.1 -2.9

6 pt 1.73E+06 1.79 32.5 2.69E+11 33.6 24.0 2.12E+12 35.7 23.0 -4.4

Average 24.0 22.8

STDEV 1.0 0.8

1,4-H shift

1 pp rate rule 7.59E+04 1.74 19.8 8.49E+09 20.8 6.7 5.61E+10 22.6 5.1 -0.4

2 ss rate rule 3.87E+05 1.66 19.1 2.65E+10 20.1 7.8 1.64E+11 21.9 5.9 -0.1

3 tt 7.48E+04 1.81 16.8 1.37E+10 17.8 8.5 1.02E+11 19.8 6.6 0.0

4 st 5.02E+05 1.52 17.2 1.34E+10 18.1 8.1 7.07E+10 19.7 6.2 -1.8

5 ps rate rule 3.77E+05 1.63 17.9 2.05E+10 18.9 7.1 1.20E+11 20.6 5.4 -2.9

6 pt 3.35E+06 1.39 16.5 3.58E+10 17.3 7.7 1.58E+11 18.7 6.0 -4.6

Average 7.6 5.9

STDEV 0.7 0.5

1,5-H shift

1 pp rate rule 4.59E+04 1.68 12.6 3.56E+09 13.6 -0.5 2.08E+10 15.3 -2.2 -0.2

2 ss rate rule 6.37E+04 1.64 12.0 3.78E+09 13.0 0.7 2.13E+10 14.6 -1.4 -0.1

3 tt 1.69E+04 1.73 9.6 1.84E+09 10.6 1.3 1.17E+10 12.4 -0.8 0.0

4 st 1.53E+05 1.40 10.5 1.78E+09 11.3 1.3 7.57E+09 12.6 -0.9 -1.6

5 ps rate rule 1.31E+05 1.62 11.1 6.62E+09 12.0 0.2 3.57E+10 13.6 -1.5 -3.0

6 pt 1.03E+06 1.27 9.4 5.23E+09 10.2 0.5 1.91E+10 11.4 -1.3 -4.7

Average 0.6 -1.4

STDEV 0.7 0.5

1,6-H shift

1 pp rate rule 2.46E+03 1.79 11.9 3.98E+08 13.0 -1.1 2.49E+09 14.7 -2.8 -0.3

2 ss 6.71E+03 1.75 10.7 8.27E+08 11.8 -0.5 3.93E+09 14.0 -2.0 0.0

3 tt 1.54E+03 1.78 8.2 2.29E+08 9.2 -0.1 1.45E+09 11.0 -2.2 0.0

4 st 1.65E+04 1.50 9.0 3.90E+08 9.9 -0.1 1.78E+09 11.3 -2.2 -1.6

5 ps rate rule 1.29E+04 1.67 10.2 9.40E+08 11.2 -0.6 5.21E+09 12.8 -2.3 -2.9

6 pt 5.15E+04 1.35 8.6 4.26E+08 9.4 -0.2 3.19E+09 10.6 -2.1 -4.5

Average -0.4 -2.3

STDEV 0.4 0.3

1,7-H shift

1 pp 4.28E+01 2.10 15.1 5.48E+07 16.3 2.2 5.21E+08 18.5 1.0 0.0

2 ss 9.92E+01 2.00 13.2 6.50E+07 14.4 2.1 5.04E+08 16.3 0.3 0.0

3 st 1.93E+02 1.74 11.0 2.16E+07 12.0 2.0 1.24E+08 13.6 0.1 -1.7

4 ps 5.31E+02 1.81 13.2 9.66E+07 14.3 2.5 5.91E+08 15.9 0.8 -2.9

5 pt 1.55E+03 1.61 10.7 7.37E+07 11.6 2.0 3.56E+08 13.0 0.3 -4.5

Average 2.2 0.5

STDEV 0.2 0.4

E' strain

∆∆∆∆RH
298 

[kcal/mol]

298 K 500 - 1500 K

Arrhenius Parameters
#

Reaction 

type

Modified Arrhenius Parameters Arrhenius Parameters
E strain
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Table 3.5 Calculated Rate Parameters for Representative Hydrogen Abstraction. 

 

Note: a The units for AH, A’H, and A’’H are cm3/mol-s, and are kcal/mol for E, Ea, and Ea’.  b The notation 
for others are the same as Table 1. 
 

 

Figure 3.13 Comparison between the rates calculated in this study to those reported in 
literature60-66 for the reaction of CH3+C2H6 ↔ CH4+C2H5.  

n H AH n E A'H Ea A''H Ea' 

pp

C2H5 + C2H6 ↔ C2H5 + C2H6 6 2.07E+01 3.16 12.2 3.25E+10 14.0 2.12E+12 17.5 0.0

CCC● + CCC ↔ CCC + CCC● 3 2.68E+01 3.21 12.1 5.96E+10 14.0 2.02E+12 17.5 0.0

C2H5 + CCC ↔ C2H6 + CCC● 6 2.63E+01 3.18 12.3 4.74E+10 14.2 1.58E+12 17.7 0.3

C2H5 + CCCC ↔ C2H6 + CCCC● 6 3.82E+01 3.17 12.2 6.25E+10 14.1 2.07E+12 17.6 0.1

C2H5 + CC(C)C ↔ C2H6 + CC(C)C● 9 2.62E+01 3.18 12.2 4.72E+10 14.0 1.59E+12 17.5 0.7

Average 14.1 17.5

ss STDEV 0.1 0.1

CC●C + CCC ↔ CCC + CC●C 2 2.68E+00 3.32 10.5 1.17E+10 12.5 4.71E+11 16.2 0.0

CC●C + CCCC ↔ CCC + CCC●C 4 2.98E+00 3.30 10.3 1.14E+10 12.3 4.43E+11 15.9 0.2

CCC●C + CCC ↔ CCCC + CC●C 2 3.98E+00 3.34 10.1 2.08E+10 12.1 4.25E+11 15.8 -0.2

Average 12.3 16.0

tt STDEV 0.2 0.2

CC(C)●C + CC(C)C ↔ CC(C)C + CC(C)●C 1 3.78E-02 3.45 7.1 4.15E+08 9.1 1.96E+10 13.0 0.0

CC(C)●C + CC(C)CC ↔ CC(C)C + CC(C)●CC 1 5.99E-02 3.46 7.4 7.07E+08 9.5 3.41E+10 13.4 -0.6

Average 9.3 13.2

st STDEV 0.3 0.3

CC●C + CC(C)C ↔ CCC + CC(C)●C 1 4.79E+00 3.13 8.2 6.20E+09 10.0 2.00E+11 13.5 -1.5

CCC●C + CC(C)C ↔ CCCC + CC(C)●C 1 2.31E+00 3.18 8.1 4.07E+09 10.0 1.38E+11 13.5 -1.7

Average 10.0 13.5

ps STDEV 0.1 0.0

C2H5 + CCC ↔ C2H6 + CC●C 2 1.42E+02 3.05 10.1 1.02E+11 11.9 2.92E+12 15.2 -2.8

C2H5 + CCC ↔ C2H6 + CC●CC 4 1.54E+02 3.05 10.0 1.14E+11 11.8 3.28E+12 15.1 -2.7

CCC● + CCC ↔ CCC + CC●C 2 1.14E+02 3.12 10.0 1.33E+11 11.8 4.12E+12 15.2 -3.2

Average 11.8 15.2

pt STDEV 0.1 0.1

C2H5 + CC(C)C ↔ C2H6 + CC(C)●C 1 1.04E+03 2.93 8.0 3.46E+11 9.7 8.66E+12 12.9 -4.4

C2H5 + CC(C)CC ↔ C2H6 + CC(C)●CC 1 1.23E+03 2.86 7.7 2.60E+11 9.4 6.02E+12 12.5 -4.4

Average 9.6 12.7

STDEV 0.2 0.3

H-abstraction Reactions
300 - 2500 K 298 K 500 - 1500 K ∆∆∆∆RH

298 

[kcal/mol]
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Table 3.6 Summary of Rate Rules and Ring Strain Energies for the Endo-cycloaddition 
Reactions. 

 
Note: a The units for A, A’, and A’’ are cm3/mol-s, and are kcal/mol for E, Ea, Ea’, Estrain, and Estrain’. 

   
Table 3.7 Summary of the Rate Rules and Ring Strain Energies for the Exo-cycloaddition 
Reactions. 

 

Note: a The units for A, A’, and A’’ are cm3/mol-s, and are kcal/mol for E, Ea, Ea’, Estrain, and Estrain’. 
  

The ring strain values included in Table 3.4 are obtained by subtracting the corresponding 

bimolecular activation energy in Table 3.5 from the overall activation energy (either at 298K or 

over the 500-1500K range). A similar procedure is used to obtain ring strain estimates for the 

cycloaddition reactions. The rate parameters for the endo- and exo-cycloaddition reactions are 

summarized in Tables 3.6 and 3.7; the corresponding data for the bimolecular addition reactions 

are listed in Table 3.8. For the cycloaddition and the bimolecular addition reactions, the degree of 

branching around the double bond and the radical site in the reactant(s) is similar. The ring strain 

energies are obtained for each reaction in Tables 3.2 and 3.3 (by pairing each unimolecular reaction 

with its corresponding bimolecular reaction) and the average value for each ring-size category is 

reported in Tables 3.6 and 3.7, respectively. In all cases, the ring strain slightly decreases as the 

A n E A'  Ea A''   Ea'

1,4-Endo-Cycloaddition 6.34E+07 1.12 29.5 1.12E+11 30.1 24.4±1.0 3.62E+11 31.4 22.5±1.1 3.9

1,5-Endo-Cycloaddition 9.87E+06 1.06 13.0 1.21E+10 13.6 8.1±0.6 4.18E+10 14.6 6.0±0.7 -18.7

1,6-Endo-Cycloaddition 2.79E+06 0.96 6.0 1.78E+09 6.6 0.6±0.7 4.49E+09 7.4 -1.4±0.7 -22.5

1,7-Endo-Cycloaddition 3.98E+04 1.27 6.2 2.01E+08 7.0 1.1±0.6 6.69E+08 8.2 -0.6+0.5 -19.1

ΔR H
298 

[kcal/mol]

298 K 500 - 1500 K

Reactions
Modified Arrhenius Parameters Arrhenius Parameters

E strain

Arrhenius Parameters
E strain '

A   n E A' Ea A'' Ea'

1,4-Exo-Cycloaddition 1.08E+07 1.45 6.6 1.80E+11 7.5 2.2±1.0 9.61E+11 9.2 -0.1±1.2 2.4

1,5-Exo-Cycloaddition 1.35E+06 1.48 12.2 2.75E+10 13.0 6.7±0.8 1.45E+11 14.7 5.0±0.9 1.5

1,6-Exo-Cycloaddition 1.60E+06 1.20 3.8 4.96E+09 4.5 -2.2±0.7 1.87E+10 5.8 -4.1±0.6 -16.4

1,7-Exo-Cycloaddition 2.79E+04 1.40 4.2 3.35E+08 5.0 -1.8±0.3 1.62E+09 6.6 -3.5±0.5 -21.9

ΔR H
298 

[kcal/mol]

298 K 500 - 1500 K

Reactions
Modified Arrhenius Parameters Arrhenius Parameters

E strain

Arrhenius Parameters
E strain '
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temperature increases. This is because the bimolecular reactions display a stronger temperature 

dependence than the unimolecular reactions do. 

Table 3.8 Calculated Rate Parameters for Representative Addition Reactions to Olefins by Alkyl 
Radicals. 

 

Note: a The units for A, A’, and A’’ are cm3/mol-s, and are kcal/mol for E, Ea, and Ea’.  b Notations are the 
same as Table 1. c T2 and T3 are the Table 2 and 3. 
 

Figure 3.3 (page 40) compares the Evans-Polanyi relationships for the H-atom shift 

reactions to that of the bimolecular abstraction reactions. The slopes for the various reaction 

categories are similar, and the difference in the y-axis between a given H-atom shift reaction and 

its corresponding abstraction reaction is the ring strain. Consistent with expectations, the 3- and 4-

member ring transition states have the highest ring strain followed by the 5-member ring transition 

state. However, an interesting observation is that the ring strain (hence the activation energy) for 

6-member ring is slightly higher than that of the 7-member ring transition state; the ring strain 

increases for the 8-member ring structure. This result is consistent with previous studies in the 

literature, but it is in contrast with the ring strain of cycloalkanes67 which increase in going from 

cyclohexane, where there is no strain, to cycloheptane (see Table 3.9). Tsang and co-workers2 

investigated the thermal decomposition of n-heptyl and n-octyl radicals in a shock tube 

environment. These results suggest that the activation energy for the 1,6-H shift (7-member ring) 

is either equivalent or less than the 1,5-H shift (6-member ring). The theoretical study by Davis 

A n E A' Ea A'' Ea '

C2H5 + C=CC ↔ CCCC●C 4.37E+03 2.47 5.04 6.50E+10 6.50 9.59E+11 9.15 -22.3 T2: 1, 6, 8, 12, 17-18, 20-21, 23, 28-29, 30, 32-34, 36

C2H5 + C=CC ↔ CCCC2● 1.37E+03 2.61 6.27 5.17E+10 7.81 9.10E+11 10.6 -20.6 T3: 1, 6, 8, 10, 15, 16, 18, 19, 21, 27-32, 34

CC●C + C=CC ↔ CC2CC●C 5.26E+02 2.70 4.34 3.65E+10 5.93 3.59E+11 8.89 -21.2 T2: 2, 13, 24, 37

CC●C + C=CC ↔ CC2CC2● 5.08E+01 2.98 5.11 2.30E+10 6.88 3.19E+11 10.2 -18.8 T3: 2, 11, 22, 35

C3C● + C=CC ↔ C3CC●C 2.83E+01 3.03 2.41 1.89E+10 4.21 5.55E+11 7.59 -21.0 T2: 3, 14, 25, 38

C3C● + C=CC ↔ C3CC2● 9.24E+00 3.30 3.95 3.66E+10 5.90 5.00E+11 9.64 -22.4 T3: 3, 12, 23, 36

C2H5 + cis-CC=CC ↔ CCCC2● 2.90E+03 2.58 5.60 9.07E+10 7.12 1.53E+12 9.92 -22.2 T2: 5, 15, 26, 39, and T3: 4, 14, 25, 38

C2H5 + trans-CC=CC ↔ CCCC2● 3.40E+03 2.49 5.64 5.73E+10 7.11 1.73E+12 9.79 -21.1 T2: 4, 16, 27, 40, and T3: 5, 13, 24, 37

C2H5 + CC=CC2 ↔ CCC(C2)C●C 1.21E+02 2.76 6.11 1.32E+10 7.74 9.57E+11 9.15 -20.7 T2: 11, 22, 35, 42

C2H5 + CC=CC2 ↔ CCC2C●C2 3.61E+03 2.49 4.99 6.31E+10 6.47 9.57E+11 9.15 -22.2 T3: 9, 20, 33, 40

C2H5 + C2C=C ↔ CCCC●C2 1.46E+04 2.38 4.95 1.24E+11 6.36 1.65E+12 8.90 -21.9 T2: 7, 19, 31, 41

C2H5 + C2C=C ↔ CCCC3● 1.07E+02 2.83 6.99 1.81E+10 8.67 4.17E+11 11.8 -19.2 T3: 7, 17, 26, 39

Serve as bimolecular reactionsReactions
300 - 2500 K 298 K 500 - 1500 K ∆∆∆∆RH

298 

[kcal/mol]
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and Francisco4 also indicated slightly lower barrier height for 1,6-H shift; this is attributed to the 

C-H-C bond angle formed from the three reacting atoms in 1,6-H shift isomerization, which 

actually resembles cyclohexane instead of cycloheptane.  

Table 3.9 Ring Strain Energy of H-shift Isomerization, Endo-cycloaddition, Exo-cycloaddition, 
and Cycloalkanes59 at 298 K. 

 

The ring strain energies for the endo-cycloadditions are comparable to those of the 

corresponding H-atom shift transition states. In this case, however, the ring strain for the 6-member 

ring is slightly lower than that for the 7-member ring, although the difference between the two is 

still much lower than the difference between cyclohexane and cycloheptane (Table 3.9). The ring 

strain energies for the exo-cycloadditions are quite unexpected. Most notable is that the ring strain 

for the 3-member ring is less than that for the 4-member ring, and both of these are unusually low. 

There is essentially no strain for the 5- and 6-member rings.  

3.5.2 Relationship between Hindered Rotors and Pre-exponential Factors 

Examination of the pre-exponential factors shows that they systematically decrease with 

increasing ring size. Figure 3.14 presents the correlation between the “normalized” pre-exponential 

factors (i.e., on a per H basis) to the number of rotors lost in the transition states for the alkyl 

radical H-shift reactions (in blue). The pre-exponential factors drop by almost a factor of 10 as the 

transition state ring increases by one more carbon atom (i.e., another free rotor lost in the transition 

H-shift Endo-Cycloaddition Exo-Cycloaddition Cycloalkanes
59

3 25.8±2.2 2.2±1.0 27.7

4 24.0±1.0 24.4±1.0 6.7±0.8 26.8

5 7.6±0.7 8.1±0.6 -2.2±0.7 7.1

6 0.6±0.7 0.6±0.7 -1.8±0.3 0.7

7 -0.4±0.4 1.1±0.6 6.8

8 2.2±0.2 10.3

Ring size
Ring strain energy at 298 K (kcal/mol)



59 
 

state). The intercept is comparable to the TST pre-exponential factor (ekb/h•1000K). Hayes and 

Burgess3 observed a similar decrease in the pre-exponential factors for 3- to 6-member ring when 

they examined a narrow temperature range of 1000-1300K. Sirjean et al.5 examined the 

contribution of loss of free rotors to the activation entropy for 1,4- to 1,7-H shift reactions 

involving heptyl and octyl radicals. The per rotor entropy loss was found to be constant.  

The pre-exponential factors for the endo- and exo-cycloaddition reactions are also shown 

in Figure 3.14. For the exo-cycloaddition reactions (open red symbols), the C-C=C bending 

vibration is not constrained in the transition state; this leads to an increased entropy (compared to 

the endo-transition state). To account for this, we assume a gain of 0.5 rotor; this allows the data 

for the exo-reactions to fall on the trend line for the endo-data. Similar to the H-atom shift reactions, 

the pre-exponential factors drop by almost a factor of 10 as the transition state ring is expanded. 

For a given rotor loss, the pre-exponential factors for the endo-cycloadditions are ~4 times smaller 

than those for the respective H-atom shift reactions. In this temperature range, the smaller pre-

exponential factors are not due to the difference in tunneling correction factors. At 1000 K the 

tunneling correction factor for the cycloadditon reactions is ~1.1, while that for the H-shift 

reactions is only slightly higher at ~1.5. Thus, while the ring strains are comparable, more entropy 

is lost in the cycloaddition transition states than in the H-shift transition states. The primary 

difference between the two transition states is that there is a CH2 group in the ring for the endo-

cycloadditions versus an H-atom in the H-shift reactions.  

In summary, the rate parameters for both the H-atom shift and cycloaddition reactions can 

be estimated surprisingly well using a Benson type model, allowing a simple check on the 

plausibility of proposed rate constants for these type reactions. In the past, without benefit of 

electronic structure calculations and very limited data, the ring strain component of the activation 
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energy was often assumed to be similar to that of cycloalkanes. This work confirms that, for some 

cases, this is not a good assumption. While these values can be easily estimated using the Benson 

model, the series of rate rules that are provided in modified Arrhenius form provide more accurate 

estimates of these values. 

 

Figure 3.14 Correlation between the A-factors and loss of hindered rotors (blue dots and line: H-
shift; filled red dots and line: endo-cycloaddition; open red dots: exo-cycloaddition) at 500-1500 
K. 
 
3.5.3 Examination of the Cycloaddition Reaction Branching Ratio 

The above analysis shows that the exo-cycloaddition reactions are generally favored over 

the endo-reactions. Not only the pre-exponential factors higher, due to loss of 1 less hindered rotor 

in the transition state structure, but the activation energies are lower. Prior to the availability of 

reliable electronic structure calculations, several researchers68-70postulated that the lower 

activation energies for the exo-channel are the result of a transition state structure that allows for 

more favorable orbital overlap at the addition site. To investigate this, the transition state structures 

for the endo- and exo-reactions of the simplest alkenyl radicals are shown in Figure 3.15; the 

barriers for these reactions are provided in parenthesis. The reaction coordinate involves three 

participating atoms: the radical site in the reactant (“x”), the addition site (“1” for the endo and “2” 
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for exo), and the radical site in the product (“2” for endo and “1” for exo). In the endo-structures 

all three of the participating atoms are contained within the ring; in the exo-structures only two of 

the reacting atoms are in the ring while the third is outside of the ring. Bond formation occurs by 

overlap of the singly occupied molecular orbital (SOMO) on the radical site with the π* orbital of 

the olefin. Comparison of the two sets of transition states does indeed show that the orbital overlap 

is more favorable in the exo-structures, especially in the 1,4- and 1,5-reactions. In these cases, the 

endo-transition states appear to be disfavored because in order to obtain sufficient orbital overlap 

the double bond must rotate out of the plane more than it so does in the exo-structures. For instance, 

in the 1,4-exo-transition state structure the angle between the radical site and the 1-carbon is obtuse 

and the H-C1=C2-C3 dihedral is just slightly out of the plane at 177.5 degrees. In contrast, in the 

competing endo-structure the angle between the radical site and the 2-carbon is acute. The carbon 

chain must reach over the double bond resulting in an H-C1=C2-C3 dihedral angle of 153.5 degrees. 

As a result the newly formed bond is much longer in the endo-structure (C1-C4 = 2.12Å) than it is 

in the exo-structure (C2-C4 = 1.91Å). The same trends are observed for the 1,5-cycloadditions. As 

the ring size is increased in the 1,6- and 1,7-reactions,  the barriers for the two channels become 

comparable.  

Based on the above explanation, one might expect that the ring strains for the exo-transition 

states would be more “typical” and that those for the endo-transition states would be higher than 

“typical”. However, the results presented here show that ring strains for the exo-transition state 

ring strains are unusually low (see Table 3.9). This is especially the case for the formation of 3- 

and 4-member ring structures, with the 3-member ring having less strain than the 4-member ring. 

In contrast, the ring strain energies for the endo-reactions are similar to those for the H-atom shift 

reactions. Thus, there appears to be some favorable interaction in the exo-transition states that 
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either reduces or offsets the ring strain energy that the above rationale does not account for. 

Recently, Wang et al.59 examined the Hirshfeld atomic charge distribution for the reactants, 

products, and transition states for the 1,4-, 1,5-, and 1,6-exo-cycloaddition reactions. They suggest 

that the low barrier for the formation of the 3-membered ring is attributed to a decrease in the 

stability in the alkene-4-yl reactant due to a stronger inductive effect of the double bond, as well 

as an increase in the stability in the transition state due to extra conjugative effects. 

 

 

Figure 3.15 Transition state structures for the exo- (left) and endo- (right) cycloaddition 
reactions of the simplest alkenyl radicals. 
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Figure 3.16 Potential energy surface for C5H9 calculated at the CBS-QB3 level of theory, 
showing the enthalpies in kcal/mol at 298K. 
 

Even though the exo-cycloaddition reactions are generally favored over the endo-pathways, 

an important question to ask is: what roles do the two pathways play during reactions of 

hydrocarbons? To evaluate this, one has to consider the subsequent reactions of the cycloalkyl 

radical products as well as other the competing reaction channels of the alkenyl radical. To 

illustrate this, consider the reactions of 1-pent-4-enyl radical (C=CCCC•), which can be formed 

from allyl addition to ethylene. A simplified version of the C5H9 PES is provided in Figure 3.16. 

The barriers for both cycloaddition reactions are lower than the competing H-atom shifts 

(including from the allyl site) and β-scission reactions. While the two cycloaddition barriers are 

comparable, the pre-exponential factor for the formation of the cyclobutyl-carbinyl radical (4) via 

the exo-pathway is over an order of magnitude larger than the formation of cyclopentyl radical (5) 

via the endo-pathway. However, once formed, the cyclobutyl-carbinyl radical (4) is more likely to 

ring-open back to the 1-pent-4-eneyl radical (1) than it is to β-scission to form methylene-

cyclobutane plus H (VI). In contrast, the β-scission barrier for cyclopentyl radical (5) to form 
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cyclopentene plus H (II) is comparable to that for ring opening to (1). Thus, in this case, the endo-

cycloaddition appears to be more important in the degradation of alkenyl radicals than the exo-

cycloaddition channel. A more detailed discussion of this PES, which includes an analysis of the 

pressure-dependence of the various reaction channels, has recently been provided28. A comparison 

between predicted and experiment71 measurements for the rate constant for formation of 

cyclopentene + H (II) from the reaction of allyl + C2H4 (I) is shown in the Figure 3.17. 

 

Figure 3.17 Comparison of the rate constant for formation of cyclopentene (+H) in the reaction 
allyl + ethylene calculated in this study with literature71 values at 1 atm. 
 

The overall importance of the various channels (cycloadditions, H-shifts, and β-scissions) 

depends upon the distance between the radical site and double bond in the alkenyl radicals as well 

as its structure. Depending on the structure of the alkenyl radical, the ring opening reactions can 

shift the position of the vinyl group; these types of isomerizations have been discussed by Wang 

et al.59. Another important factor is the need to consider competing bimolecular reactions. Thus, it 

is important to include all of these reactions in kinetic modeling studies. The pressure dependence 

of these reactions should also be considered.  
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3.6 Conclusions 

A systematic series of high-pressure rate rules were developed for the H-atom shift 

reactions of alkyl radicals and the cycloaddition reactions of alkenyl radicals. These rules are based 

on the results of CBS-QB3 calculations and transition state theory calculations. The calculated 

values fall into well-defined groups that permit the assignment of a single rate constant for the 

group. The results are in good agreement with available literature data. The trends in the activation 

energies and pre-exponential factors were discussed in the context of the Benson-type model. The 

ring strain energies for the exo-cycloaddition reactions were found to be unusually low. The ring 

strain energies for the endo-cycloaddition and H-shift reactions are comparable to one another and 

to the ring strain of the corresponding cycloalkanes for 3- to 6-member rings. However, the larger 

sized ring strains are lower than these of corresponding cycloalkanes. The pre-exponential factors 

for both the H-shift and cycloaddition reactions decrease by almost an order of magnitude with 

each additional hindered rotor that is frozen in the transition state structure. The structure-reactivity 

relationships that are developed here provide a straightforward means to assign rate constants in 

mechanisms as well as to be able to quickly assess the validity of proposed rate constants.   
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CHAPTER 4 

THE IMPACT OF RESONANCE STABILIZATION ON THE INTRAMOLECULAR H-

ATOM SHIFT REACTIONS OF HYDROCARBON RADICALS  

Modified from a paper published in ChemPhysChem2 

Kun Wang1, Stephanie M. Villano3, and Anthony M. Dean4 

4.1 Abstract 

A series of intramolecular H-atom shift reactions of both alkenyl and allylic radicals are 

investigated using CBS-QB3 electronic structure calculations. In the first set of reactions, an alkyl 

radical site is converted into an allylic radical site. In the second set, an allylic radical is converted 

into another allylic radical. The results are discussed in the context of a Benson-type model to 

examine the impact of the transition state partial resonance stabilization on both the activation 

energies and pre-exponential factors. In most cases, the differences in the activation energies 

relative to analogous alkyl radicals are primarily due to the barriers of the bimolecular reaction 

component. For the first set of reactions there is additional entropy loss relative to the alkyl radical 

analogues. This additional loss of entropy may be smaller than some previous estimates. The pre-

exponential factors for the second set generally are similar to the analogous alkyl radical reactions 

(once the double bond in the transition state is accounted for). 

Key words: isomerization rate constant estimation rules, Benson-type model, ab initio 

calculations, resonance stabilization, frozen rotors 

  

                                                           
2Reprinted with permission from ChemPhysChem 2015, DOI: 10.1002/cphc.201500396 
Copyright 2015 John Wiley & Sons, Inc.  
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4.2 Introduction 

Over the past few decades there have been extensive efforts aimed at developing rate 

estimation methods that can account for structural variations in the reactants and/or the transition 

states of a given reaction class. Semi-empirical correlations such as linear free-energy relationships 

(e.g., Hammett’s1,2 and Evans-Polanyi relationships3) and group additivity based thermochemical 

kinetic methods4,5 can provide a convenient and accurate means to estimate rate parameters. Such 

correlations are generally developed for a similar set of reactions within a given reaction class over 

a well-defined range of conditions. The accuracy of these methods is dependent upon the 

availability of reliable kinetic data sets, which nowadays may be generated using electronic 

structure methods.  

To illustrate how structural variations within a given reaction class impact the reaction rate 

constants, consider a series of H-atom shift reactions of alkyl radicals. These isomerization 

reactions play an important role in hydrocarbon combustion and pyrolysis since they may modify 

the initial alkyl radical isomer population that is formed by H-atom abstraction reactions from the 

parent hydrocarbon, thereby affecting both the rate and the product distribution. Due to their 

importance, these reactions have been the subject of many prior experimental6-15 and theoretical 

studies.16-21 Recently, we conducted a systematic investigation of these reactions and formulated 

a series of high-pressure rate estimation rules.22 Over a narrow temperature range the assigned rate 

parameters can be estimated fairly well using a Benson-type model.4 This type of model provides 

a physical framework for which to interpret rate parameters assignments. In this context, the 

reactions are considered to be intramolecular H-atom abstraction reactions. The activation energy 

consists of two parts: the activation energy of the corresponding bimolecular reaction plus the ring 

strain energy (Ea = Ebi + Estrain). The bimolecular component accounts for the sensitivity of the 
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activation energy to the degree of substitution around the two reacting carbon atoms in the 

transition state and thus accounts for the reaction enthalpy change. Once the impact from 

substitution is accounted for, the changes in the activation energies with increasing ring size is 

simply due to changes in the ring strain. The activation energies (and hence the ring strain) 

decrease in going from a 3- and 4-member ring to a 5-member ring, then again to a 6- and 7-

member ring, before slightly increasing with the formation of an 8-member ring. The pre-

exponential factors are calculated from the entropy difference between the reactant and transition 

state. As the size of the transition state ring increases and additional rotors are lost in the transition 

state, the pre-exponential factors (on a per H-atom basis) systematically decrease by almost an 

order of magnitude.  

Given the importance of these types of isomerization reactions in alkane pyrolysis, it seems 

important to also consider these reactions in olefin pyrolysis. In this case, bimolecular H-atom 

abstraction from an olefin can occur at an alkyl site or an allylic site, with the latter abstraction site 

being thermodynamically favored. (Abstractions of vinyllic hydrogens are generally not 

considered, due to their considerably higher bond strengths.) These two types of radicals can be 

interconverted via an intramolecular H-atom shift reaction. This conversion can occur via three 

distinct cases, shown in schemes 1-3. In scheme 1 the reaction proceeds through a transition state 

structure where only one of the carbon atoms in the partially formed allylic group in the transition 

state is contained within the ring, while the other two carbon atoms are located outside of the ring. 

In scheme 2, two of the carbon atoms in the allylic structure are located in the ring, while the third 

is located outside the ring. In scheme 3 the allylic structure is completely located inside of the 

transition state ring.  
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Scheme 1: The partially formed allylic structure is outside the TS ring. 

 

Scheme 2: The partially formed allylic structure is partially inside the TS ring. 

 

Scheme 3: The partially formed allylic structure is inside the TS ring. 

These types of H-atom shift reactions can also convert one resonantly stabilized radical 

into another resonantly stabilized radical. Three different cases are shown in schemes 4-6. Scheme 

4 contains features from schemes 1 and 2, scheme 5 contains features from 1 and 3, and scheme 6 

contains features from 2 and 3. 

 

Scheme 4: Combination of schemes 1 and 2 

 

Scheme 5: Combination of schemes 1 and 3  

 

Scheme 6: Combination of schemes 2 and 3 
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The presence of resonance stabilization in the reactant and/or product in these H-atom shift 

reactions may significantly impact the activation energy, both in terms of the bimolecular and ring 

strain components, as well as the pre-exponential factors. The impact of resonance structure on the 

bimolecular component of the activation energy has been well-documented.23, 24 Results show that 

the activation energy for H-atom abstraction at an allylic site in an olefin is lower than it is for 

abstraction at an alkyl site, while the barrier for H-atom abstraction by an allyl radical is higher 

than that for abstraction by an alkyl radical. Depending upon the location of the conjugated bonds, 

the ring strain component might be expected to increase. The magnitude of this change will depend 

upon the extent to which the partially formed allylic structure distorts the transition state ring 

structure. The pre-exponential factors are also influenced by resonance stabilization. For example, 

abstraction of an H-atom from an allylic site via scheme 1 result in a greater loss in entropy than 

it does at an alkyl site since rotation around the newly formed allylic bond is hindered.17  

In this work we investigate a series of intramolecular H-atom shift reactions of both alkenyl 

and allylic radicals. The above six reaction schemes are the most common cases encountered, and 

are thus used as representative cases for this study. For each reaction scheme, the size of the ring 

in the transition state is systematically increased up to a 7-member ring. High pressure rate 

constants are obtained from the results of CBS-QB3 electronic structure calculations combined 

with canonical transition state theory calculations over the temperature range of 300-2500 K. The 

results are presented in modified Arrhenius form. The results are also presented in the context of 

the Benson-type model over a narrower temperature range. The impact of resonance stabilization 

on the activation energies and pre-exponential factors are examined and compared to those values 

for the analogous alkyl radical H-shift reactions.22 
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4.3 Theoretical Methods 

Deatiled description can be found in Chapter 2; the following only describes the cases 

particularly for this chepter. Several identity H-atom shift reactions were evaluated (i.e., the 

reactant and the product are identical). Since the corresponding transition states are symmetric 

with respect to the reaction coordinate, the pre-exponential factors are multiplied a factor of 2 to 

account for the fact that passage though the transition state from either direction (the reactant or 

product) results in an indistinguishable H-shift, which doubles the rate constant.25, 26 In several of 

the investigated reaction schemes, the allylic group is either fully or partially outside of the 

transition state ring structure. This leads to the presence of multiple isomers. Similarly, in some of 

the reactions in the Supporting Information (SI), the transition state ring may contain alkyl 

substituents resulting in one or more isomers. In planar transition state ring structures, these are 

optical isomers and the entropies are corrected by adding R•ln(2). However, if two or more 

substituents are present at different locations on the ring or if the ring is non-planar, these isomers 

are energetically distinct. Both the axial and equatorial structures were calculated, leading to two 

or more rate constants, which were then summed to get a total value. The type of H-atom transfer 

is described using the following notation: for a 1,x H-shift, x refers to the location of the carbon 

from which the hydrogen is abstracted relative to the carbon of the original radical site. 

4.4 Results and Discussion 

4.4.1 Isomerization of Alkyl Radicals to Allylic Radicals  

Table 4.1 presents the results for the reactions involving schemes 1-3. These reactions 

convert an alkyl radical site into an allylic radical site. In each case, results for only the simplest 

reaction are included. In scheme 1 a primary alkyl radical is converted to a secondary allylic radical, 

while for schemes 2 and 3 it is converted to a primary allylic radical. For scheme 1 the investigated 
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reactions include the 1,2 through the 1,6 H-atom shifts. For scheme 2 the 1,4 through the 1,6 H-

atom shifts are included and for scheme 3 the 1,5 and 1,6 H-atom shifts are included. The rate 

constants are fit over a temperature range of 300-2500 K to a modified Arrhenius form. Note that 

the pre-exponential factors are normalized to reflect the number of degenerate hydrogen atoms 

(AH, on the per H basis). The value “n” in the modified Arrhenius formula ranges from ∼1.9 to 

∼2.3, indicating that there is significant upward curvature on an Arrhenius plot. Thus, the use of 

the modified Arrhenius form is essential to properly describe the temperature dependence over a 

wide range. The rate constants are also fit to a simple Arrhenius form over a narrower temperature 

range (500-1500 K). The ring strain energies (Estrain) for the various transition states are also 

provided. These values are calculated by subtracting the activation energies for corresponding 

bimolecular H-atom abstraction reaction from the resonance-forming one at 298 K. The 

bimolecular reactions are provided in Table 4.2.  

The primary difference between the three different types of H-atom shift reactions in Table 

4.1 is the degree to which the partially formed allylic group is incorporated into the transition state 

ring. For scheme 1 the activation energy slightly increases in going from a 3- to a 4-member ring 

transition state, but then decreases in going from a 4- to a 5- then to a 6- and 7-member ring. For 

scheme 2 the activation energy decreases in going from a 5- to a 6-member ring, but then slightly 

increases in going to a 7-member ring. In scheme 3 the activation energy remains essentially 

constant in going from a 6- to 7-member ring. For a given ring size transition state, the activation 

energy increases in going from schemes 1 to 2 to 3, reflecting the increasing amount of conjugation 

within the ring in the transition state. The ring strain for the 1,4-H shift in scheme 1 (reaction 1.3), 

with only one of the allylic carbon atoms in the ring, is ∼5 kcal/mol lower that the analogous 

scheme 2 reaction (reaction 2.1), with two allylic carbons in the ring. For the larger ring transition 



79 
 

states, the differences between the ring strain energies for the schemes 1 and 2 reactions are smaller, 

∼2-3 kcal/mol. Likewise the ring strain energies for the 1,5 and 1,6 H-atom shift reactions in 

scheme 2 (reactions 2.2 and 2.3) are ∼2.5-3 kcal/mol lower than those in scheme 3 (reactions 3.1 

and 3.2), where the entire allylic structure lies within the transition state ring. Tables 4.3-4.5 list 

additional examples of reactions that follow schemes 1-3. These include ones with methyl 

substituents at the abstracted site. No systematic trends with substitution are evident in the pre-

exponential terms or activation energies when the values are comparable to those listed in Table 

4.1; however, a more systematic investigation may be warranted. 

Table 4.1 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the H-atom Shift Reactions in Schemes 1-3. 

A H n E A' H     E a A'' H     E a '

Scheme 1

1,2-H shift

1.1 C=CCC• → C=CC•C 2 8.60E+05 1.99 27.2 4.79E+12 30.5 5.38E+11 28.4 20.3 -18.2

1,3-H shift

1.2 C=CCCC• → C=CC•CC   2 1.25E+04 2.28 28.5 6.44E+11 32.4 5.29E+10 29.9 21.8 -17.5

1,4-H shift

1.3 C=CCCCC• → C=CC•CCC   2 2.11E+04 1.93 13.5 7.06E+10 16.7 8.53E+09 14.6 6.5 -17.5

1,5-H shift

1.4 C=CCCCCC• → C=CC•CCCC 2 7.70E+03 1.87 7.3 1.58E+10 10.4 2.05E+09 8.4 0.3 -17.5

1,6-H shift

1.5 C=CCCCCCC• → C=CC•CCCCC 2 5.80E+02 1.94 6.6 2.07E+09 9.8 2.48E+08 7.7 -0.4 -17.1

Scheme 2

1,4-H shift

2.1 C=C(C)CC• → C=C(C•)CC 3 1.08E+04 2.04 19.7 8.64E+10 23.1 9.24E+09 20.9 11.4 -13.9

1,5-H shift

2.2 C=C(C)CCC• → C=C(C•)CCC 3 2.30E+03 1.98 10.2 1.14E+10 13.5 1.30E+09 11.4 1.9 -13.8

1,6-H shift

2.3 C=C(C)CCCC• → C=C(C•)CCCC 3 1.04E+02 2.10 10.7 1.30E+09 14.2 1.30E+08 12.0 2.5 -13.8

Scheme 3

1,5-H shift

3.1 trans-CC=CCC• → trans-C•C=CCC 3 4.03E+04 1.90 13.3 1.04E+11 16.4 1.32E+10 14.4 4.9 -15.4

1,6-H shift

3.2 trans-CC=CCCC• → trans-CCCC=CC• 3 2.67E+03 1.94 13.3 1.01E+10 16.6 1.19E+09 14.5 5.0 -15.0

ΔRH
298 

300-2500 K 500-1500 K 298 K

# Reactions n H

Modified Arrhenius Parameters Arrhenius Parameters Arrhenius Parameters
E strain

 
Note: a The units for AH, A’H, and A’’H are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; the A 
terms are normalized by the number of equivalent hydrogens. b Molecule structures are presented in 
abbreviated form (H atoms missing, radical site marked with “•”) to improve readability.  
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Table 4.2 The Reference Bimolecular H-atom Abstraction Reactions for Schemes 1-3. 

 

Note: The units for AH, A’H, and A’’H are cm3/mol-s, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; 
the A terms are normalized by the number of equivalent hydrogens. 
 
Table 4.3 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the H-atom Shift Isomerizations in Scheme 1.  

 
Note: The units for AH, A’H, and A’’H are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; 
the A terms are normalized by the number of equivalent hydrogens. 
 

In order to understand how resonance structure impacts the various isomerization rate 

constants, it is useful to compare the rate parameters for the three different schemes to each other 

A H n E A' H     E a A'' H     E a ' 

pp

1 C2H5 + C=CC → C2H5 + C=CC• 3 5.63E+00 3.38 7.6 1.60E+12 13.3 3.89E+10 9.6 -14.3

2 C2H5 + C=C(C)C → C2H5 + C=C(C)C• 6 6.22E+00 3.35 7.4 1.31E+12 13.0 3.33E+10 9.4 -13.1

3 C2H5 + trans-CC=CC → C2H5 + trans-CC=CC• 6 8.58E+00 3.37 7.4 2.15E+12 13.1 5.33E+10 9.4 -14.3

Average 9.5

ps

4 C2H5 + C=CCC → C2H5 + C=CC•C 2 1.16E+01 3.37 6.1 2.90E+12 11.8 7.15E+10 8.1 -17.5

300-2500 K 500-1500 K 298 K

# Reactions n H

Modified Arrhenius Parameters Arrhenius Parameters Arrhenius Parameters ΔR H
298 

[kcal/mol]

A H n E A' H     E a A'' H     E a ' 

1,2-H shift

ts

1 C=CCC(C)•C → trans-CC=CC(C)•C 2 1.76E+05 2.10 29.8 2.20E+12 33.3 2.21E+11 31.0 19.6 -12.6

tt

2 C=CC(C)C(C)•C → trans-C=CC(C)•C(C)C 1 2.60E+05 2.09 30.4 2.99E+12 33.9 3.03E+11 31.6 21.9 -15.0

ss

3 C=CCC•C → cis-C=CC•CC 2 1.95E+05 2.07 28.5 1.99E+12 32.0 2.06E+11 29.7 20.4 -14.2

4 C=CCC•CC → trans-CCCC=CC• 2 1.49E+05 2.11 28.4 2.06E+12 31.9 2.04E+11 29.6 20.3 -15.2

st

5 C=CCC(C)•C → trans-C=CC•C(C)C 1 9.90E+06 1.67 29.1 4.48E+12 31.9 7.17E+11 30.1 22.5 -16.7

ps

6 trans-CC=CCC• → trans-CC=CC•C 2 8.30E+05 2.00 27.5 4.80E+12 30.8 5.37E+11 28.6 20.6 -18.2

pt

7 C=C(C)CC(C)C• → C2C=CC(C)C• 1 5.58E+05 1.98 26.5 2.85E+12 29.8 3.25E+11 27.7 21.4 -18.0

8 C=CC(C)C• → C=CC•(C)C    1 1.25E+06 1.91 27.9 3.70E+12 31.1 4.55E+11 29.0 22.7 -16.6

Average 3.71E+11 29.7 21.2

1,3-H shift STDEV 1.85E+11 1.3 1.1

ss

9 C=CCCC•C → trans-CCCC=CC• 2 6.10E+03 2.48 29.4 1.48E+12 33.6 9.79E+10 30.9 21.6 -14.7

ps

10 C=C(C)CCC• → CCC=C(C)C• 2 1.33E+04 2.32 28.8 9.25E+11 32.7 7.29E+10 30.1 22.1 -16.0

11 cis-CC=CCCC• → cis-CCC=CC•C 2 5.25E+03 2.44 28.6 9.52E+11 32.7 6.56E+10 30.0 20.7 -18.2

Average 7.88E+10 30.4 21.5

1,4-H shift STDEV 1.69E+10 0.5 0.7

ps

12 C=C(C)CCC(C)C• → C=C(C)C•CC(C)C 2 6.05E+04 1.77 12.5 5.74E+10 15.4 8.28E+09 13.5 5.5 -17.4

ΔRH
298 

[kcal/mol]

Arrhenius Parameters
E strain

500-1500 K

Arrhenius Parameters

298 K300-2500 K

# Reaction n H

Modified Arrhenius Parameters
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and also to those for the analogous H-shift reactions of alkyl radicals. Table 4.6 lists some 

calculated results for the 1,2- to 1,7-H shift reactions of alkyl radicals from our earlier study.22 

These entries correspond to the calculated alkyl isomerization rate rules for the primary-primary 

and primary-secondary cases.22 

Table 4.4 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the H-atom Shift Isomerizations in Scheme 2 with Substituted Reactants. 

 

Note: The units for AH, A’H, and A’’H are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; 
the A terms are normalized by the number of equivalent hydrogens. 
 
Table 4.5 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the H-atom Shift Isomerizations in Scheme 3. 

 

Note: The units for AH, A’H, and A’’H are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; 
the A terms are normalized by the number of equivalent hydrogens. 
 

A H n E A' H     E a A'' H     E a ' 

1,4-H shift

1 C=C(C)C(C)C• → C=C(C•)C(C)C 3 1.69E+04 1.99 19.1 9.39E+10 22.5 1.06E+10 20.3 10.7 -14.4

1,5-H  shift

2 C=C(C)CCC(C)•C → C=C(C•)CC(C)CC 3 2.40E+04 1.44 10.5 1.82E+09 12.9 3.75E+08 11.4 1.8 -9.3

3 C=C(C)CC(C2)C• → C=C(C•)CC(C2)C 3 3.29E+05 1.34 8.3 1.15E+10 10.5 2.63E+09 9.1 0.0 -15.6

Average 1.50E+09 10.2 0.9

STDEV 1.60E+09 1.6 1.3

1,6-H shift

4 C=C(C)CC(C)CC• → C=C(C•)CC(C)CC 3 1.17E+02 2.00 11.7 6.86E+08 15.1 7.66E+07 12.9 3.3 -14.4

ΔRH
298 

[kcal/mol]

Arrhenius Parameters
E strain

500-1500 K

Arrhenius Parameters

298 K

n H# Reactions
Modified Arrhenius Parameters

300-2500 K

A H n E A' H     E a A'' H     E a ' 

1,5-H shift

sp

1 trans-CC=CCC•C → CCCC=CC• 3 8.47E+03 2.10 13.7 1.08E+11 17.2 1.09E+10 15.0 4.7 -12.5

2 cis-CC=CCC•C → CCCC=CC• 3 4.88E+03 2.18 12.7 1.19E+11 16.4 1.09E+10 14.0 3.7 -13.6

pp

3 CC(C)=CCC• → CCC=C(C)C• 3 2.58E+04 1.96 12.3 1.09E+11 15.6 1.28E+10 13.5 4.0 -14.9

4 cis-CC=CC(C)C• → CC(C)C=CC• 3 2.03E+05 1.69 12.3 1.05E+11 15.1 1.65E+10 13.3 3.8 -16.4

ps

5 cis-CCC=CCC• → CCC=CC•C 2 5.28E+05 1.61 10.5 1.45E+11 13.2 2.49E+10 11.4 3.6 -18.7

Average 1.52E+10 13.4 3.9

1,6-H shift STDEV 5.89E+09 1.3 0.4

pp

6 C=CC(C•)CC=CC → C=CC(C)CC=CC• 3 9.27E+03 1.83 12.7 1.47E+10 15.7 1.97E+09 13.7 4.2 -15.1

7 cis-CC=CCCC• → cis-CCCC=CC• 3 3.22E+03 1.95 12.4 1.27E+10 15.6 1.50E+09 13.5 4.0 -15.6

Average 1.74E+09 13.6 4.1

STDEV 3.33E+08 0.1 0.1

ΔR H
298 

[kcal/mol]

Arrhenius Parameters
E strain

500-1500 K

Arrhenius Parameters

298 K

n H# Reactions
Modified Arrhenius Parameters

300-2500 K
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The comparison of activation energies for schemes 1-3 (as well as for schemes 4-6 that will 

be discussed later) to the alkyl radical reactions is provided in Figure 4.1. The activation energies 

for scheme 1 are considerably lower than those for the analogous alkyl radical isomerizations. This 

result is consistent with the findings by Hayes and Burgess,20 although they found that the 

difference in the two sets of activation energies was insensitive to the size of the ring formed in 

the transition state. Our results show that the difference between the two reaction classes is greatest 

for the 1,2 H-atom shift, and it then deceases as the ring size in the transition state increases. These 

differences reflect both the bimolecular and ring strain components. The bimolecular component 

is larger for the alkyl H-shifts, reflecting that these reactions are nearly thermoneutral, while the 

shifts involving formation of resonant structures are significantly exothermic. 

Table 4.6 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the H-atom Shift Reactions in Alkyl Radicals for the 1,2- up to 1,7-H Shift.22 

AH    n E A'H  Ea A''H  Ea' 

1,2-H shift

pp 4.71E+06 1.81 37.1 8.77E+11 38.2 24.1 7.69E+12 40.5 23.0 0.0

ps 3.24E+07 1.57 35.3 1.23E+12 36.3 24.5 8.56E+12 38.4 23.2 -2.8

1,3-H shift

pp 5.90E+04 2.17 35.4 1.20E+11 36.7 22.6 1.48E+12 39.3 21.8 0.0

ps 5.32E+05 1.93 33.8 2.24E+11 34.9 23.1 2.09E+12 37.2 22.1 -2.9

1,4-H shift

pp 7.59E+04 1.74 19.8 8.49E+09 20.8 6.7 5.61E+10 22.6 5.1 -0.4

ps 3.77E+05 1.63 17.9 2.05E+10 18.9 7.1 1.20E+11 20.6 5.4 -2.9

1,5-H shift

pp 4.59E+04 1.68 12.6 3.56E+09 13.6 -0.5 2.08E+10 15.3 -2.2 -0.2

ps 1.31E+05 1.62 11.1 6.62E+09 12.0 0.2 3.57E+10 13.6 -1.5 -3.0

1,6-H shift

pp 2.46E+03 1.79 11.9 3.98E+08 13.0 -1.1 2.49E+09 14.7 -2.8 -0.3

ps 1.29E+04 1.67 10.2 9.40E+08 11.2 -0.6 5.21E+09 12.8 -2.3 -2.9

1,7-H shift

pp 4.28E+01 2.10 15.1 5.48E+07 16.3 2.2 5.21E+08 18.5 1.0 0.0

ps 5.31E+02 1.81 13.2 9.66E+07 14.3 2.5 5.91E+08 15.9 0.8 -2.9

∆∆∆∆RH
298 

[kcal/mol]

300 - 2500 K 298 K 500 - 1500 K

Reaction 

type

Modified Arrhenius Parameters Arrhenius Parameters
E strain

Arrhenius Parameters
E' strain

 

Note: a The units for AH, A’H, and A’’H are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; 
the A terms are normalized by the number of equivalent hydrogens. 
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Figure 4.1 Comparison of activation energies at 298K for H-atom shift reactions in schemes 1-6 
for different transition state ring sizes to those of analogous alkyl radical reactions22. (Note: Error 
bars are shown for those cases where both pp and ps cases are considered.) 
 

The differences in ring strain energies for the reactions involving partially formed 

resonance transition states relative to the analogous alkyl reactions are shown in Figure 4.2. For 

the smaller sized transition states rings in scheme 1, the presence of the allylic carbon atom in the 

ring reduces the strain relative to the alkyl analog. The largest difference occurs for the 1,2 H-atom 

shift reaction (∼5 kcal/mol lower), followed by the 1,3 (∼2 kcal/mol) then the 1,4 H-atom (∼1 

kcal/mol). There is essentially no difference in ring strain for the 1,5 and 1,6 H-atom shift reactions, 

and the impact of the allylic carbon is negligible.  

The transition states geometries are provided in Figure 4.3. The partially formed allylic 

group is designated as “C=C=Ca”, where the two “C=” are the carbon atoms that make up the double 
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bond in the reactant and “Ca” is the neighboring allylic carbon atom. An alkyl carbon atom is 

designated as “C”. The first row in Figure 4.3 presents the transition state structures for the H-

atom shift reactions for ethyl through pentyl radical. The second row lists the transition state 

structures for reactions of scheme 1. Comparing reactions 1.1-1.4 to the alkyl radicals H-shift, 

some asymmetry is present, with the abstracted H-atom being closer to the allylic carbon than the 

alkyl carbon. As a result, the ∠HCaC is wider than the ∠HCCa, although this difference become 

smaller as the size of the transition state ring increases. 

 

 

Figure 4.2 Comparison of the differences in ring strain energies of H-atom shifts in schemes 1-6 
for different transition state ring sizes to those of analogous alkyl radical reactions22 at 298K. 
 

Unlike scheme 1, the activation energies for the reactions in schemes 2 and 3 are 

comparable to those for the alkyl radical isomerization reactions. Explicit comparisons are shown 

in Figure 4.1. In these cases, the higher ring strain energies (cf. Figure 4.2), due to the incorporation 

of the allylic structure within the transition state ring, approximately offsets the lower bimolecular 

components to the barrier. The higher ring strain energy is due to the incorporation of the partially-
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formed allylic structure in the transition state ring, which significantly alters the bond lengths and 

angles. The transition state structures for reactions 2.1 and 2.2 from scheme 2 and the reactions 

3.1 from scheme 3 are listed in rows 3 and 4 respectively in Figure 4.3.  

 

 

Figure 4.3 Transition state structures for the various H-atom shift reactions in schemes 1, 2, and 
3, select reactions in schemes 4 and 5, and the reactions of alkyl radicals. The partially formed 
allylic group is designated as “C=C=Ca”. The reaction number is given in bold. Bond lengths are 
given in angstroms and bond angles in degrees.  
 

For scheme 2 (comparing the n-butyl reaction to 2.1 and the n-pentyl reaction to 2.2), the 

two C=Ca and C=C bonds in the ring are shorter than the corresponding bonds in the alkyl radical 

H-shift reactions. The dihedral angles are also different than those for the alkyl radical H-shift 
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transition states. For the 1,4 H-shift reaction the ∠CaC=CC is narrower, while in the 1,5 H-atom 

shift reaction it is wider. In both cases the ∠HC=C=Ca bond is also slightly out of the plane. The 

differences become more pronounced for reaction 3.1 in scheme 3. The C=C= and C=Ca are shorter, 

the ∠C=C=Ca bond angle is wider, and both the ∠CCC=C= and ∠CaC=C=C dihedral are smaller 

than the corresponding features for the alkyl radical 1,5 H-atom shift reaction (n-pentyl radical). 

 

Figure 4.4 (a). The “normalized” pre-exponential factors AH vs. the ring size of transition states; 
(b). Correlation between the “normalized” pre-exponential factors AH and effective loss of 
hindered rotors in temperature range of 500-1500 K. (Open and crossed symbols: Schemes 1-3 in 
this study; filled blue symbols and blue line: H-shift for alkyl radicals from the previous work22). 
 

Previous results for the H-atom shift reactions of alkyl radicals showed that the pre-

exponential factors systematically decrease as the size of the transition state ring increases.17-22 

This is consistent with the loss of entropy as additional hindered rotors in the reactants are 

incorporated into the transition state ring. Figure 4.4a depicts the “normalized” pre-exponential 

factors for different transition state ring sizes for schemes 1-3, as well as those for the alkyl radical 

reactions. Reactions from the Table 4.3-4.5 for schemes 1-3 are also incorporated in this figure. 

Similar to the alkyl radical reactions, the normalized pre-exponential factors for schemes 1-3 also 

systematically decrease with increasing transition state ring size. The pre-exponential factors for 

schemes 1 and 2 are consistently lower than those for the analogous alkyl radical H-atom shift 
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reactions. The higher pre-exponential factors for the scheme 3 reactions are consistent with the 

inclusion of the double bond in the transition state resulting in the loss of one less rotor. 

A complication arises in terms of how to account for the loss of rotors for the reactions that 

form allylic bonds. In scheme 1, the formation of an allylic bond outside the ring in the transition 

state means that exterior rotor will be restricted, unlike the case for an analogous alkyl radical 

isomerization. For a given transition state ring size, the pre-exponential factors from scheme 1 are 

lower than those for the alkyl radical H-atom shifts. This may be attributed to the high rotational 

barrier of the allylic bond that is formed in the transition state structure. Prior work by Matheu et 

al.17 suggests that this external rotor is completely frozen in the transition state, and therefore an 

additional rotor is lost upon formation of the transition state structure. The lower pre-exponential 

factors for schemes 2 that are shown in Figure 4.4a also suggest additional entropy loss. However, 

the assignment of an entropy loss equivalent to one frozen rotor appears an overestimate. One can 

account for the additional loss in entropy by using the correlation derived for the alkyl radical 

reactions.22 For these cases, it was shown that the calculated pre-exponential factors can be related 

to the number of frozen rotors (γ) by the following equation: 

��(�	
) = 8.83 × 10
� × �	�.���   (eq. 1) 

Using this correlation, Table 4.7 presents the calculation of the effective number of rotors 

(γeffective) required to fit the calculated pre-exponential factors for schemes 1-3 (as well as these for 

schemes 4-6 that will be discussed below). As expected, the effective numbers of rotors loss are 

larger than the corresponding alkyl values. We call this difference the corrected rotor loss (γcorrected). 

With the exception of the 1,2-H shift reaction in scheme 1, where the corrected rotor loss is ∼0.6, 

all other cases have a value of ∼0.3. Note that for scheme 3, there is one less rotor loss due to the 

double bond in the transition state. 
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Table 4.7 Calculation of Corrected Rotor Loss (γcorrected) for Schemes 1-6  

 

Rxn # Ring size
Alkyl H-shift 

rotor loss n
Actual AH

Calculated 

frozen loss γγγγ '

Corrected rotor 

loss ( γγγγ corrected )

1.1 3 1 4.79E+12 1.41 0.41

3 1 2.20E+12 1.78 0.78

3 1 2.99E+12 1.64 0.64

3 1 1.99E+12 1.83 0.83

3 1 2.06E+12 1.82 0.82

3 1 4.48E+12 1.44 0.44

3 1 4.80E+12 1.41 0.41

3 1 2.85E+12 1.66 0.66

3 1 3.70E+12 1.53 0.53

Average 0.61

1.2 4 2 6.44E+11 2.38 0.38

4 2 7.40E+11 2.31 0.31

4 2 9.25E+11 2.20 0.20

4 2 9.52E+11 2.19 0.19

Average 0.27

1.3 5 3 7.06E+10 3.45 0.45

5 3 5.74E+10 3.55 0.55

Average 0.50

1.4 6 4 1.58E+10 4.17 0.17

1.5 7 5 2.07E+09 5.15 0.15

2.1 5 3 8.64E+10 3.35 0.35

5 3 9.39E+10 3.31 0.31

Average 0.33

2.2 6 4 1.14E+10 4.33 0.33

6 4 1.15E+10 4.32 0.32

Average 0.33

2.3 7 5 1.30E+09 5.38 0.38

7 5 1.37E+09 5.35 0.35

Average 0.36

3.1 6 3 1.04E+11 3.26 0.26

6 3 1.08E+11 3.24 0.24

6 3 1.19E+11 3.19 0.19

6 3 1.09E+11 3.23 0.23

6 3 1.05E+11 3.25 0.25

6 3 1.45E+11 3.10 0.10

Average 0.21

3.2 7 4 1.01E+10 4.39 0.39

7 4 1.47E+10 4.20 0.20

7 4 1.27E+10 4.27 0.27

Average 0.29

Average 0.29

STDEV 0.11

Scheme 1

Scheme 2

Scheme 3
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Table 4.7 Continued. 

 

Table 4.8 summarizes the corrected rotors loss that is needed to obtain the effective rotors 

loss for the H-shift reactions in schemes 1-3. For the alkyl radical H-shift reactions, γeffective equals 

the number of frozen rotors (γ). For the reactions of schemes 1-3 (as well as the schemes 4-6 that 

will be discussed later in the text), the value of γeffective is obtained via the following equation: 

γeffective = γ + γcorrected       (eq. 2) 

Thus, for reaction 1.1 that proceeds via a 3-membered ring transition state, two rotors in 

the reactant are lost in the transition state ring.  In addition to that, the corrected rotor loss is 0.3, 

and therefore the effective rotor loss is 2.3. Figure 4.4b depicts relationship between the 

“normalized” pre-exponential factors AH and effective number of rotors loss for schemes 1-3. It 

Rxn # Ring size
Alkyl H-shift 

rotor loss n
Actual AH

Calculated 

frozen loss γγγγ '

Corrected rotor loss 

( γγγγ corrected )

4.1 4 2 2.76E+13 0.56 -1.44

2 2.26E+13 0.66 -1.34

Average -1.39

4.2 5 3 2.11E+11 2.92 -0.08

4.3 6 4 1.58E+10 4.17 0.17

4.4 7 5 2.81E+09 5.00 0.00

Scheme 5

5.1 5 2 1.46E+12 1.98 -0.02

5 2 2.01E+12 1.83 -0.17

5 2 1.69E+12 1.91 -0.09

5 2 2.82E+12 1.66 -0.34

5 2 3.12E+12 1.62 -0.38

5 2 1.60E+12 1.94 -0.06

5 2 2.41E+12 1.74 -0.26

5 2 2.23E+12 1.78 -0.22

Average -0.19

5.2 6 3 2.26E+11 2.88 -0.12

6 3 2.22E+11 2.89 -0.11

Average -0.11

5.3 7 4 2.05E+10 4.04 0.04

Scheme 6

6.1 7 4 3.19E+10 3.83 -0.17

Average -0.05

STDEV 0.13

Scheme 4
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shows that the pre-exponential factors group nicely with those for alkyl radical H-atom shift 

isomerization.  

Table 4.8 Summary of Corrected Rotors Loss for Different Reaction Types 

 

 

 

Figure 4.5 Comparison of H-atom shift reactions via different competing reaction schemes 
(Left: 3-methyl-2-pentene-5-yl (CC=C(C)CC•) and Right: 3-methyl-2-hexene-6-yl 
(CC=C(C)CCC•)). 
 

Depending upon the structure of the alkenyl radical reactant, more than one H-atom shift 

pathway may be available. The rate constants for the various H-atom shift reactions in schemes 1-

3 are used to estimate the rate constants for the various H-atom shift reaction of a) 3-methyl-2-

pentene-5-yl (CC=C(C)CC•) and b) 3-methyl-2-hexene-6-yl (CC=C(C)CCC•) in Figure 4.5. For 

the 3-methyl-2-pentene-5-yl radical, the H-atom shift reaction via scheme 3 dominates over the 

investigated temperature range. The pre-exponential factors for the reactions in schemes 2 and 3 

are similar, however the barrier for the reaction in scheme 3 is significantly lower than that in 

Reaction type Corrected rotors loss Note

Alkyl radical 0 by definition

Scheme 1 (1,2-H shift) 0.6 3-membered TS ring

Schemes 1-3 0.3 All other alkyl to allylic radicals

Scheme 4 (1,3-H shift) -1.4 4-membered TS ring

Schemes 4-6 0 All other allylic to allylic radicals
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scheme 2 due to the larger transition state ring size. For the 3-methyl-2-hexene-6-yl radical, the 

H-atom shift reaction that occurs via scheme 2 dominates. In this case, the barrier for the reaction 

in scheme 2 is lower than that for the reaction in scheme 3. In scheme 2, the allylic structure is 

only partially incorporated into the transition state ring and therefor the ring strain is lower. In both 

examples, the reaction that proceeds via scheme 1 is significantly slower. However, at higher 

temperatures (> 1500 K) this pathway will become competitive.  

4.4.2 Isomerization of Allylic Radicals   

Table 4.9 summarizes the results for the H-atom shift reactions of allylic radicals that occur 

via schemes 4-6. The radicals in reactions 4.1 and 5.1 result from the H-atom abstraction from an 

olefin. The other radicals are formed from H-atom abstraction from dienes. Tables 4.10 and 4.11 

provide additional reactions. For scheme 4, the investigated reactions include the 1,3 to 1,6 H-

atom shifts, while scheme 5 includes the 1,4 to 1,6 H-atom shifts. In reactions 4.1 and 5.1, a 

primary allylic radical is converted into another primary allylic radical. For the remaining reactions, 

it is converted into a secondary allylic radical. In scheme 6 only the 1,6 H-shift is included. In this 

case, both the reactant and the product are primary allylic radicals. The investigated reactions are 

either thermoneutral or just slightly exothermic. The calculated rate constants are fit to both 

modified and simple Arrhenius fits. The modified fits are the preferred format since the rate 

constants display substantial upward curvature on an Arrhenius plot. The ring strain energies are 

also provided; the energy barriers for the corresponding bimolecular H-atom abstraction reactions 

are from previous studies.23, 24  

The activation energies for the reactions in schemes 4-6 are higher than those for the 

corresponding reactions in schemes 1-3 and for the alkyl radical reactions (cf. Figure 4.1). This is 

primarily due to the bimolecular component of the activation energy, which is ∼16 kcal/mol for 
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the H-atom abstraction by a primary allylic radical from a secondary allylic site.23, 24 The analogous 

bimolecular abstraction reaction of an alkyl radical has an activation energy of ∼12 kcal/mol.27 

Table 4.9 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the H-atom Shift Reactions in Schemes 4-6. 

A H n E A' H     E a A'' H     E a ' 

Scheme 4

1,3-H shift

4.1 C=C(C)C• → C=C(C•)C 3 1.57E+05 2.44 51.6 2.76E+13 55.7 1.91E+12 53.0 34.2 0

1,4-H shift

4.2 C=C(C•)CCC=C → C=C(C)CC•C=C 2 2.68E+04 2.04 25.3 2.11E+11 28.7 2.26E+10 26.5 10.5 -3.4

1,5-H shift

4.3 C=C(C•)CCCC=C → C=C(C)CCC•C=C 2 4.71E+03 1.93 16.2 1.58E+10 19.4 1.91E+09 17.3 1.3 -3.7

1,6-H shift

4.4 C=C(C•)CCCCC=C → C=C(C)CCCC•C=C 2 2.84E+02 2.07 15.1 2.81E+09 18.6 2.91E+08 16.3 0.3 -4.0

Scheme 5

1,4-H shift

5.1 CC=CC• → C•C=CC 3 5.33E+05 1.81 35.8 7.30E+11 38.8 1.00E+11 36.8 18.8 0

1,5-H shift

5.2 C=CCCC=CC• → CC=CCC=CC• 2 1.26E+05 1.85 21.1 2.26E+11 24.2 2.98E+10 22.2 3.5 -2.2

1,6-H shift

5.3 C=CCCCC=CC• → CC=CCCC=CC• 2 5.47E+03 1.94 20.9 2.05E+10 24.2 2.43E+09 22.0 3.3 -2.4

Scheme 6

1,6-H shift

6.1 C=C(C•)CC=CC → C=C(C)CC=CC• 3 2.11E+04 1.92 21.3 6.38E+10 24.5 7.82E+09 22.4 5.0 -1.3

ΔRH
298

300-2500 K 500-1500 K 298 K

# Reactions n H

Modified Arrhenius Parameters Arrhenius Parameters Arrhenius Parameters
E strain

Note: a The units for AH, A’H, and A’’H are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; 

the A terms are normalized by the number of equivalent hydrogens. b Molecule structures are 

presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability. 

 
Table 4.10 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the H-atom Shift Isomerization in Scheme 4 Wwith Substituted Reactants. 

 

Note: The units for AH, A’H, and A’’H are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; 
the A terms are normalized by the number of equivalent hydrogens. 
 

A H n E A' H     E a A'' H     E a ' 

1,3-H shift

pp

1 CCC=C(C)C• → CCC=C(C•)C 3 1.48E+06 2.12 49.3 2.26E+13 5.29E+01 2.21E+12 50.5 31.7 -2.2

ΔRH
298 

[kcal/mol]

Arrhenius Parameters
E strain

500-1500 K

Arrhenius Parameters

298 K

n H# Reactions
Modified Arrhenius Parameters

300-2500 K
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With the exceptions of reactions 4.1 and 5.1, the ring strain energies are similar to those 

for corresponding reactions in schemes 2 or 3. In these cases, the transition states contain a 

combination of the structural elements in schemes 1-3. For example, reactions 4.2, 4.3, and 4.4 

have a partially formed allylic group that is located directly outside of the ring such as that in 

scheme 1 and another that is partially inside of the ring such as that in scheme 2. As discussed 

above, the position of the allylic group in scheme 1 slightly lowers the ring strain, while that in 

scheme 2 increases it. The ring strain energies for these reactions in scheme 4 are slightly less than 

those in scheme 2 (cf. Figure 4.1). The ring strain energies for reactions 5.2 and 5.3 in scheme 5 

also follow this pattern. The transition state structure for these reactions have structural features 

that are similar to those in schemes 1 and 3, and the ring strain energies for these reactions are 

slightly less than those in scheme 3. Reaction 6.1 has a transition state that has features from 

schemes 2 and 3. The ring strain energy is comparable to that for scheme 3. 

Table 4.11 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the H-atom Shift Isomerization in Scheme 5. 

 

Note: The units for AH, A’H, and A’’H are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; 
the A terms are normalized by the number of equivalent hydrogens. 

A H n E A' H     E a A'' H     E a '

1,4-H shift

ss

1 cis-CCC=CC•C → cis-CC•C=CCC 2 2.35E+06 1.75 33.8 2.01E+12 36.8 2.94E+11 34.8 18.8 0

tt

2 cis-CC(C)C=CC(C)•C → cis-CC(C)•C=CC(C)C1 3.10E+06 1.70 31.9 1.69E+12 34.8 2.64E+11 32.9 18.9 0

st

3 CC(C)C=CC•C → CC(C)•C=CCC 1 3.95E+07 1.52 32.2 5.64E+12 34.8 1.06E+12 33.1 18.8 -1.9

ps

4 CCCC=CC• → CCC=CC•C 2 1.32E+07 1.59 33.7 3.12E+12 36.3 5.47E+11 34.6 18.9 -1.9

5 C=CCCC=CC• → C=CCC=CC•C 2 5.35E+06 1.62 33.4 1.60E+12 36.1 2.72E+11 34.3 18.5 -2.4

6 CCC=CC• → CC•C=CC 2 7.80E+06 1.62 33.6 2.41E+12 36.3 4.07E+11 34.6 18.9 -2.9

pt

7 CC(C)C=CC• → CC(C)•C=CC 1 2.98E+07 1.44 31.5 2.23E+12 33.9 4.60E+11 32.3 18.1 -4.8

Average 4.72E+11 33.8 18.7

STDEV 2.81E+11 1.0 0.3

1,5-H shift

ps 3.97E+03 2.19 19.3

8 CC=CCCC=CC• → CC=CCC=CC•C 2 8.00E+04 1.82 21.1 1.11E+11 2.41E+01 1.52E+10 22.1 3.4 -2.4

pt

9 C=CC(C)CC=CC• → CC=CCC(C)=CC• 1 8.74E+05 1.53 19.2 1.28E+11 2.18E+01 2.40E+10 20.1 3.4 -4.6

Average 1.96E+10 21.1 3.4

STDEV 6.21E+09 1.4 0.0

298 K300-2500 K

E strain

500-1500 K

# Reactions
Modified Arrhenius Parameters ΔRH

298 

[kcal/mol]
n H

Arrhenius Parameters Arrhenius Parameters



94 
 

The ring strain energies for the transition states in reactions 4.1 and 5.1 are significantly 

higher (cf. Figure 4.1) than the other investigated 1,3 and 1,4 H-atom shift reactions, respectively. 

These two reaction are distinctly different than the other reactions in schemes 4 and 5. In these 

cases, the reactant radicals result from H-atom abstraction at an allylic site of an olefin, versus a 

diene as in the other cases. As a result, only one allylic group is formed in the transition state. The 

transition state for reaction 4.1 resembles those in scheme 2, except that the allylic structure 

extends over three of carbon atom in the transition state ring, versus two carbon atoms. As shown 

in Figure 4.3, the structure of the ring is similar to the ring that is formed in the 1,3 H-atom shift 

reaction of alkyl radicals. However, the CaC=Ca is significantly less (93.1°) than that of a typical 

sp2 carbon. The transition state for reaction 5.1 resembles those in scheme 3, except that the allylic 

structure extends over four carbon atoms in the transition state ring, versus three carbon atoms. In 

this case, the bond lengths and angles within the transition state ring are significantly different than 

those in the transition state for the 1,4 H-atom shift reaction of alkyl radicals. Not only are the 

C=C= and the C=Ca bonds are shorter and the two ∠C=C=Ca are wider, but all four of the carbon 

atoms in the ring lie in the same plane. In contrast, for the alkyl H-atom shift the dihedral angle of 

the carbon atoms in the ring is 37.0°.  

The reactions in Tables 4.12 and 4.13 also convert an allylic radical into another allylic 

radical. However, in these examples, the product radical is more stable than the reactant radical 

since it is stabilized by extended resonance. As a result, they are more exothermic than those in 

Table 4.9. The bimolecular component to the barrier is also different; for these reactions it is ∼12 

kcal/mol versus ∼16 kcal/mol for the reactions in Table 4.9. In these transition states, the 

conjugation extends through six carbon atoms in the allylic structure. In reaction 7.1, three of those 

carbon atoms are contained in the transition state ring. The transition state ring resembles that in 
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reaction 4.1, except that the conjugation extends out of the ring more than it does in reaction 4.1. 

The ring strain energy of reaction 7.1 is lower than that in reaction 4.1 (cf. Figure 4.2).   

Table 4.12 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the H-atom Shift Reactions for an Allylic Radical Forming an Extended Resonance Stabilized 
Radical. 

A H n E A' H     E a A'' H     E a ' 

1,3-H shift

7.1 C=C(C•)CC=C → C=C(C)C•C=C 2 5.20E+03 2.49 43.1 1.43E+12 47.3 9.27E+10 44.6 33.0 -12.8

1,4-H shift

8.1 C=CCC=CC• → C=CC•C=CC 2 1.28E+05 2.00 28.1 7.55E+11 31.4 8.42E+10 29.3 17.7 -13.5

1,5-H shift

9.1 C=C(C•)C=CC → C=C(C)C=CC• 3 1.11E+06 1.64 24.0 3.84E+11 26.8 6.38E+10 25.0 10.0 -8.4

ΔRH
298

300-2500 K 500-1500 K 298 K

# Reactions n H

Modified Arrhenius Parameters Arrhenius Parameters Arrhenius Parameters
E strain

 

Note: a The units for AH, A’H, and A’’H are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; 

the A terms are normalized by the number of equivalent hydrogens. b Molecule structures are 

presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability. 

Table 4.13 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the H-atom Shift Isomerization of Allylic Radical Forming Extended Resonance Radicals.  

 

Note: The units for AH, A’H, and A’’H are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain; 
the A terms are normalized by the number of equivalent hydrogens. 
 

In reaction 8.1, four of the carbon atoms in the allylic structure are contained in the 

transition state ring. The transition state ring resembles that in reaction 5.1, however, again the 

conjugation extends out of the ring more than it does in reaction 5.1. The ring strain energy of 

reaction 8.1 is slightly lower than that in reaction 5.1 (cf. Figure 4.2). This result is consistent with 

the above findings that show that when there is a partially-formed allylic group that is similar to 

A H n E A' H     E a A'' H     E a '

1,4-H shift

ps

1 C=C(C)CC=CC• → C=C(C)C•C=CC 2 1.76E+05 1.95 28.0 6.83E+11 31.3 8.08E+10 29.2 17.6 -9.7

ss

2 C=CCC=CC•C → C=CC•C=CCC 2 2.30E+05 2.06 28.4 2.14E+12 31.9 2.24E+11 29.6 17.3 -10.6

3 CC=CCC=CC• → CC=CC•C=CC 2 1.57E+05 1.97 28.0 7.23E+11 31.3 8.34E+10 29.2 17.6 -13.7

4 C=CCC=C(C)C• → C=CC•C=C(C)C 2 1.71E+05 2.00 26.2 9.94E+11 29.5 1.11E+11 27.4 17.2 -14.8

Average 1.25E+11 28.8 17.4

STDEV 6.73E+10 1.0 0.2

298 K300-2500 K

E strain

500-1500 K

# Reactions
Modified Arrhenius Parameters ΔRH

298 

[kcal/mol]
n H

Arrhenius Parameters Arrhenius Parameters
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that in scheme 1 the ring strain energy is lower than that of the analogous reaction that does not 

contain this group. In reaction 9.1 all five of the carbon atoms in the transition state ring are 

contained in the transition state ring. In this case, the ring strain is higher than the corresponding 

reaction 6.1 (cf. Figure 4.2). 

 

Figure 4.6 Correlation between the “normalized” pre-exponential factors AH and effective loss 
of hindered rotors in temperature range of 500-1500 K. (Open and crossed symbols: Schemes 1-
6 in this study; filled blue symbols and blue line: H-shift for alkyl radicals from the previous 
work22). 
 

The normalized pre-exponential factors for the allylic to allylic H-atom shift reactions 

follow the same trends as the other investigated H-shift reactions. That is, they systematically 

decrease as size of the transition state ring increase. The pre-exponential factors for most of the 

reactions in scheme 4 are comparable to those for the analogous alkyl H-atom shift reactions. The 

exception is reaction 4.1, which has a much higher pre-exponential factor (cf., Table 4.8). For 

schemes 5 and 6, the normalized pre-exponential factors are higher than those in the analogous 

alkyl radical reactions with the same ring size, due to a double bond that is contained in the 

transition state ring, which results in one less rotor loss. As discussed above, after accounting for 

this double bond, the corrected rotor loss for schemes 4-6 is zero for most cases. Again, the 
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exception is reaction 4.1. These values are included in Figure 4.6, and the overall consistency 

among the various sets of pre-exponential factors is apparent. 

4.5 Summary and Conclusions 

The impact of the resonance structure on the kinetics of H-atom shift isomerization was 

examined using electronic structure calculations at the CBS-QB3 level of theory. The results are 

discussed in the context of a Benson-type model to examine the impact on both the activation 

energies and pre-exponential factors. Two types of reactions were investigated. In the first set of 

reactions, an alkyl radical site is converted into an allylic site. Three different reaction schemes are 

investigated based on the location of the resonance structure in the cyclic transition state. In the 

second set of reactions, an allylic radical is converted into another allylic radical. Again the 

location of the partial resonance structure within the transition state ring is varied. The results are 

compared to previously reported rate parameters for H-atom shift reactions of alkyl radicals.22 In 

general, the activation energies for the reactions that convert an alkyl radical into an allylic radical 

are less than or equal to those for the alkyl radical isomerization reactions. The activation energies 

for the allylic radical isomerization are generally greater than those for the alkyl radical 

isomerization. These differences are primarily due to the bimolecular component of the activation 

energy in the Benson-type model. However, in some cases, the presence of the partial resonance 

structure that is formed in the transition state significantly increases the strain energy for the ring 

that is formed in the transition state. The pre-exponential factors are also impacted by the formation 

of an allylic structure in the transition state. For the H-atom shift reactions that convert an alkyl 

radical to an allylic one, the formation of the partial resonance structure in the transition state 

results in an additional loss of entropy and a decreased pre-exponential factor. For most cases, 

these can be made consistent with the analogous alkyl reactions by assuming that 0.3 additional 
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rotor is lost. For the H-atom shift reactions where an allylic radical forms another allylic radical, 

generally no corrections are needed, once the double bond in the transition state is properly 

accounted for. The trends in various investigated reactions can be used to check the plausibility of 

proposed rate constants for these type reactions. 
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CHAPTER 5 

THE INFLUENCE OF RESONANCE STABILIZATION ON THE RING CLOSURE 

REACTIONS OF HYDROCABON RADICALS 

5.1 Introduction 

In Chapter 3, a systematic investigation was conducted for the intramolecular H-atom shift 

reactions of alkyl radicals and the ring closure reactions for alkenyl radicals, and a series of high-

pressure rate estimation rules was formulated based on the structure-reactivity relationship.1 In 

Chapter 4 the impact of resonance stabilization on the H-atom shift reactions of hydrocarbon 

radicals was investigated. This chapter will examine the influence of forming resonantly-stabilized 

transition state (TS) structures on the ring closure reactions, including both the endo- and exo-

pathways. 

For the olefin pyrolysis systems, the addition of unsaturated radicals (e.g., alkenyl, vinyllic2, 

3 and allylic4) to diolefins play important roles for the formation of MWG species. This type of 

addition reaction leads to the formation of a larger resonantly-stabilized radical that can then 

isomerize to a resonantly or non-resonantly cyclic radical. This radical can form a stable cyclic 

species after β-scission. This conversion can occur via three distinct cases, depending on the 

location of the partially-formed resonance structure in the transition state (TS), as shown in 

schemes 1-3.  

 

Scheme 1: The allylic structure is located outside the TS ring. 
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Scheme 2: The allylic structure is partially inside the TS ring. 
 

 

Scheme 3: The allylic structure is inside the TS ring. 
 
In scheme 1 the reaction proceeds through a TS ring where only one of the three carbon 

atoms in the partially-formed allylic structure is contained in the ring, with the other two outside 

of the ring. In scheme 2, two of the carbon atoms in the allylic structure are located in the TS ring, 

with the third one outside the ring. In scheme 3 the allylic structure is completely inside of the TS 

ring. 

Another scenario occurs for the non-allylic alkenyl hydrocarbon radicals. In these cases, 

an alkyl radical is converted to a cyclic allylic radical via schemes 4-6 (for the endo-pathways). 

Similar to the above three schemes, schemes 4-6 have 1, 2, and 3 carbon atoms, respectively, in 

the partially-formed resonance structure within the TS ring. 

 

Scheme 4: The allylic structure is located outside the TS ring (with the endo-reactions gaining a 
resonance stabilization). 
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Scheme 5: The allylic structure is partially inside the TS ring (with the endo-reactions gaining a 
resonance stabilization). 

 

Scheme 6: The allylic structure is inside the TS ring (with the endo-reactions gaining a 
resonance stabilization). 
 

Similar to the H-atom shift reactions that were discussed in Chapter 4, the introduction of 

resonance stabilization in the reactant and/or product in the ring closure reactions may significantly 

impact the activation energy (on both the bimolecular and ring strain components), as well as the 

pre-exponential factors. The bimolecular reactions for the schemes 1-3 and 4-6 are allylic radical 

addition olefin, and alkyl addition to conjugated diolefin, respectively. Due to the resonance 

stabilization, an allylic radical addition to an olefin has higher activation energy than an analogy 

alkyl addition.4, 5 The activation energy for addition to a conjugated diolefin by either alkyl or 

allylic radical, forming a resonantly-stabilized radical, is lower than the addition to regular olefins. 

Depending upon the location of the resonance structure in the TS, the ring strain component may 

vary substantially due to the additional structure restrictions and thermodynamic stability. The 

earlier study showed that the presence of resonant stabilization on the H-atom shift reactions 

results in the ring strain energies changed by ~-4 to 12 kcal/mol; depending upon how much the 

allylic structure distorts the TS ring structure. The activation entropy between the 
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reactants/products and TS changes with gain or loss of resonance stabilization; thus the pre-

exponential factors are also influenced.  

There have been several studies on the ring closure for scheme 3, specifically, the exo- and 

endo-reactions of 2,5-hexadienyl (C=CCC=CC●). Cavallotti et al.2 investigated the ring closure 

of 2,5-hexadienyl that was formed from the addition of C2H3 to 1,3-C4H6, using the G2MP2 

method coupled with QRRK theory. They found that the reaction is more likely to form the 

exocyclic five-member ring. Sharma et al.6 calculated the C6H9 potential energy surface (PES) 

starting with 2,5-hexadienyl by CBS-QB3 method. The activation energy for the exo-pathway was 

found to be slightly lower than that for the endo-reaction. A slight modification of this PES enabled 

a kinetic model to capture the observed benzene formation in ethane pyrolysis5 under high 

conversions. Wu et al.7 examined the effects of substituents in C1, C5 and C6 positions (relative to 

the radical position) on the rate of ring closure of 2,5-hexadienyl with DFT theory, using the 

UB3LYP functional. They found that the substituent in C1 or C6 positions favors the exo-pathway, 

while at C5 position it favors the endo-pathway, due to the unfavorable steric effect. The activation 

energy and reaction rate were calculated at 298 K.  

In this chapter, a series of ring closure reactions of both allylic and alkenyl (with conjugated 

diene structures) radicals were investigated. The above six schemes are the most common cases 

encountered, and were thus used as the representative reactions for this study. The TS ring size 

covers 3- to 7-membered ring. High pressure rate parameters were obtained as a modified 

Arrhenius expression over the temperature range 300-2500 K. The results are also presented in the 

context of the Benson-type model8 at 298 K and over a narrower temperature range of 500-1500 

K. The influence of resonance stabilization on activation energies and pre-exponential factors are 

examined and compared to those of alkenyl radical reactions. 



105 
 

5.2 Theoretical Methods 

Electronic structure calculations were carried out using the Gaussian 03 and 09 suites of 

programs. Kinetic parameters are obtained from the results at CBS-QB3 level of theory combined 

with canonical transition state theory calculations. More detailed discussion of the theoretical 

approaches can be found in Chapter 2.  

For both endo- and exo-ring closure reactions, the following notation is used: For a 1,n-

ring closure, n refers to the location of the carbon radical relative to the far vinylic carbon. In 

several of the investigated reaction schemes, the allylic group is either fully or partially outside of 

the TS ring. This leads to the presence of multiple isomers. Similarly, in some of the reactions, the 

TS ring may contain alkyl substituents resulting in one or more isomers. For these cases, the rate 

were summed up at each temperature, and then refit in the whole range to obtain the Arrhenius 

parameters. For these TS ring structures with optical isomers, the entropies are corrected by adding 

R•ln(2). However, if two or more substituents are present at different locations on the ring or if the 

ring is non-planar, these isomers are energetically distinct. Both the axial and equatorial structures 

were calculated, leading to two or more rate constants, which were then summed to get a total 

value.  

5.3 Results and Discussion 

This part will present the theoretical calculations and how the stabilized resonance structure 

impact the energietics and activation entropy changes involving ring closure reactions. At last the 

proposed rate estimation methods was extended to more complicated systems.  

5.3.1 Ring Closure of Resonant Linear Radicals to Non-resonant Cyclic Radicals 

Tables 5.1-5.3 (pages 107 and 108) present the results for the endo- and exo-ring closure 

reactions of schemes 1-3, respectively. These reactions convert a resonantly-stabilized allylic 
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linear radical into a non-allylic cyclic radical. In each case, results for only the simplest reaction 

are included. For scheme 1, the investigated reactions include the 1,4 through the 1,7 endo- and 

exo-ring closure. For scheme 2, the 1,4 through 1,6 reactions are included, and for scheme 3, the 

1,3 to 1,7 endo-reactions, and the 1,5 to 1,7 exo-reactions are investigated. For both the endo- and 

exo-reactions, the rate constants are fit over a temperature range of 300-2500 K to a modified 

Arrhenius form. The value “n” in the modified Arrhenius formula could be as high as ∼1.5, 

indicating that there is significant upward curvature on the Arrhenius plots. Thus, the use of the 

modified Arrhenius form is essential to properly describe the temperature dependence over a wide 

range. The rate constants are also fit to a simple Arrhenius form over a narrower temperature range 

(500-1500 K) or at a specific temperature (298 K). The ring strain energies (Estrain) for the various 

transition states are also provided. These values are calculated by subtracting the activation 

energies for corresponding bimolecular addition reactions from the overall activation energy. The 

reference bimolecular reactions are provided in the Table 5.4 (page 109). 

The primary difference among the three different type of ring closure reactions in Tables 

5.1-5.3 is the degree to which the partially-formed allylic group is incorporated into the TS ring. 

For the endo-reactions in scheme 1, the activation energy decreases in going from a 4- to a 6-

member TS ring, and then slightly increases for the 7-member ring. While for the exo-ring closure, 

the 1,5-exo reaction with 4-member TS ring has the highest activation energies, followed by the 

3-membered ring, while the larger TS rings are with decreasing barriers. This trend is similar to 

that observed for the alkenyl radical reactions forming saturated cyclic species (Chapter 3). 

Generally, the activation energies for the endo- and exo-reactions are comparable (within ±1 

kcal/mol) for scheme 1, except that the 1,4-exo is lower than the 1,4-endo reaction. For schemes 

2 and 3, only the reactions with reasonable molecular sizes and of practical importance are 
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considered. For scheme 2, the 1,6 endo- and exo-pathways with larger TS rings have lower 

activation energies than the analogous 1,5 reactions. In scheme 3, the activation energy increase 

from the 6- to the 7-member TS ring for the endo-reactions; while it decreases from the smaller 

ring to the larger one for the exo-reactions. 

Table 5.1 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the Endo- and Exo-ring Closure Reactions of Scheme 1. 

 

Note: a The units for A, A’, and A’’ are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain. b Molecule 
structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 
readability.  

 

A   n E A'' Ea' A'  Ea 

1,4 Endo

1.1 C=CCC•C=C 

6.03E+07 1.25 37.6 1.05E+12 39.7 2.66E+11 38.3 26.6 19.2

1,5 Endo

1.2 C=CCCC•C=C 

1.70E+07 1.10 19.8 9.24E+10 21.7 2.76E+10 20.5 8.8 -3.8

1,6 Endo

1.3 C=CCCCC•C=C 

4.14E+05 1.34 11.7 1.46E+10 13.9 3.30E+09 12.5 0.8 -6.4

1,7 Endo

1.4 C=CCCCCC•C=C

9.25E+04 1.25 13.3 1.60E+09 15.4 4.06E+08 14.0 2.3 -3.4

1,4 Exo

1.5 C=CCC•C=C

3.28E+08 1.13 16.6 2.23E+12 18.5 6.33E+11 17.3 4.7 16.5

1,5 Exo

1.6 C=CCCC•C=C

4.97E+06 1.44 20.7 3.61E+11 23.1 7.47E+10 21.6 9.0 17.2

1,6 Exo

1.7 C=CCCCC•C=C

7.66E+05 1.42 11.7 5.02E+10 14.1 1.05E+10 12.5 -0.1 -0.5

1,7 Exo

1.8 C=CCCCCC•C=C

9.55E+04 1.34 11.6 3.33E+09 13.8 7.64E+08 12.4 -0.2 -5.2

ΔR H
298 

Modified Arrhenius Parameters Arrhenius Parameters

500-1500 K

Arrhenius Parameters

298 K

# E strainReactants

300-2500 K
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Table 5.2 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the Endo- and Exo-ring Closure Reactions of Scheme 2. 

 

Note: a The units for A, A’, and A’’ are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain. b Molecule 
structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 
readability. 

  
Table 5.3 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the Endo- and Exo-ring Closure Reactions of Scheme 3. 

 

Note: a The units for A, A’, and A’’ are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain. b Molecule 
structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 
readability.  

  

A   n E A''     Ea' A'    Ea 

1,5 Endo

2.1 C=C(C•)CC=C

4.35E+08 0.80 24.2 2.20E+11 25.6 9.17E+10 24.7 13.3 -4.3

1,6 Endo

2.2 C=C(C•)CCC=C

1.96E+07 0.86 11.8 1.54E+10 13.2 6.01E+09 12.3 0.9 -8.7

1,5 Exo

2.3 C=C(C•)CC=C

8.33E+08 0.89 29.0 8.64E+11 30.5 3.25E+11 29.5 16.9 17.3

1,6 Exo

2.4 C=C(C•)CCC=C

2.75E+07 0.94 14.8 4.11E+10 16.4 1.47E+10 15.3 2.7 -3.2

ΔR H
298 

Modified Arrhenius Parameters Arrhenius Parameters

500-1500 K

Arrhenius Parameters

298 K

# EstrainReactants

300-2500 K

A     n E A''     Ea' A'     Ea 

1,6 Endo

3.1 C=CCC=CC•
2.31E+08 0.78 19.9 1.02E+11 21.2 4.32E+10 20.3 8.9 -7.2

1,7 Endo

3.2 C=CCCC=CC•

7.89E+06 0.87 21.8 7.11E+09 23.3 2.73E+09 22.3 10.9 -3.4

1,6 Exo

3.3 C=CCC=CC•
4.71E+08 0.86 19.6 3.93E+11 21.0 1.52E+11 20.1 7.5 -2.0

1,7 Exo

3.4 C=CCCC=CC•
7.14E+06 0.93 16.2 9.88E+09 17.8 3.57E+09 16.7 4.1 -6.6

# Reactants
Modified Arrhenius Parameters Arrhenius ParametersArrhenius Parameters

ΔR H
298 

300-2500 K 298 K500-1500 K

E strain
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Table 5.4 The Reference Addition Reactions of Allylic Radicals to Olefins for Schemes 1-3. 

 

For a given TS ring size, the activation energies for both the endo- and exo-ring closure 

reactions increase in going from scheme 1 to 2 to 3, reflecting the increasing amount of allylic 

conjugation within the TS ring. The activation energies for the 1,5 endo- and exo-reactions in 

scheme 1 (i.e., reactions 1.2 and 1.6 in Table 5.1), with only one of the allylic carbon atoms in the 

ring, are ~4 and ~7 kcal/mol lower than the analogous of scheme 2 (reactions 2.1 and 2.3 in Table 

5.2), with two allylic carbons in the ring. This energy difference become much smaller for the 

larger TS ring sizes. The ring strain energies for the 1,6 endo- and exo-reactions in the scheme 2 

(2.2 and 2.4) are ~8 and ~5 kcal/mol respectively lower than the 1,6-reactions in scheme 3 (3.1 

and 3.3), where the entire allylic structure is inside the TS ring. Tables 5.5-5.7 list additional 

reactions that follow schemes 1-3.  

  

Terminal addition

C=CC• + C2H4 ↔ C=CCCC• 2.70E+03 2.7 11.3 -7.5 12.1

CC=CC• + C2H4 ↔ trans-CC=CCCC• 5.04E+02 2.7 11.6 -7.2 12.3

C=C(C)C• + C2H4 ↔ C=C(C)CCC• 2.16E+03 2.7 10.3 -8.3 11.0

C=CC• + C=CC ↔ C=CCCC•C 1.56E+03 2.5 11.0 -7.9 11.7

C=CC• + C=CCC ↔ C=CCCC•CC 1.31E+03 2.6 10.9 -7.5 11.6

C=C(C)C• + C=C(C)C ↔ C=C(C)CCC(C)•C 5.20E+03 2.5 9.3 -8.1 10.0

Average 11.4

STDEV 0.9

C=CC•C + C2H4 ↔ C=CC(C)CC• 1.01E+02 3.0 11.3 -6.5 12.0

C=CC•C + C=CC ↔ C=CC(C)CC•C 5.42E+01 2.9 10.6 -6.7 11.3

Average 11.7

STDEV 0.5

Non-terminal addition

C=CC• + C=CC ↔ C=CCCC2• 1.37E+02 2.8 12.2 -5.7 12.9

C=CC• + C=CCC ↔ C=CCC(C•)CC 1.22E+01 3.1 11.7 -6.7 12.5

C=CC• + trans-CC=CC ↔ C=CCC2C•C 9.53E+02 2.7 11.2 -6.4 12.0

C=C(C)C• + C=C(C)C ↔ C=C(C)CCC3• 2.75E+00 3.2 12.3 -4.2 13.1

Average 12.6

STDEV 0.5

C=CC•C + C=CC ↔ C=CC(C)CC(C)• 1.71E+00 3.2 11.7 -3.9 12.6

∆∆∆∆RH
298 

[kcal/mol]

Ea (298 K) 

[kcal/mol]
Reactions AH n E
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Table 5.5 Calculated Rate Parameters, Rate Constants, and Heats of Reaction for the Endo- and 
Exo-Cycloaddition Reactions of Scheme 1. 

 

 

 

Table 5.6 Calculated Rate Parameters, Rate Constants, and Heats of Reaction for the Endo- and 
Exo-Cycloaddition Reactions of Scheme 2. 

 

 

Table 5.7 Calculated Rate Parameters, Rate Constants, and Heats of Reaction for the Endo- and 
Exo-Cycloaddition Reactions of Scheme 3. 

 

AH     n E A'H     Ea A'H     Ea 

1,4-Endo-Cycloaddition

1 C=CCC·(C)C=C 2.31E+07 1.36 38.1 2.03E+11 38.9 27.2 8.96E+11 40.4 19.5

1,5-Endo-Cycloaddition

2 CC=CCCC·C=C 9.48E+06 1.14 18.5 2.00E+10 19.1 7.4 7.01E+10 20.4 -3.9

300-2500 K 500-1500 K

Arrhenius Parameters

298 K

# Reactants
Modified Arrhenius Parameters ΔRH

298 

[kcal/mol]

Arrhenius Parameters
E strain

1,4-Exo-Cyclization

3 C=CCC(C)•C=C → trans product 1.96E+08 1.16 18.2 4.74E+11 18.9 6.3 1.70E+12 20.2 17.6

4 C=CCC(C)•C=C → cis product 5.52E+08 1.01 16.9 4.88E+11 17.5 4.9 1.48E+12 18.6 16.9

5 C=CCC•C=C → cis product 9.82E+08 1.00 18.1 8.01E+11 18.7 6.1 2.40E+12 19.8 15.8

AH     n E A'H     Ea A''H     Ea 

1,5-Endo-Cycloaddition

1 C=C(C•)CC(C)=C 6.00E+09 0.46 24.3 1.31E+11 24.5 13.1 2.16E+11 25.0 -4.5

2 C=C(C•)CC=CC 4.59E+08 0.80 22.7 9.94E+10 23.2 11.8 2.40E+11 24.1 -5.0

500-1500K

Arrhenius Parameters

298 K

# EstrainReactants
ΔRH

298 

[kcal/mol]

Modified Arrhenius Parameters Arrhenius Parameters

300-2500 K

AH     n E A'H     Ea A'H     Ea 

1,6-Endo-Cycloaddition

1 CC=CCC=CC• 1.24E+07 1.14 19.4 2.63E+10 20.1 8.7 9.23E+10 21.4 -7.0

2 CC=CCC=CC•C 3.16E+08 0.70 19.3 3.43E+10 19.7 8.3 7.39E+10 20.4 -5.8

3 C=CCC=CC•C 1.29E+08 0.88 20.7 4.62E+10 21.2 9.8 1.21E+11 22.1 -6.7

4 CC=CCC(C)=CC• 2.55E+08 0.76 20.9 4.03E+10 21.3 9.9 9.23E+10 22.1 -7.1

5 C=C(C)CC=CC• 4.01E+08 0.72 19.2 5.12E+10 19.6 8.2 1.13E+11 20.4 -8.1

6 C=CCC=C(C)C• 2.37E+08 0.81 19.2 5.45E+10 19.7 8.3 1.33E+11 20.6 -9.1

1,7-Endo-Cycloaddition

7 CC=CCCC=CC• 2.24E+07 0.81 22.0 5.08E+09 22.4 11.0 1.38E+10 23.1 -2.8

8 C=CC(C)CC=CC• 5.14E+07 0.73 21.6 6.83E+09 22.0 10.6 1.52E+10 22.8 -3.8

500-1500 K

Arrhenius Parameters

298 K

# E strainReactants
ΔR H

298 

[kcal/mol]

Modified Arrhenius Parameters Arrhenius Parameters

300-2500 K
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The analogous ring closure of alkenyl radicals are used as the reference reactions, in order 

to examine the impact of resonance structure on the various schemes. Table 5.8 lists several 

calculated results for the 1,4 to 1,7 endo- and exo-reactions of alkenyl radicals from Chapter 4. 

The comparison of activation energies for schemes 1-3 (as well as for schemes 4-6 that will be 

discussed later) to the alkenyl radical reactions is provided in Figure 5.1. The activation energies 

for scheme 1 are higher than those for the analogous alkenyl radical reactions, by ~6 and ~7 

kcal/mol for the 1,4 up to 1,7 endo- and exo-pathway, respectively. These higher energy barriers 

reflect both the bimolecular and ring strain components. The bimolecular energy barrier is ~5 

kcal/mol higher for a resonantly-stabilized radical addition to the double bond than that for an 

alkyl radical. Therefore the ring strain of scheme 1 is expected to be ~1 and ~2 kcal/mol higher for 

the endo- and exo-reaction respectively than these of the alkenyl radical reactions. 

Table 5.8 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the 1,4 up to 1,7 Endo- and Exo-ring Closure Reactions of the Alkenyl Radicals.  

 

Note: a The units for A, A’, and A’’ are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain. b Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability.  

A n E A''   Ea' A'     Ea 

1,4 Endo

1 C=CCC● 6.60E+07 1.08 30.4 3.08E+11 32.2 23.1 9.38E+10 31.0 24.5 4.6

1,5 Endo

2 C=CCCC● 1.65E+07 1.02 14.2 4.68E+10 15.9 6.8 1.53E+10 14.8 8.3 -18.5

1,6 Endo

3 C=CCCCC● 1.25E+06 1.08 6.7 5.44E+09 8.47 -0.7 1.67E+09 7.3 0.8 -22.1

1,7 Endo

4 C=CCCCCC● 1.14E+05 1.20 6.5 1.36E+09 8.50 -0.7 3.62E+08 7.2 0.7 -19.6

1,4 Exo

5 C=CCC● 6.32E+08 0.97 8.9 1.19E+12 10.5 -0.1 4.13E+11 9.5 1.7 2.5

1,5 Exo

6 C=CCCC● 2.07E+06 1.46 14.1 1.81E+11 16.6 5.9 3.65E+10 15.0 7.2 2.5

1,6 Exo

7 C=CCCCC● 6.98E+05 1.33 4.7 2.26E+10 6.9 -3.7 5.24E+09 5.5 -2.3 -15.7

1,7 Exo

8 C=CCCCCC● 1.53E+05 1.26 5.1 2.91E+09 7.2 -3.5 7.28E+08 5.8 -2.0 -22.6

300 - 2500 K

E strainE' strain ΔRH
298

298 K500 - 1500 K

# Reactants
Modified Arrhenius Parameters Arrhenius ParametersArrhenius Parameters
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Figure 5.1 Comparison of activation energies at 298K for H-atom shift reactions in schemes 1-6 
for different transition state ring sizes to those of analogous alkenyl radical reactions. 
 

Figure 5.2 shows the difference of ring strain energies for the endo- and exo-reactions 

between schemes 1-6 and analogous alkenyl reactions. For the endo-reactions in scheme 1, the 

ring strain deviate from the alkenyl radical reaction by -0.1 to 2 kcal/mol, with the 4- and 6-member 

TS ring in the maximum and minimum extremes respectively. The forming allylic structure seems 

to impact more significantly on the exo-reactions, with the ring strain energies increased by ~1.7-

3 kcal/mol for scheme 1. Overall, these values are consistent with the above analysis. 
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Figure 5.2 Comparison of the differences in ring strain energies of endo- (left) and exo-ring 
(right) closure reactions in schemes 1-6 for different transition state ring sizes to those of 
analogous alkenyl radical reactions at 298K. 
 

The TS structures for the endo- and exo-ring closure reactions are provided in Figures 5.3 

and 5.4, respectively. The first rows in these figures show the TS structures for the alkenyl 

reactions for 1-butentyl through 1-heptenyl radicals. The second rows show the TS structures for 
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scheme 1. The comparison between reactions 1.1-1.4 and alkenyl radical reactions (Figure 5.3) 

reveals that the bond length and angles (including the dihedral angles) are quite similar, except 

that the distance between the two reacting carbon atoms are slightly shorter for the scheme 1. This 

is consistent with the small difference of the ring strain energies for the endo-pathways between 

the alkenyl radical reactions and scheme 1 (cf. Figure 5.2 left panel). The difference for the exo-

pathway appears to be more significant (Figure 5.4). The bond angles within the TS ring are 

narrower, for example for the 3-member TS ring, it chages from 79.7° for the butenyl radical 

reation to 71.3° for reaction 1.5 of scheme 1. The dihedral angle also changes by 2-6°. The 

consequence is that the obital overlap that observed during the exo-reactions of alkenyl radicals 

may be shifted away from its optima position, thus resulting in higher ring strains (cf. Figure 5.2 

right panel).  

Compared to scheme 1, the activation energies for schemes 2 and 3 are much higher than 

those for the alkenyl radical reactions (Figure 5.1). Given that the energy barriers are comparable 

for the bimolecular component, the higher activation energies for schemes 2 and 3 are primarily 

due to the higher ring strain (Figure 5.2). The TS structures for reactions 2.1 and 2.2 from scheme 

2 and reaction 3.1 from scheme 3 are provided in row 3 in Figure 5.3. Comparison of the n-pentenyl 

reaction to 2.1 and the n-hexenyl reaction to 2.2 in scheme 2 shows that the pseudo double bond 

length from the allylic part and the distance between two reacting carbon atoms are shorter than 

the corresponding bonds in the alkenyl radical reactions. The largest difference is from the dihedral 

angle between the H atom and the three reacting carbon; it is severely twisted for the 5-member 

TS ring of scheme 2 (yet it becomes negligible for the larger rings). The differences become more 

pronounced for scheme 3. The double bonds from the allylic structure are shorter (1.455Å + 

1.348Å vs. 1.500Å + 1.548Å of the heptenyl reaction), the associated bond angle is wider (126.0° 
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vs. 116.3° of the heptenyl reaction), and the dihedral angle involving the two reacting carbon atoms 

are much smaller than the corresponding features for the n-hexenyl reaction. All these together 

account for the much higher ring strain energies for endo-reactions of scheme 3. Similar 

conclusions can be derived when comparing the TS for the exo-pathway between alkenyl radical 

reactions and schemes 2 and 3. 

 

Figure 5.3 Transition state structures for the various ring closure reactions in schemes 1-3 for the 
endo-pathway, select reactions in schemes 4-6, and the reactions of alkenyl radicals. The reaction 
number is given in bold. Bond lengths are given in angstroms and bond angles in degrees. 
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Figure 5.4 Transition state structures for the various ring closure reactions in schemes 1-3 for the 
exo-pathway, select reactions in schemes 4-6, and the reactions of alkenyl radicals. The reaction 
number is given in bold. Bond lengths are given in angstroms and bond angles in degrees. 
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The pre-exponential factors (A-factor) systematically decrease as the TS ring size 

increase.1, 13 This is due to the fact that the loss of entropy increases for larger TS rings as additional 

hindered rotors in the reactants are incorporated into the TS ring. Figure 5.5 (a) and (b) depicts the 

relationship between the A-factors and TS ring sizes for schemes 1-3, as well as for the alkenyl 

radical reactions. The results from the Tables 5.5-5.7 are also incorporated in this figure. Similar 

to the alkenyl radical reactions,1 the A-factors for schemes 1-3 also systematically decrease with 

increasing TS ring size. The A-factors for schemes 1 and 2 are consistently higher than those for 

the analogous alkenyl radical reactions. The higher A-factors for scheme 3 are consistent with the 

inclusion of the double bond in the TS with one less loss rotor.  
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Figure 5.5 The pre-exponential factors A vs. the ring size of transition states in temperature 
range of 500-1500 K. (Open and crossed symbols: Schemes 1-3 in this study; filled blue symbols 
and blue line: ring closure reactions of alkenyl radicals from the previous work1). 
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The resonance stabilization structure in TS may complicate the way to count the number 

of loss of rotors. In scheme 1, the pseudo double bond that is constrained in the allylic structure of 

the reactants might be released in the TS, gaining certain amount of entropy. The higher A-factors 

for scheme 2 that are shown in Figure 5.5 (a) and (b) also suggest less loss of activation entropies. 

The correlation that was derived for the alkenyl radical reactions can be used to estimate the 

equivalent number of rotors loss resulting from the activation entropy changes. The following 

equation was shown to correlate the calculated A-factors with the number of frozen rotors (γ): 

�(�	
) = 2.36 × 10
� × �	�.

� 

Using this correlation, the effective number of rotors, that is required to fit the calculated 

A-factors for all the reaction schemes, can be calculated. As expected, the effective numbers of 

rotors loss will be larger or smaller than the corresponding alkenyl values. We call this difference 

the corrected rotor loss (γcorrected). For schemes 1-3, γcorrected is determined to be ~0.6. For these 

cases that with a double bond in TS ring (e.g., reactions of scheme 3), one less rotor loss needs to 

be assigned. Table 5.9 summarizes γcorrected that is needed to obtain the effective rotors loss (γeffective) 

for schemes 1-3. For the alkenyl radical reactions, γeffective equals the number of frozen rotors (γ). 

For schemes 1-3 (as well as the schemes 4-6 that will be discussed later in the text), the value of 

γeffective is calculated via the following equation: 

γγγγeffective = γγγγ + γγγγcorrected 

Figure 5.5 (c) and (d) depicts relationship between A-factors and γeffective for schemes 1-3. 

It shows that the A-factors group nicely with those for alkenyl radical reactions.  
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Table 5.9 Summary of Corrected Rotors Loss (γcorrected) for Different Reaction Schemes.  

 

The reactions in Table 5.10 represent two special cases, i.e., schemes 7 and 8. Scheme 7 

converts a resonantly linear radical to a resonantly cyclic radical for the endo-reaction (a non-

resonant cyclic radical via the exo-reaction). Scheme 8 converts an extended resonant linear radical 

to a resonant cyclic radical for the endo-reaction (a non-resonant cyclic radical for the exo-

reaction). The reaction enthalpy changes are less exothermic than those in Tables 5.1-5.3. The 

corresponding bimolecular reaction resembles a stabilized radical addition to the conjugated diene 

forming a stabilized radical for the endo-reaction, and a non-stabilized radical for the exo-pathway; 

the calculated energy barriers are listed in Table 5.14. The activation energies (as well as the ring 

strains) of these two type reactions are substantially higher than schemes 1-3 and alkenyl radicals, 

for both the endo- and exo-pathways with the same TS ring size. While the A-factors are higher 

due to the double bond(s) within the TS ring that result in loss of less entropies. 

There have been several prior theoretical studies on the endo- and exo-ring closure 

reactions for the 2,5-hexadien-1-yl radical (specifically the resonant structure of C=CCC=CC•) in 

scheme 3. The rate constants calculated by this work are compared to these reported values; the 

result is shown in Figure 5.6. Both Cavallotti et al.2 and this study show that the exo-reaction are 

more favorable than the endo-reaction, though Cavallotti et al.2 have slightly higher rates. A more 

recent study by Wu et al.7 for the exo-pathway at low temperature agrees well with this study. 

 

Reaction type Corrected rotors loss (γ(γ(γ(γcorrected) Note

Akenyl radical 0 by definition

Schemes 1-3 -0.6 Resonance-stabilized linear radical to non-stabilized cyclic radical

Scheme 4 (Endo-reaction) 0.2 Non-RSFR linear radical to RSFR cyclic radical

Scheme 4 (Exo-reaction) 0.5 Non-RSFR linear radical to non-RSFR carbonyl radical

Scheme 5 -0.3

Scheme 6 0
Non-RSFR linear radical to RSFR or non-RSFR cyclic radical
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Table 5.10 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the Endo- and Exo-ring Closure Reactions of Extended Resonance Radicals, and 
“Thermonuetral” Reactions. 

 

Note: a The units for A, A’, and A’’ are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain. b 

Molecule structures are presented in abbreviated form (H atoms missing, radical site marked with 
“•”) to improve readability. 
 

 

Figure 5.6 Comparison of the reported rate constants for endo- and exo-ring closure reactions of 
the 2,5-hexadienyl radical (C=CCC=CC•) and this study. 
 

A     n E A''     Ea' A'     Ea 

1,5 Endo

7.1 C=CC=CC•
7.89E+11 0.28 35.6 6.94E+12 36.1 5.11E+12 35.8 27.5 -7.5

1,5 Exo

7.2 C=CC=CC•
9.43E+11 0.34 42.8 1.33E+13 43.4 9.19E+12 43.0 28.5 32.8

1,4 Endo

8.1 C=C(C•)C=C

1.30E+10 0.59 38.4 1.31E+12 39.4 6.85E+11 38.7 30.4 6.9

1,4 Exo

8.2 C=C(C•)C=C

1.19E+11 0.51 32.2 6.24E+12 33.1 3.57E+12 32.5 18.0 29.5

# Reactants
Modified Arrhenius Parameters Arrhenius ParametersArrhenius Parameters

ΔR H
298 

300-2500 K 298 K500-1500 K

E strain
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The reactants for schemes 1 and 3 are the same radical with different resonant structures. 

For such type radicals, more than one ring closure pathway may be available. Figure 5.7 shows 

again the example of hexadienyl with two resonant structures, C=CCC=CC• and C=CCC•C=C, 

that have four competing pathways available. Over the whole temperatre range 300-2500 K, the 

two exo-pathways (shown by dashed lines in Figure 5.7) are more favorable than the endo-

reactions. The activation energies for the 1,4 exo-reaction and 1,6 endo- and exo-reactions are 

comparable; the relative importance is depending on the pre-exponential factors or the number of 

rotors loss. Therefore, the 1,4 exo-pathway has the highest rate, followed by the 1,6 exo- and endo-

reaction. The 1,4 endo-reaction has a much higher energy barrier than the other three pathways; it 

become competitive at high temperatures (> 1500 K). 
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Figure 5.7 Comparison of ring closure via different competing reaction schemes for the 2,5-
hexadienyl radical (C=CCC=CC• and C=CCC•C=C) Note that S1 and S3 mean schemes 1 and 3 
respectively. 
 
5.3.2 Ring Closure of Non-resonant Linear Radicals to Resonant Cyclic Radicals 

Tables 5.11-5.13 summarize the results for the ring closure reactions of alkenyl radicals 

with conjugated double bond that form resonantly cyclic radicals via schemes 4-6. Note that the 
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reactants are the same radicals for schemes 4 and 5. Scheme 4 covers the 1,4 to 1,7 endo- and exo-

reactions, while scheme 5 includes the 1,5 to 1,7 reactions, and scheme 6 contains the 1,6 ring 

closure reactions. Due to the gain of resonance-stabilization in the TS (and products), the endo-

pathways of schemes 4-6 are significant exothermic. The exo-reactions are endothermic for the 3- 

and 4-member TS ring, and become exothermic for the larger TS ring size. Again, the calculated 

rate constants are fit to modified Arrhenius form in 300-2500 K, and simple Arrhenius at 298 K 

and 500-1500 K. The modified fits are the preferred format when they are used for wide 

temperature ranges, since the pre-exponetial factors show substantial temperature dependence. The 

ring strain energies at 298 K are also provided; the energy barriers for the corresponding 

bimolecular reactions are provided in Table 5.14.  

The activation energies of schemes 4-6 are lower than those for schemes 1-3 and alkenyl 

radicals (cf. Figures 5.1 and 5.2). This is primarily due to the lower energy barriers of the 

bimolecular component, which resembles the alkyl addition to the conjugated diene at the terminal 

and non-terminal position of the double bond for the endo- and exo-reactions, respectively.9 

The alkenyl ring closure is again used as the reference reaction to analyze the influence of 

resonance stabilization on the ring strain of schemes 4-6. The ring strain of the endo-reactions of 

scheme 4 are lower than the alkenyl reactions (cf. Figure 5.2); the difference decrease as the TS 

ring size increase. The strain energy of scheme 5 is smaller for the 5-member TS ring and higher 

for the 6- and 7-member rings, than the corresponding alkenyl reactions. The 1,6-endo reaction of 

scheme 6 has higher ring strain than alkenyl reactions. The ring strain for the exo-pathways of 

schemes 4-6 are higher than the analogous alkenyl reactions. For the exo-pathways of scheme 4, 

the higher ring strain is primarily due to the steric effect result from the substituents on the reacting 

carbon in the double bond. For scheme 5, the partially-forming allylic structure distort the bond 
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angles and increase the strain energies; this impact is more significant for the smaller TS ring size. 

For scheme 6 with the whole resonance structure inside the ring, the TS is further distorted, 

resulting in a higher strain energy. 

Table 5.11 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the Endo- and Exo-ring Closure Reactions of Scheme 4. 

 

Note: a The units for A, A’, and A’’ are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain. b Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability.  

  

A  n E A''    Ea' A'   Ea 

1,4 Endo

4.1 C=C(C=C)CC• 
3.64E+08 0.73 22.5 1.04E+11 23.7 4.71E+10 22.9 19.0 -8.5

1,5 Endo

4.2 C=C(C=C)CC•
9.29E+06 0.99 9.0 2.13E+10 10.7 7.18E+09 9.6 5.7 -30.9

1,6 Endo

4.3 C=C(C=C)CCC•
8.82E+05 1.09 2.7 4.31E+09 4.5 1.31E+09 3.4 -0.5 -34.6

1,7 Endo

4.4 C=C(C=C)CCCC•

8.92E+04 1.17 2.9 8.33E+08 4.8 2.30E+08 3.6 -0.3 -31.5

1,4 Exo

4.5 C=C(C=C)CC• 

5.92E+09 0.57 10.9 5.03E+11 11.8 2.77E+11 11.3 3.1 5.9

1,5 Exo

4.6 C=C(C=C)CC•

5.37E+07 0.89 15.5 5.39E+10 16.9 2.11E+10 16.0 7.8 6.2

1,6 Exo

4.7 C=C(C=C)CCC•
9.27E+06 0.87 7.6 7.17E+09 8.8 3.12E+09 8.1 -0.1 -12.0

1,7 Exo

4.8 C=C(C=C)CCCC•

1.64E+05 1.01 5.9 3.60E+08 7.3 1.40E+08 6.5 -1.7 -17.4

ΔR H
298

Modified Arrhenius Parameters Arrhenius Parameters
E strain

500-1500 K

Arrhenius Parameters

298 K

# Reactants

300-2500 K
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Table 5.12 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the Endo- and Exo-ring Closure Reactions of Scheme 5. 

 

Note: a The units for A, A’, and A’’ are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain. b Molecule 
structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 
readability.  
 

Table 5.13 Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for 
the Endo- and Exo-ring Closure Reactions of Scheme 6. 

 

Note: a The units for A, A’, and A’’ are s-1, and are kcal/mol for ∆RH298, E, Ea, Ea’, and Estrain. b Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability. 

 

A    n E A''     Ea' A'    Ea 

1,5 Endo

5.1 C=C(C=C)CC• 

7.48E+08 0.61 11.9 8.02E+10 12.7 4.48E+10 12.2 8.3 -30.0

1,6 Endo

5.2 C=C(C=C)CC•
9.77E+07 0.65 10.7 1.39E+10 11.5 7.80E+09 11.1 7.2 -33.2

1,7 Endo

5.3 C=C(C=C)CCC•

3.34E+06 0.75 9.5 9.55E+08 10.4 5.04E+08 9.9 6.0 -31.0

1,5 Exo

5.4 C=C(C=C)CC• 
1.24E+09 0.65 16.5 1.78E+11 17.5 9.49E+10 16.9 8.7 6.1

1,6 Exo

5.5 C=C(C=C)CC•
2.72E+07 0.92 7.4 3.19E+10 8.8 1.29E+10 8.0 -0.2 -13.5

1,7 Exo

5.6 C=C(C=C)CCC•

4.00E+06 0.88 5.6 3.38E+09 6.8 1.50E+09 6.2 -2.0 -18.6

ΔR H
298

Arrhenius Parameters
Estrain

Arrhenius Parameters

300-2500 K 298 K500-1500 K

# Reactants
Modified Arrhenius Parameters

A    n E A''     Ea' A'    Ea 

1,6 Endo

6.1 C=CC=CCC• 

2.23E+09 0.40 8.2 4.50E+10 8.7 3.18E+10 8.4 4.5 -33.9

1,6 Exo

6.2 C=CC=CCC• 

8.67E+09 0.47 10.1 3.06E+11 10.7 1.99E+11 10.4 2.2 -12.8

Arrhenius Parameters
ΔR H

298

300-2500 K 298 K500-1500 K

Estrain# Reactants
Modified Arrhenius Parameters Arrhenius Parameters
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 Table 5.14 Representative Addition Reactions of Alkyl and Allylic Radicals to Conjugated 
Diolefins. 

 

The pre-exponential factors for most of the reactions in schemes 4 and 5 are comparable to 

those for the analogous alkenyl reactions. For scheme 6, the pre-exponential factors are higher, 

due to a double bond in the TS ring. The corrected number of rotors loss for the reactions in 

schemes 4-6 appears to be more complicated than those in schemes 1-3 (cf. Table 5.9). For 

schemes 5 and 6, the corrected rotor loss (γcorrect) are the same for both the endo- and exo-reactions, 

i.e., -0.3 and 0, respectively. For scheme 4, γcorrect are higher for the exo-pathways (~0.5) than the 

Alkyl radical addition to C=CC=C

Terminal addition

CH3 + C=CC=C ↔ CCC=CC• 1.40E+05 2.3 2.6 -34.6 3.9

C2H5 + C=CC=C ↔ CCCC=CC• 7.97E+04 2.4 2.3 -33.5 3.7

CCC• + C=CC=C ↔ CCCCC=CC• 5.40E+03 2.5 2.5 -33.1 4.0

Average 3.9

STDEV 0.2

CC•C + C=CC=C ↔ CC(C)CC=CC• 1.38E+04 2.2 1.5 -32.1 2.8

CC•C + C=C(C)C=C ↔ C=C(C)C•CC(C)C 1.50E+02 2.7 1.1 -31.6 2.7

Average 2.7

Non-terminal addition STDEV 0.1

CH3 + C=CC=C ↔ C=CC(C)C• 1.72E+05 2.3 7.2 -18.2 8.6

C2H5 + C=CC=C ↔ C=CC(CC)C• 2.58E+03 2.6 6.2 -17.4 7.8

Average 8.2

Stabilized radical addition to C=CC=C STDEV 0.6

Terminal addition

C=CC• + C=CC=C ↔ C=CCCC=CC• 4.54E+03 2.5 7.1 -18.7 8.5

C=C(C)C• + C=CC=C ↔ C=C(C)CCC=CC• 1.40E+05 2.0 6.4 -19.8 7.5

C=CC• + trans-C=CC=CC ↔ C=CCCC=CC•C 7.00E+04 2.0 7.4 -18.6 8.5

CC=CC• + C=CC=C ↔ CC=CCCC=CC• 2.60E+04 2.1 7.5 -18.5 8.7

Average 8.3

STDEV 0.5

C=CC•C + C=CC=C ↔ C=CC(C)CC=CC• 5.27E+03 2.3 6.9 -17.5 8.3

C=CC•C + trans-C=CC=CC ↔ C=CC(C)CC=CC•C 2.33E+03 2.2 6.9 -17.4 8.3

Average 8.3

Non-terminal addition STDEV 0.0

C=CC• + C=CC=C ↔ C=CC(C•)CC=C 1.32E+03 2.7 12.9 -1.3 14.5

CC=CC• + C=CC=C ↔ C=CC(C•)CC=CC 1.05E+03 2.6 13.0 -2.4 14.5

Average 14.5

STDEV 0.0

Reactions
∆∆∆∆RH

298 

[kcal/mol]

Ea (298 K) 

[kcal/mol]
AH n E
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endo-pathways (~0.2). This may be ascribe to the fact that there is substantial steric effect for the 

exo-pathway. These values are included in Figure 5.8, and the overall deviations among the various 

schemes is within a factor of 2 (as indicated by the blue dashed lines in the Figure 5.8). 

 

Figure 5.8 Correlation between the pre-exponential factors and effective loss of hindered rotors 
(γeffective) in temperature range of 500-1500 K. (Blue symbols and blue solid line—Ring closure 
of alkenyl radicals from the previous work1, Upper and lower dashed lines— The A-factor 
calculated by the correlation multiply and divided by a factor of 2; Symbols in other colors—
Schemes 1-6 in this study.). 
 
5.3.3 Comparison with Alkenyl Radical Ring Closure Reactions  

Figure 5.9 compares the rate constants for the 1,6-endo and exo-reactions of schemes 1-6 

to those of alkenyl radicals. These reactions are chosen because they are the most favorable ring 

closure reactions for schemes 1-6 and for the alkenyl radicals. Several observations from Figure 

5.9 deserve comments: (1) The 1,6 exo-reactions from all the investigated schemes and alkenyl 

radical have higher pre-expoential factors and lower activation energies, thus the rate constants are 

higher than the corresponding endo-reactions; (2) Schemes 4-6 are more favorable than schemes 
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1-3 for both the endo- and exo-reactions under wide temperature ranges. (3) For the endo-reactions, 

only schemes 4 and 6 are more favorable than the alkenyl reaction under the wide range 

temperatures. (4) For the exo-reactions, all the schemes are less favorable than the alkenyl reaction 

at most temperature range (except that scheme 6 exceed the alkenyl reaction at the high 

temperatures). This is consistent with the higher ring strain energies of these reactions. Overall, 

the rate constants of schemes 1-6 deviate from those of alkenyl radicals by several times at high 

temperatures to several orders of magnitude at low temperature ranges. The need to consider the 

impact of resonance stabilization on the reaction rates is apparent.  

 

Figure 5.9 Comparisons of reaction rates between alkenyl radical and Schemes 1-6 for the 1,6-
endo-(left) and 1,6-exo- (right) ring closure reactions. 

 
5.3.4 Extension of the Approximate Method to Analyze Complicated Reaction Systems 

Our earlier study4 proposed an approximate method for the analysis of complex pressure-

dependent reaction systems involving alkyl radical H-atom shift and alkenyl radical ring closure 

reactions. This study as well as a previous one13 investigated the impact of resonance stabilization 

on these two type isomerization reactions for radicals with unsaturated bond(s). It allows us now 

to extend the approximate method to more complicated reaction systems. The following shows an 
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example of applying the estimation method to the C6H9 PES. The estimated values (in parenthesis) 

are compared to these obtained by the rigorous theoretical calculations4 in Figure 5.10.  

 

Figure 5.10 Potential energy surface for C6H9 via the addition of vinyl to 1,3-butadiene reaction 
calculated at the CBS-QB3 level of theory, showing the enthalpies in kcal/mol at 298K. The 
numbers in parenthesis are based on estimates using rate rules. For simplicity only one resonance 
structure is shown for (1), (2) and (5). 
 

The activation energy for the H-atom shift reactions (i.e., species (1) to (2), and (4) to (5)) 

are estimated from the sum of energy barrier of the analogous H-abstraction reaction and ring 

strain. Similarly, the activation energy for the ring closure reactions (i.e., species (1) to (4) and (3), 

and (2) to (5)) are estimated from the sum of analogous addition reactions and ring strain, both of 

which have been discussed above in this study. The barriers of the addition reactions for the 

entrance and exit channels are estimated from similar reactions in the literature.9-12 In each case, 

the rate parameters for the reverse reactions were obtained from the estimated rate parameters for 

the forward reaction and the group additivity based equilibrium constant.  

As shown in Figure 5.10, the estimated enthalpies using group additivity method (e.g., 

THERM14) for the stable species are lower than the calculated values. Similarly, the estimated TS 
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enthalpies are lower, meaning that barriers are quite similar. Figure 5.11 shows the apparent rate 

constants at 1 atm based on the estimated values (dashed lines) as well as these obtained from 

CBS-QB3 calculations for the decomposition of the hexadienyl radical. Note that the plot was 

divided into two subfigures depending on the rate constants, to favor the readability. Overall, the 

approximate surface yields results that are reasonably consistent with the more rigorous treatment.  

 

Figure 5.11 Comparison of the predicted apparent rate constants based on CBS-QB3 
calculations (solid lines with symbols) to those estimated using rate rules (dashed lines) for the 
product channels resulting from the reaction of hexadienyl radical (species 1 in Figure 5.10) at 1 
atm in N2. (Lines with symbols are intermediate isomers and those without symbols are 
bimolecular products. Product structures are shown in Figure 5.10: (2) C=CC=CC•C, (3) 
cyclohexene-4-yl, (4) cyclopentene-4-carbinyl, (5) 4-methyl-cyclopentene-3-yl, (I) 1,3-
cyclopentadiene + CH3, (II) 1-methylcyclopentadiene + H, (III) 1,3-cyclohexadiene + H, (IV) 
1,4-cyclohexadiene + H, (V) 3-methyl-cyclopentadiene + H, (VI)  methylene-cyclopentene + H, 
and (VII) C2H3 + C=CC=C.) 
 

5.3 Summary 

The influence of the resonance structure on the kinetics of endo- and exo-ring closure 

reactions was examined using electronic structure calculations at the CBS-QB3 level of theory. 

The results are discussed in the context of a Benson-type model to examine the impact on both the 

activation energies (including ring strain) and pre-exponential factors. Two sets reactions were 

investigated. In the first set, a resonant linear radical is converted into a non-resonant cyclic radical. 

Three different reaction schemes are examined based on the location of the resonance structure in 



129 
 

the cyclic transition state. In the second set, a non-allylic linear radical isomeries to an allylic cyclic 

radical. Again the location of the partially-formed resonant structure in the TS ring is varied. The 

results are compared to the previously reported rate parameters for the ring closure reactions of 

alkenyl radicals. For the endo-pathways, the activation energies for the first and second sets 

reactions are higher and lower, respectively, than these of alkenyl radical reactions. For the exo-

pathways, the activation energies for both sets reactions are higher than the alkenyl reactions. 

These differences are primarily due to the bimolecular component of the activation energy in the 

Benson-type model. However, in some cases, the presence of the partially-formed resonance 

structure in TS significantly increases the transition state strain energy. The pre-exponential factors 

are also impacted by the forming allylic structure. The comparison of the investigated schemes to 

those of the alkenyl reactions indicate the resonant structure have profound impact on the overall 

reaction rates. Finally, the improved understanding of the impact of resonance stabilization on the 

unimolecular isomerization reactions extends the rate estmation method to the analysis of more 

complicated systems. Such extension is important for the development of kinetic mechanisms 

especially for the decomposition of olefins.  
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CHAPTER 6 

REACTIONS OF ALLYLIC RADICALS THAT IMPACT MOLECULAR WEIGHT 

GROWTH KINETICS 

Modified from a paper published in Physical Chemisty Chemical Physics3 

Kun Wang1, Stephanie M. Villano2, and Anthony M. Dean4 

6.1 Abstract 

The reactions of allylic radicals have the potential to play a critical role in molecular weight 

growth (MWG) kinetics during hydrocarbon oxidation and/or pyrolysis. Due to their stability 

(when compared to alkyl radicals), they can accumulate to relatively high concentrations. Thus, 

even though the rate coefficients for their various reactions are small, the rates of these reactions 

may be significant. In this work, we use electronic structure calculations to examine the 

recombination, addition, and abstraction reactions of allylic radicals. For the recombination 

reaction of allyl radicals, we assign a high pressure rate rule that is based on experimental data.  

Once formed, the recombination product can potentially undergo an H-atom abstraction reaction 

followed by unimolecular cyclization and β-scission reactions. Depending upon the conditions 

(e.g., higher pressures) these pathways can lead to the formation of stable MWG species. The 

addition of allylic radicals to olefins can also lead to MWG species formation. Once again, 

cyclization of the adduct followed by β-scission is an important energy accessible route. Since the 

recombination and addition reactions produce chemically-activated adducts, we have explored the 

                                                           
3Reprinted with permission from Physical Chemisty Chemical Physics 2015, 15(9):6255-
6273. 
Copyright 2015 Royal Society of Chemistry.  
1Graduate student, 2Research Associate Professor, and 4Professor, respectively, 
Department of Chemical and Biological Engineering, Colorado School of Mines.  
4Author for correspondence. 
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pressure- and temperature-dependence of the overall rate constants as well as that for the multiple 

product channels. We describe a strategy for estimating these pressure-dependencies for systems 

where detailed electronic structure information is not available. We also derive generic rate rules 

for hydrogen abstraction reactions from olefins and diolefins by methyl and allyl radicals. 

Keywords: Allylic radicals, molecular weight growth, kinetic model, recombination reactions, 

addition reactions, hydrogen abstraction reactions 

6.2 Introduction 

Olefins are a component of gasoline. They are also key intermediates in the combustion 

and pyrolysis of paraffins. For example, ethylene, propene, and isobutene play important roles in 

the pyrolysis and oxidation of ethane,1, 2 propane,3, 4 and isooctane,5, 6 respectively. Therefore 

understanding the pyrolysis kinetics of olefins is essential for the proper characterization of the 

detailed kinetic mechanisms of larger alkanes.  One significant kinetic feature of olefin pyrolysis 

(especially at temperatures near 1000K) is that high concentrations of resonantly-stabilized allylic 

radicals are formed. These radicals are formed from dissociation and/or hydrogen abstraction 

reactions of the parent olefin, due to its relatively weak C-C and C-H bonds. Once formed, the 

higher stability of these radicals means that their subsequent reactions are slow compared to the 

analogous reactions of “normal” (i.e., non-resonantly stabilized) alkyl radicals. For instance, 

hydrogen abstraction reactions by these radicals are generally slow due to the unfavorable 

energetics. Radical addition reactions are also often slower since the adduct that is formed is 

generally not resonantly stabilized. As a result, the entrance channel well is less deep than in the 

corresponding alkyl radical addition reaction. Similarly, the recombination reactions also result in 

a relatively shallow entrance channel well and dissociation back to the reactants is often favored. 

These features may impact the pyrolysis kinetics by: (1) The conversion of alkyl radicals to allylic 
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radicals via H-atom abstraction from olefins will likely inhibit the pyrolysis kinetics by lowering 

the reactivity of the radical pool, and (2) The higher concentrations of allylic radicals may favor 

addition and recombination reactions, even though the rate constants are relatively small, leading 

to formation of higher molecular weight growth (MWG) species. These factors are especially 

important in the analysis of olefin and biomass systems, where the presence of weaker C-C and/or 

C–H bonds increases the potential to form allylic radicals. 

The recombination reactions of resonantly-stabilized radicals have been considered to be 

important for the formation of MWG species. A number of experimental and theoretical studies7-

10 have been performed for the self-recombination reaction of propargyl (C3H3) radicals and the 

reaction pathways leading to the formation of benzene have been well documented. The kinetics 

for the self-reaction of allyl (C3H5) radicals11, 12 and the cross-reaction between C3H3 and C3H5 

radicals11-14 have also been characterized. The self-recombination of cyclopentadienyl radicals to 

ultimately form naphthalene (after isomerization and loss of hydrogen) has been proposed by 

several groups.15-20 Other recombination reactions have also been proposed, including: allyl + 

cyclopentadienyl leading to formation of styrene,18 propargyl + cyclopentadienyl to form 

phenylacetylene,18 and propargyl + benzyl to form naphthalene.18, 21  

Another pathway leading to the formation of MWG species involves addition of these 

stabilized radicals to a double bond in olefins or conjugated dienes, or a triple bond in alkynes. 

The resulting adduct may then cyclize and β-scission to form a stable MWG species. However, 

the fact that the initially-formed adduct is generally less stable due to loss of resonance means that 

it is often more likely to re-dissociate back to reactants. This situation is exacerbated by the fact 

that the cyclization of the linear adduct causes an entropy loss. The loss in entropy will become 

increasingly important at higher temperatures, shifting the equilibrium back toward reactants. As 
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a general rule, the formation of MWG species will be favored if the initially-formed linear adduct 

is unusually stable and if the cyclic adduct is significantly more stable than the linear one.  

Although H-abstraction reactions by resonantly stabilized radicals are often energetically 

disfavored, abstraction from the parent or product olefins to form other resonantly stabilized 

radicals is approximately thermoneutral. There are several studies17, 22, 23 that have taken this type 

of reaction into consideration by either assigning the rate constants by estimation, or by analogy 

to a “normal” H-abstraction reactions. The various rate constant estimates in the literature differ 

significantly from one another. Recently, Sabbe et al.24 employed electronic structure calculations 

to investigate the influence of resonance stabilization on the kinetics of hydrogen abstractions. 

Their analysis considered several “thermoneutral” reactions, but did not provide generic rate rules. 

Since the concentration of allylic radicals in olefin pyrolysis could be higher than that of “normal” 

alkyl radicals (by ~1-2 orders of magnitude), the overall abstraction rate may compete with 

abstractions by “normal” radicals, thereby impacting the radical pool.  

The objective of this work is to use electronic structure calculations to identify primary 

reaction pathways for the recombination, addition, and H-abstraction reactions involving allylic 

radicals. Since the addition and recombination reactions produce chemically-activated adducts, we 

have systematically explored the pressure- and temperature-dependence of the overall rate 

constants as well as that for the multiple product channels. We describe a strategy for estimating 

the pressure-dependencies for systems where detailed electronic structure information is not 

available. We derive generic rate rules for hydrogen abstraction reactions from olefins and 

diolefins by methyl and allyl radicals. The intent is that this information will allow for self-

consistent descriptions of the reactions of allylic radicals in pyrolysis and oxidation mechanisms. 

We anticipate that the inclusion of the rate constant estimates, although approximate, will provide 
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sufficient accuracy to allow for a meaningful sensitivity analysis. If this sensitivity analysis 

indicates that some of the reactions are important for a particular modeling application, then 

specific rate constants can be examined in more detail to assess their accuracy. 

6.3 Theoretical Methods 

Electronic structure calculations were carried out using the Gaussian 03 and 09 suite of 

programs,25, 26 with the CBS-QB3 composite method.27 More detailed descriptions can be in 

Chapter 2 and earlier publications.29, 30  

Pressure- and temperature-dependent rate constants were calculated based on a steady state 

analysis in which the energy-dependent unimolecular rate coefficients, k(E), were computed using 

Quantum-Rice-Ramsperger-Kassel (QRRK) theory. The density of states was calculated from 

three representative frequencies, which were extracted from an analysis of the CBS-QB3 heat 

capacity. Collisional stabilization rate constants were calculated using the modified strong 

collision (MSC)31 assumption. More details of the methodology can be found in the work of Chang 

et al.32 The Lennard-Jones collision diameters (σLJ) and well depths (εLJ) were estimated for 

adducts/isomers. For almost all of the QRRK/MSC calculations, the average energy transferred 

per collision for the collider N2, 〈∆Eall〉, is assigned to be -440 cal/mol. The one exception is the 

calculation for allyl recombination for which the collider is Kr and 〈∆Eall〉 = -334 cal/mol. 

Although this approach is clearly more approximate than a Rice-Ramsperger-Kassel-Marcus 

(RRKM)/Master Equation approach, several previous studies have shown that it produce results 

with similar reliability.33-39  
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6.4 Results and Discussion 

6.4.1 Recombination Reactions 

The self-recombination of propargyl (C3H3) radicals is unusual in that the initially-formed 

linear adduct can isomerize via a series of relatively-low energy pathways to form benzene.10, 11 In 

contrast, both experimental and theoretical studies of the self-recombination of allyl (C3H5) 

radicals concluded that the initial recombination product, 1,5-hexadiene, was the predominant 

species formed11, 12, 14 and there did not appear to be any evidence for a direct molecular cyclization 

pathway. The enthalpy changes (derived from group additivity) for the self and cross 

recombination reactions of allyl and methyl-allyl are shown below; the enthalpies of the various 

reactions are similar.   

C=CC• + C=CC• ⇄ C=CCCC=C  ΔH298 = -61.4 kcal/mol  (1) 

C=CC•C + C=CC•C ⇄ C=CC(C)C(C)C=C ΔH298 = -60.2 kcal/mol  (2) 

CC=CC• + CC=CC• ⇄ CC=CCCC=CC  ΔH298 = -61.3 kcal/mol  (3) 

C=CC• + CC=CC• ⇄ C=CCCC=CC  ΔH298 = -61.7 kcal/mol  (4) 

C=CC• + C=CC•C ⇄ C=CCC(C)C=C  ΔH298 = -60.8 kcal/mol  (5) 

Several experimental studies have measured the rate constant for the recombination of two 

allyl radicals at the high pressure limit.11, 12, 14, 40, 41 As shown in Figure 6.1, the measured values 

are quite consistent, and are higher than the Tsang recommendation.42 The theoretical calculation 

by Georgievskii et al.11 captures the magnitude of the rate constants, but has a more negative 

temperature dependence. For modeling efforts we propose a high-pressure value based on the 

experimental measurements: 

�(�) = 1.12�13 ∗ �!" #306$%&/()&
*� + $(�/()&/� 
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Figure 6.1 Comparison of the high pressure rate constants for allyl recombination used in this 
study to those derived in other work. 
 

 

Figure 6.2 Comparison of the calculated pressure- and temperature-dependent rate constant for 
allyl recombination to experimental measurements. 
 

Recently, Lynch et al.43 investigated the recombination of allyl radicals, using krypton as 

the collider, at higher temperature where the falloff kinetics could be observed. Figure 6.2 

compares the pressure- and temperature-dependent rate constants for the allyl recombination 
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calculated using the above high-pressure value as input for a QRRK/MSC analysis with the 

measurements of Lynch et al.43 Given the uncertainty associated with assignment of the energy 

transfer parameter (〈∆Eall〉 = -334 cal/mol), the agreement with experiment is reasonable. Although 

the calculated fall-off is shifted to slightly higher temperatures, the impact of changing temperature 

and pressure is captured. Fall-off effects begin to become important above ∼1000 K, even when 

the pressure is at 10 atm. The same approach was used to estimate the pressure- and temperature-

dependence for the self- or cross-recombination reactions of allyl and 1-methyl-allyl radicals. 

Figure 3 shows the predicted impact of temperature on the fall-off behavior. The necessity for 

accounting for fall-off effects at higher temperatures is apparent. The high pressure limit rate 

constants for forward and reverse reactions for the several similar recombination reactions (i.e., 

reactions (2)-(5) above), as well as the apparent rate constants over the temperature range of 300-

2500 K and at pressures from 0.001-50 atm are listed Table 6.1. 

 

Figure 6.3 Predicted pressure- and temperature-dependent rate constants for the recombination 
of allyl and 1-methyl-allyl. 
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Table 6.1 Apparent Temperature- and Pressure-dependent Rate Constants for the Recombination 
Reactions of Two Stabilized Radicals from 0.001-50 atm and 300-2500 K. 

 

Note: The forward rate constants are based on literature measurements as discussed in the text; 
the reverse rate constants are calculated using the principle of microscopic reversibility, using 
thermochemical parameters for each reactant. 
 

To provide an effective route to MWG species formation, the recombination product needs 

to have a reaction pathway that can compete with the reverse reaction back to the reactants. One 

possibility is a direct molecular cyclization pathway, but there does not appear to be any literature 

evidence for such a reaction. Instead, radicals might abstract from the weaker allylic bond(s) in the 

A (cm
3
/mol-s) n Ea (kcal/mol)

k (1000K) 

(cm
3
/mol-s)

A (s
-1

) n Ea (kcal/mol) k (1000K) (s
-1

)

1.12E+13 0 -0.31 1.31E+13 2.37E+15 0 59.54 2.27E+02 High P limit

4.99E+52 -12.66 11.48 1.65E+12 1.35E+55 -12.69 71.38 2.83E+01 0.001

1.64E+45 -10.18 9.69 3.70E+12 3.97E+47 -10.20 69.57 6.33E+01 0.01

7.11E+36 -7.47 7.39 6.75E+12 1.49E+39 -7.47 67.24 1.15E+02 0.1

2.23E+28 -4.77 4.81 1.00E+13 3.94E+30 -4.75 64.63 1.68E+02 1

7.47E+20 -2.42 2.39 1.21E+13 1.18E+23 -2.39 62.17 2.00E+02 10

9.99E+16 -1.22 1.07 1.27E+13 1.86E+19 -1.22 60.86 2.07E+02 50

1.12E+13 0 -0.31 1.31E+13 5.70E+14 0.00 59.89 4.56E+01 High P limit

1.23E+55 -13.29 12.76 2.62E+12 8.92E+56 -13.34 73.05 9.25E+00 0.001

1.17E+46 -10.37 10.31 5.16E+12 7.07E+47 -10.39 70.56 1.80E+01 0.01

1.79E+36 -7.24 7.38 8.25E+12 8.87E+37 -7.24 67.59 2.86E+01 0.1

5.63E+26 -4.25 4.34 1.09E+13 2.37E+28 -4.23 64.52 3.75E+01 1

1.32E+19 -1.88 1.79 1.24E+13 6.12E+20 -1.87 61.96 4.15E+01 10

4.58E+15 -0.81 0.60 1.27E+13 3.55E+17 -0.87 60.83 4.22E+01 50

1.12E+13 0 -0.31 1.31E+13 2.24E+15 0.00 61.44 8.21E+01 High P limit

1.98E+59 -14.66 13.90 1.89E+12 5.83E+61 -14.71 75.74 1.21E+01 0.001

5.37E+50 -11.86 11.68 4.02E+12 1.34E+53 -11.88 73.49 2.53E+01 0.01

1.27E+41 -8.77 8.90 6.96E+12 2.61E+43 -8.77 70.67 4.38E+01 0.1

1.81E+31 -5.66 5.82 9.90E+12 3.07E+33 -5.64 67.55 6.15E+01 1

3.49E+22 -2.94 2.96 1.19E+13 5.47E+24 -2.91 64.66 7.28E+01 10

8.84E+17 -1.52 1.39 1.25E+13 1.70E+20 -1.52 63.11 7.55E+01 50

1.12E+13 0 -0.31 1.31E+13 1.15E+15 0 59.51 1.11E+02 High P limit

1.15E+17 -1.24 1.08 1.25E+13 1.35E+19 -1.27 60.90 1.03E+02 50

2.09E+21 -2.56 2.53 1.20E+13 1.80E+23 -2.54 62.32 9.89E+01 10

5.68E+29 -5.20 5.31 1.02E+13 5.08E+31 -5.18 65.12 8.47E+01 1

3.27E+39 -8.28 8.37 7.19E+12 3.52E+41 -8.28 68.22 6.07E+01 0.1

1.37E+49 -11.36 11.16 4.13E+12 1.81E+51 -11.39 71.05 3.56E+01 0.01

5.11E+57 -14.16 13.38 1.96E+12 7.95E+59 -14.22 73.29 1.69E+01 0.001

1.12E+13 0 -0.31 1.31E+13 7.99E+15 0.00 57.09 2.62E+03 High P limit

4.76E+23 -3.30 3.31 1.15E+13 3.00E+26 -3.29 60.69 2.25E+03 50

7.29E+29 -5.24 5.32 9.87E+12 4.88E+32 -5.23 62.72 1.95E+03 10

4.02E+39 -8.32 8.34 6.76E+12 3.24E+42 -8.33 65.77 1.35E+03 1

1.16E+49 -11.36 11.03 3.78E+12 1.14E+52 -11.40 68.51 7.62E+02 0.1

2.18E+57 -14.08 13.10 1.71E+12 2.52E+60 -14.14 70.61 3.48E+02 0.01

8.60E+63 -16.33 14.39 6.21E+11 1.12E+67 -16.41 71.91 1.27E+02 0.001

C=CC• + C=CC•C ⇄ C=CCC(C)C=C

CC=CC• + CC=CC• ⇄ CC=CCCC=CC

C=CC•C + C=CC•C ⇄ C=CC(C)C(C)C=C

Reactions

Forward Reverse
Note        

(Pressure in atm)

C=CC• + C=CC• ⇄ C=CCCC=C

C=CC• + CC=CC• ⇄ C=CCCC=CC
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recombination adduct to form another stabilized radical, which could then cyclize (in competition 

with β-scission of this radical). The cyclized radical could then form a stable cyclic product via β-

scission of an H atom or an alkyl group. Ultimately, the cyclic products could then form aromatic 

species. This sequence of reactions is shown for the recombination of two allyl radicals in Figure 

6.4. The sequential reactions and product distributions are different for the recombination between 

two methyl-allyl radicals or methyl-allyl and allyl, although they still lead to the formation of 

aromatic species. For example, the recombination between methyl-allyl and allyl forms 

cyclopentadiene, benzene, and toluene after H-atom abstraction. The reaction schematic for this 

reaction is shown in Figure 6.5.  

 

Figure 6.4 Pathways leading to formation of aromatic species after the recombination of allyl 
radicals. 
 

The C6H9 PES is shown in Figure 6.6. Note that species (1) may be formed from H-atom 

abstraction of 1,5-hexadiene, which is the recombination product of two allyl radicals. This surface 

has previously been investigated by Sharma et al.44 using the CBS-QB3 method; in subsequent 
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work, Xu et al.1 updated this surface by including the addition reaction of vinyl to 1,3-butadiene. 

The current calculations include the vinyl addition to 1,3-butadiene reaction (VII) and also a 

pathway leading to methylenecyclopentene + H (VI). In general, the results are consistent with 

those of Sharma et al.44 and Xu et al.1 As shown in Figure 5, the barriers for formation of the cyclic 

isomers (cyclohexen-4-yl (3) and cyclopentene-4-carbinyl (4)) are significantly lower than the 

other channels and these channels are expected to dominate at lower temperatures. As the 

temperature increases, the 1,4 H-shift reaction forming (2) and the -scission pathways from (3) 

forming the stable cyclic species, 1,3-cyclohexadiene +H (III) and 1,4-cyclohexadiene +H (IV), 

should become important, thus “locking in” the higher molecular weight species. These species, 

after subsequent H-abstraction and β-scission, can form benzene, as indicated in Figure 6.4. 

 

Figure 6.5 Pathways leading to formation of aromatic species after recombination of methyl-
allyl and allyl radicals. 
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Figure 6.6 Simplified C6H9 PES depicting the energetics of the reaction sequence at 298 K 
(based on CBS-QB3 calculations, numbers showing enthalpies in kcal/mol). For simplicity only 
one resonant form is shown for (1), (2), and (5). 
 

 

Figure 6.7 Predicted apparent rate constants for the products resulting from reaction of 
C=CCC•C=C/C=CCC=CC• at 1 atm in N2. (Lines with symbols are intermediate isomers and 
those without symbols are bimolecular products. Product structures are shown in Figure 5: (2) 
C=CC=CC•C, (3) cyclohexene-4-yl, (4) cyclopentene-4-carbinyl, (5) 4-methyl-cyclopentene-3-
yl, (I) 1,3-cyclopentadiene + CH3, (II) 1-methylcyclopentadiene + H, (III) 1,3-cyclohexadiene + 
H, (IV) 1,4-cyclohexadiene + H, (V) 3-methyl-cyclopentadiene + H, (VI)  methylene-
cyclopentene + H, and (VII) C2H3 + C=CC=C.) 
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The high-pressure rate constants calculated for this sequence of reactions were used in 

QRRK/MSC calculations to predict the pressure- and temperature-dependence for the various 

product channels. The results at 1 atm, shown in Figure 6.7, are consistent with the qualitative 

expectations based on the system energetics. The formation of the (collisionally-stabilized) cyclic 

radicals ((3) and (4)) dominates at the lower temperature range (i.e., T < 1000 K), while direct 

formation the β-scission products, vinyl + 1,3-butadiene (VII) and the cyclohexadiene isomers + 

H ((III) and (IV)) become more important at higher temperatures. Subsequent reactions of the 

cyclic radicals also need to be considered (e.g., H-atom abstraction by cyclohexene-4-yl (3) and 

cyclopentene-4-carbinyl (4) to form cyclohexene and methyl-cyclopentene, respectively).  

The high-pressure rate constants obtained from CBS-QB3 calculation that were used as 

input for the pressure-dependent analysis are provided in Table 6.2.The rate constants for the 

various products of the C6H9 reaction sequence over the temperature range of 300-2500 K and 

pressures at 1 atm are listed in Table 6.3. 

Table 6.2 High Pressure Limit Rate Constants for Reactions Shown in the C6H9 PES in Figure 
6.7 (Based on CBS-QB3 Calculations). 

 

  

A (s
-1

) Ea (kcal/mol) k (1000K) (s
-1

)
A (s

-1
 or 

cm
3
/mol-s)

Ea (kcal/mol)
k (1000K) (s

-1
 or 

cm
3
/mol-s)

C=CCC•C=C <=> 2 1.84E+12 31.3 2.68E+05 1.32E+13 44.8 2.12E+03

C=CCC•C=C <=> 3 1.10E+11 21.1 2.67E+06 5.03E+13 28.8 2.60E+07

C=CCC•C=C <=> 4 4.29E+11 20.9 1.14E+07 4.68E+13 23.4 3.52E+08

C=CCC•C=C <=> III 1.71E+15 45.1 2.35E+05 1.38E+13 2.31 4.30E+12

2 <=> 5 2.45E+12 36.6 2.40E+04 5.30E+13 43.2 1.88E+04

3 <=> VI 2.01E+14 35.0 4.40E+06 4.15E+14 3.71 6.41E+13

3 <=> VII 8.94E+13 34.6 2.44E+06 1.32E+14 3.33 2.47E+13

4 <=> 5 5.84E+12 30.5 1.24E+06 8.28E+12 48.1 2.47E+02

4 <=> II 2.85E+13 35.9 4.01E+05 2.47E+13 4.94 2.05E+12

5 <=> I 9.89E+14 38.9 3.11E+06 1.50E+13 6.83 4.82E+11

5 <=> IV 4.95E+12 46.4 3.57E+02 2.60E+13 2.16 8.76E+12

3 <=> V 1.54E+13 43.0 5.98E+03 2.60E+13 2.16 8.76E+12

Reactions

Forward Reverse



145 
 

Table 6.3 Rate Constants at 1 atm for the Reactions Shown in the C6H9 PES in Figure 6.7 for the 
Temperature Range 300- 2500 K. 

 

6.4.2 Addition Reactions 

An earlier analysis of ethane pyrolysis1 demonstrated the importance of the addition 

reactions involving methyl and vinyl in the formation of MWG species. The increased 

concentration of allylic radicals in pyrolysis of C3 and higher olefins is the motivation for 

considering addition reactions of these species in this work. In many reactions involving the 

addition of resonantly-stabilized radicals, the stability of the initially formed adduct is reduced due 

to the loss of resonance; this increases the likelihood that the adduct will simply re-dissociate, 

thereby not leading to the generation of MWG species. As a result, only certain such reactions are 

likely to be important in terms of MWG kinetics. In this section we consider several addition 

reactions involving allyl radicals that may be important.  

 

A (s
-1

) n E (kcal/mol) k (1000K) (s
-1

) A (s
-1

) n E (kcal/mol) k (1000K) (s
-1

)

C=CCC•C=C <=> III 2.13E+37 -7.08 51.56 6.65E+04 3 <=> III 8.11E+48 -10.32 65.18 4.88E+03

C=CCC•C=C <=> 3 3.90E+41 -9.86 29.57 3.46E+05 3 <=> VI 8.03E+35 -7.18 40.16 3.86E+05

C=CCC•C=C <=> VI 2.90E+41 -9.04 41.53 1.82E+05 3 <=> VII 8.58E+35 -7.28 39.95 2.24E+05

C=CCC•C=C <=> VII 1.70E+41 -9.06 41.32 1.00E+05 3 <=> 4 1.08E+57 -13.93 48.56 4.28E+04

C=CCC•C=C <=> 4 5.84E+39 -9.31 27.77 6.02E+05 3 <=> II 1.38E+52 -12.09 59.40 7.43E+02

C=CCC•C=C <=> II 3.99E+36 -7.78 42.68 8.25E+03 3 <=> 5 5.29E+61 -15.54 57.95 2.70E+02

C=CCC•C=C <=> 2 2.94E+36 -7.63 38.84 1.24E+05 3 <=> I 8.14E+55 -12.90 62.29 3.77E+03

C=CCC•C=C <=> 5 1.57E+45 -11.02 39.86 2.66E+03 3 <=> V 1.24E+51 -12.15 62.29 1.03E+01

C=CCC•C=C <=> I 2.12E+39 -8.29 45.03 4.09E+04 3 <=> IV 1.45E+48 -11.54 62.40 7.76E-01

C=CCC•C=C <=> V 6.95E+34 -7.62 45.35 1.15E+02 4 <=> III 2.41E+43 -8.75 58.26 2.45E+04

C=CCC•C=C <=> IV 1.97E+32 -7.11 45.80 8.84E+00 4 <=> VI 4.92E+51 -11.86 51.23 8.04E+04

2 <=> III 1.88E+43 -8.47 73.41 6.47E+01 4 <=> VII 4.19E+51 -11.93 51.14 4.45E+04

2 <=> 3 1.48E+49 -11.64 60.42 1.10E+01 4 <=> II 3.67E+25 -4.50 36.91 9.86E+03

2 <=> VI 9.97E+49 -11.10 68.66 4.94E+01 4 <=> 5 4.29E+46 -11.49 37.64 8.60E+03

2 <=> VII 7.28E+49 -11.15 68.59 2.65E+01 4 <=> I 1.36E+33 -6.58 40.17 4.15E+04

2 <=> 4 2.07E+43 -9.87 57.36 1.45E+01 4 <=> V 5.57E+27 -5.64 40.36 1.01E+02

2 <=> II 1.24E+43 -9.27 67.63 3.21E+00 4 <=> IV 5.17E+24 -4.98 40.89 6.97E+00

2 <=> 5 1.21E+43 -9.98 44.90 2.14E+03 5 <=> III 3.89E+41 -8.44 77.70 1.96E-01

2 <=> I 8.69E+32 -5.99 49.91 1.13E+04 5 <=> VI 5.44E+54 -12.92 75.35 3.20E-01

2 <=> V 4.88E+28 -5.38 50.83 2.81E+01 5 <=> VII 5.22E+54 -13.00 75.32 1.74E-01

2 <=> IV 4.98E+26 -5.01 52.02 1.99E+00 5 <=> II 7.53E+32 -6.90 62.65 3.06E-02

5 <=> I 6.50E+42 -8.96 46.77 5.03E+05

5 <=> V 7.82E+39 -8.70 50.15 6.53E+02

5 <=> IV 1.24E+38 -8.37 52.70 2.79E+01

Reactions Reactions
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Figure 6.8 Simplified PES for C5H9 calculated at the CBS-QB3 level of theory, showing 
enthalpies in kcal/mol at 298 K. The numbers in parenthesis are based on estimates using rate 
rules. For simplicity only one resonance structure is shown for (3).  

 

 

Figure 6.9 A more complete C5H9 PES calculated at the CBS-QB3 level of theory, showing 
enthalpies in kcal/mol at 298 K. 
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Allyl Addition to Ethylene 

The simplest resonantly stabilized radical addition reaction is the addition of allyl to 

ethylene, which is part of the C5H9 PES. A simplified version of this PES is shown in Figure 6.8; 

CBS-QB3 derived enthalpies are provided along with estimated values in parenthesis that will be 

discussed in Section 5. (A more complete version of this PES is provided in Figure 6.9.) It can be 

accessed either by allyl addition to ethylene (I), methyl addition to 1,3-butadiene (III), or H 

addition to either cyclopentene (II), 1,3-pentadiene (IV), 1,4-pentadiene (V), and methylene-

cyclobutane (VI). Considering allyl addition to ethylene (I), once the initial adduct is formed the 

barriers to form cyclobutyl-carbinyl (4) and cyclopentyl (5) radicals are lower than that returning 

to reactants, although the pre-exponential factors will be smaller. The barrier for -scission of 

cyclopentyl ((5) to (II)) is comparable to the reverse ring-opening reaction ((5) to (1)), and this 

leads to formation of cyclopentene and an H atom (II). Subsequent reactions of cyclopentene can 

lead to cyclo-1,3-pentadiene,45, 46 which is known to be an important intermediate in formation of 

even larger MWG species. However, the barrier for -scission of cyclobutyl-carbinyl radical ((4) 

to (VI)) is much too high for this pathway to be significant. The H-atom shift reactions of the 

initially formed linear adduct to form other linear radicals ((1) to (2) and (1) to (3)) have higher 

barriers. In contrast to the allyl addition to ethylene (I), entering the surface from methyl addition 

to 1,3-butadiene (III) does not readily provide access to any of the lower energy exit channels. 

Although this channel is favored by a lower barrier and a deeper initial well (3), the subsequent 

reaction to form cyclopentene is inhibited by the higher isomerization barrier ((3) to (1)). 

Our calculated high pressure limit rate constant for addition of allyl to ethylene at 1000 K 

is about 60% higher than that calculated by Sabbe et al.47 The calculated high pressure limit rate 

constant for methyl addition to 1,3-butadiene is similar (within 10%) to that calculated by Sabbe 
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et al.47 The calculated rate constant at 1 atm for the formation of cyclopentene + H from the 

addition of allyl to ethylene is in reasonable agreement with the experimental observations of Sakai 

and Nohara,48 as shown in Figure 6.10. The high-pressure rate constants for the reactions on the 

C5H9 surface are included in the Table 6.4, with the values at 1 atm listed in Table 6.5. The 

predictions also qualitatively agree with an earlier experimental observation by Bryce and 

Ruzicka,49 in which cyclopentene is the dominant product. 

 

Figure 6.10 Comparison of the rate constant for formation of cyclopentene + H from the reaction 
allyl + ethylene calculated in this study with literature values at 1 atm. 
 

Figure 6.11 shows the predicted rate constants for the major product channels at 1 atm 

when entering the PES via addition of allyl to ethylene (reaction (I) to (1) in Figure 6.8). The high 

pressure rate constant (k∞) is also plotted. At low temperatures, formation of the initial adduct, 

C=CCCC• (1), is dominant. As the temperature increases, fall-off is evident since more of the 

adduct goes back to reactants, as indicated by the increasing difference between ktotal and k∞. The 

formation of cyclopentene + H (II) also become increasingly important. Channel (II) is 

significantly important because it not only leads to the formation of a stable MWG species, but it 
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effectively converts allyl radical to a reactive H-atom. The rate constant for formation of 

cyclobutyl-carbinyl radical (4) is relatively low since it can easily dissociate back to (1). 

Table 6.4 High Pressure Limit Rate Constants for Reactions Shown in the C5H9 PES in Figure 
6.8 in Text (CBS-QB3 Calculations vs. Rate Rule Estimates). 

 

Figure 6.12 shows the predictions for methyl addition to the terminal carbon in 1,3-

butadiene ((III) to (3) in Figure 6.8). Here the addition rate is much faster than that of allyl + 

ethylene, and the deeper well means that dissociation back to the reactants is not so important at 

the lower temperatures. In spite of the higher addition rate constant, the formation of cyclic species 

is predicted to be much lower than that for allyl addition over the entire temperature range. This 

results from the high barrier associated with isomerization to a linear species (1) that can then 

cyclize. Formation of the initial, resonantly stabilized adduct (3) dominates at lower temperatures. 

Reactions
A (s

-1
 or 

cm
3
/mol-s)

Ea (kcal/mol)
k(1000K) (s

-1 

cm
3
/mol-s)

A (s
-1

 or 

cm
3
/mol-s)

n Ea (kcal/mol)
k(1000K) (s

-1 

cm
3
/mol-s)

I ⇄ 1 2.13E+12 14.7 1.28E+09 1.48E+13 0 20.7 4.44E+08

1 ⇄ II 1.44E+13 36.9 1.22E+05 9.74E+13 0 3.66 1.54E+13

1 ⇄ 4 7.67E+10 16.4 1.99E+07 3.28E+13 0 14.3 2.46E+10

4 ⇄ VI 3.00E+14 38.7 1.03E+06 1.30E+13 0 1.6 5.93E+12

1 ⇄ 5 7.69E+10 15.4 3.30E+07 1.70E+14 0 34.5 4.80E+06

5 ⇄ IV 4.41E+14 36.1 5.71E+06 1.78E+14 0 2.18 5.93E+13

1 ⇄ 3 1.62E+12 32.2 1.50E+05 1.27E+13 0 49.6 1.84E+02

3 ⇄ III 1.62E+14 46.6 1.03E+04 1.02E+14 0 3.02 2.23E+13

3 ⇄ V 6.16E+14 38.0 2.95E+06 5.82E+12 0 5.44 3.76E+11

1 ⇄ 2 9.01E+12 38.1 4.26E+04 1.10E+13 0 41.3 1.01E+04

2 ⇄ II 2.38E+13 39.2 6.52E+04 2.60E+13 0 1.56 1.19E+13

2 ⇄ III 1.45E+13 33.9 5.72E+05 5.84E+13 0 4.39 6.39E+12

1 ⇄ II 1.95E+12 36.7 1.80E+04 1.26E+12 0.29 2.77 2.36E+12 Rate rules for H + larger olefin

1 ⇄ 4 4.21E+10 12.9 6.35E+07 8.52E+12 0.00 8.98 9.26E+10
4-member ring, Estrain=5, Eaddion analogy to 

C2H5+C3H6_CCC(C)C. at 1000 K

4 ⇄ VI 3.71E+13 35.1 7.73E+05 1.26E+12 0.29 2.77 2.36E+12 Rate rules for H + larger olefin

5 ⇄ IV 1.26E+14 36.5 1.31E+06 1.26E+12 0.29 2.77 2.36E+12 Rate rules for H + larger olefin

3 ⇄ III 9.70E+13 45.0 1.42E+04 1.26E+12 0.29 2.77 2.36E+12 Rate rules for H + larger olefin

3 ⇄ V 1.25E+15 36.8 1.14E+07 5.71E+12 0 5.49 3.61E+11 From CBS-QB3 calculation (Saeys at el.)

2 ⇄ II 4.01E+12 39.6 8.57E+03 2.52E+12 0.29 2.77 4.72E+12 Rate rules for H + larger olefin

2 ⇄ III 2.56E+12 32.6 1.92E+05 1.26E+12 0.29 2.77 2.36E+12 Rate rules for H + larger olefin

Note: The bold blue are the initially estimated numbers; the reverse rate constants are calculated from the thermodynamic data.

Rate constants based on estimation techniques

Forward reaction Reverse reaction
Note

Rate constants from CBS-QB3 calculation

All rate constants are based on CBS-QB3 

calculation

20.3 3.90E+08
Estimated A-factor, Ea from CBS-QB3 

calculation of Saeys et al. (2004)

1 ⇄ 5 4.21E+10 15.0 2.21E+07 3.37E+14 0 33.4

I ⇄ 1 2.00E+12 13.1 2.80E+09 1.09E+13 0

1.65E+07
5-member ring, Estrain=6, Eaddion analogy to 

C2H5+C3H6_2-C5H11 at 1000 K

1 ⇄ 3 2.99E+11 32.9 1.91E+04 3.37E+14 0 48.4 8.99E+03
1,3-H transfer, Estrain=22.8, Eabs analogy to 

C2H5+C3H6_C2H6+aC3H5 at 1000 K

1 ⇄ 2 1.96E+13 38.7 6.74E+04 1.95E+13 0 41.8 1.41E+04
1,2-H transfer, Estrain=24.4, Eabs analogy to 

C2H5+C3H8_C2H6+iC3H7 at 1000 K
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At higher temperatures, the formation of 1,3-pentadiene and H (IV) is important, followed by the 

formation of allyl and ethylene (I). 

Table 6.5 Rate Constants at 1 atm for 500- 1800 K for the C5H9 PES, Entering from the C=CC• 
+ C2H4. 

.  

A (s
-1

 or cm
3
/mol-s) n Ea (kcal/mol) k (1000K) (s

-1
 or cm

3
/mol-s)

I <=> (3) 1.41E+48 -11.83 37.87 2.37E+04

I <=> III 4.23E+28 -4.89 38.25 3.91E+05

I <=> IV 6.90E+19 -2.68 38.02 3.09E+03

I <=> (1) 5.30E+26 -5.02 16.49 1.13E+08

I <=> V 6.41E+16 -1.31 33.58 3.44E+05

I <=> (2) 9.45E+42 -9.61 43.74 3.89E+04

I <=> IV 1.89E+37 -7.09 51.61 5.30E+04

I <=> V 1.40E+34 -6.23 52.37 1.02E+04

I <=> (5) 8.31E+66 -17.33 36.70 8.19E+06

I <=> II 1.13E+42 -9.01 34.21 3.61E+07

I <=> (4) 6.65E+24 -5.29 17.97 1.03E+05

I <=> VI 4.14E+12 -0.55 34.50 2.71E+03

(3) <=> III 2.32E+56 -12.97 53.12 6.92E+05

(3) <=> IV 2.20E+50 -11.61 57.46 8.73E+02

(3) <=> (1) 8.00E+41 -10.23 52.66 4.92E-01

(3) <=> V 2.75E+29 -6.31 59.82 2.75E-03

(3) <=> (2) 5.99E+50 -13.09 68.21 3.94E-04

(3) <=> IV 6.44E+42 -10.06 73.56 3.53E-04

(3) <=> V 6.57E+37 -8.68 73.13 5.93E-05

(3) <=> (5) 1.01E+68 -18.50 64.12 3.04E-02

(3) <=> II 6.54E+58 -14.92 66.65 3.03E-01

(3) <=> (4) 1.46E+39 -10.31 52.79 5.04E-04

(3) <=> VI 3.94E+22 -4.81 58.95 1.92E-05

(1) <=> III 6.90E+22 -3.90 35.53 2.35E+03

(1) <=> IV 6.11E+11 -1.07 34.28 1.20E+01

(1) <=> V 6.57E+07 0.57 29.14 1.44E+03

(1) <=> (2) 2.61E+29 -6.22 38.40 2.29E+02

(1) <=> IV 4.50E+23 -3.82 45.92 1.40E+02

(1) <=> V 6.21E+19 -2.77 46.37 2.19E+01

(1) <=> (5) 3.83E+60 -15.73 31.93 2.51E+06

(1) <=> II 1.47E+46 -10.81 34.50 1.56E+06

(1) <=> (4) 6.82E+28 -7.01 15.17 3.00E+04

(1) <=> VI 8.41E+02 1.53 29.93 9.09E+00

(2) <=> III 6.09E+38 -8.66 56.63 2.64E+00

(2) <=> IV 2.28E+30 -6.62 55.42 2.42E-02

(2) <=> V 1.17E+30 -6.01 53.07 2.69E+00

(2) <=> IV 2.49E+40 -8.41 44.35 3.00E+05

(2) <=> V 3.41E+41 -8.77 49.43 2.56E+04

(2) <=> (5) 4.88E+50 -13.14 49.95 2.19E+00

(2) <=> II 1.29E+48 -11.34 55.72 8.18E+01

(2) <=> (4) 3.93E+26 -6.20 41.93 6.69E-02

(2) <=> VI 7.57E+24 -5.00 52.80 2.21E-02

Reactions
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Table 6.5 Contibued. 

 

 

 

Figure 6.11 Predicted apparent rate constants for the product channels resulting from the 
addition of allyl to ethylene (C=CC• + C2H4) at 1 atm in N2. (Lines with symbols are 
intermediate isomers and without symbols are bimolecular products. Product structures are 
shown in Figure 7: (1) C=CCCC•, (2) C=CCC•C, (3) C=CC•CC, (4) cyclobutyl-carbinyl, (5) 
cyclopentyl, (II) cyclopentene + H, (III) CH3 + C=CC=C, (IV) C=CC=CC + H, (V) C=CCC=C + 
H, and (VI) methylene-cyclobutane + H.) 
 

(5) <=> III 1.08E+59 -14.24 69.72 1.21E+01

(5) <=> IV 8.89E+45 -10.87 67.08 4.71E-02

(5) <=> V 8.96E+41 -9.21 61.93 5.91E+00

(5) <=> IV 2.26E+52 -12.04 76.05 4.10E-01

(5) <=> V 6.14E+47 -10.80 76.09 5.59E-02

(5) <=> II 6.88E+56 -13.26 50.66 9.34E+05

(5) <=> (4) 2.15E+68 -17.82 56.85 2.79E+02

(5) <=> VI 4.92E+35 -7.89 61.87 3.19E-02

(4) <=> III 1.50E+26 -4.89 36.84 2.89E+03

(4) <=> IV 1.34E+15 -2.05 35.63 1.54E+01

(4) <=> V 1.75E+11 -0.43 30.53 1.84E+03

(4) <=> IV 4.38E+27 -4.99 47.54 1.86E+02

(4) <=> V 5.59E+23 -3.93 47.99 2.97E+01

(4) <=> II 3.05E+50 -12.10 36.39 1.74E+06

(4) <=> VI 1.33E+02 2.31 29.09 4.78E+02
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Figure 6.12 Predicted apparent rate constants for the product channels resulting from the 
addition of methyl to 1,3-butadiene (CH3 + 1,3-C4H6) at 1 atm in N2. (Lines with symbols are 
intermediate isomers and without symbols are bimolecular products. Product structures are 
shown in Figure 7: (1) C=CCCC•, (2) C=CCC•C, (3) C=CC•CC, (4) cyclobutyl-carbinyl, (5) 
cyclopentyl, (I) C=CC• + C2H4, (II) cyclopentene + H, (IV) C=CC=CC + H, (V) C=CCC=C + 
H, and (VI) methylene-cyclobutane + H.) 
 

 

Figure 6.13 PES for C5H11 calculated at the CBS-QB3 level of theory, showing enthalpies in 
kcal/mol at 298 K. 
  

The differences between the addition of allylic and alkyl radicals can be seen by comparing 

the C5H11 PES for n-propyl addition to ethylene (Figure 6.13) to that for allyl addition to ethylene 

(Figure 6.8). Similar to the methyl addition to 1,3-butadiene ((III) to (3)), the entrance channel of 

the C5H9 PES, n-propyl addition to ethylene ((I) to (1)), has a lower barrier and a deeper initial 

well (1), which means that the addition rate will be faster with slower dissociation back to the 
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reactants for propyl addition than for allyl addition. The high-pressure rate constants and the rate 

constants for the various channels at 1 atm are listed in Tables 6.6 and 6.7, respectively. Figure 

6.14 shows the predicted rate constants at 1 atm for the reactions on this PES. The rate of product 

formation is much higher for this system than for the analogous allyl addition. However, note that 

no cyclic compounds are formed by propyl addition since there is no double bond in the adduct to 

allow for ring closure. The channels that lead to MWG species (channels (III) and (IV)) are 

unimportant since the initial adduct must undergo a high energy H-atom shift ((1) to (3)) prior to 

β-scission. The major bimolecular product is ethyl + propene (II). A subsequent H-atom 

abstraction from propene to form allyl is needed to initiate MWG kinetics. Thus in olefin pyrolysis 

there are two factors that lead to enhanced MWG species formation: (1) Higher concentrations of 

allylic radicals, thus offsetting the slower addition rates, and (2) Presence of a double bond in the 

stabilized radical to allow for cyclization. These cyclic species ultimately may then be converted 

to aromatic species.  

 
Figure 6.14 Predicted apparent rate constants for the product channels resulting from the 
addition of n-propyl to ethylene (CCC• + C2H4) at 1 atm in N2. (Lines with symbols are 
intermediate isomers and without symbols are bimolecular products. (1) CCCCC•, (2) CCCC•C, 
(3) CCC•CC, (II) C2H5 + C=CC, (III) CH3 + C=CCC, (IV) CC=CCC + H, and (V) C=CCCC + 
H.) 
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Table 6.6 High Pressure Limit Rate Constants for Reactions Shown in the C5H11 PES in Figure 
6.13 (CBS-QB3 Calculations vs. Rate Rule Estimates). The Solid Lines Are Obtained from the 
CBS-QB3 High Pressure Rate Constants, while the Dashed Lines Are Obtained from the 
Estimated High Pressure Rate Constants.   

 

These addition reactions are also important for the formation of larger polycyclic aromatic 

hydrocarbons (PAH). Wornat and co-workers50 investigated the growth mechanisms of PAHs that 

lead to the formation of solids by performing supercritical pyrolysis experiments with n-decane, a 

model alkane fuel. 2-methylnaphthalene and 1-methylnaphthalene were each added as a dopant to 

provide a resonantly-stabilized radical source. The PAH product analysis indicated that stabilized 

A (s-1 or 

cm
3
/mol-s)

Ea (kcal/mol)
k (1000K) (s-1 

or cm
3
/mol-s)

A (s-1 or 

cm
3
/mol-s)

Ea (kcal/mol)
k (1000K) (s-1 

or cm
3
/mol-s)

I ⇄ 1 1.32E+12 8.52 1.81E+10 1.96E+13 28.5 1.13E+07

1 ⇄ II 2.03E+13 36.1 2.57E+05 1.20E+14 4.35 1.34E+13

1 ⇄ 2 (Duplicate 

reaction)
3.27E+10 20.8 9.22E+05 1.68E+11 24.6 6.87E+05

1 ⇄ 2 (Duplicate 

reaction)
1.79E+12 37.3 1.25E+04 9.21E+12 41.1 9.36E+03

1 ⇄ 3 4.77E+11 36.7 4.40E+03 1.84E+12 40.3 2.85E+03

2 ⇄ IV 4.82E+13 28.9 2.28E+07 4.74E+12 8.27 7.39E+10

2 ⇄ II 1.56E+14 38.6 5.78E+05 1.80E+14 2.96 4.05E+13

2 ⇄ III 4.29E+13 36.8 3.89E+05 8.80E+13 3.86 1.26E+13

2 ⇄ 3 5.50E+12 39.2 1.45E+04 4.14E+12 39.0 1.26E+04

3 ⇄ III 4.06E+13 36.2 4.93E+05 1.10E+14 3.56 1.83E+13

3 ⇄ V 1.43E+14 30.9 2.46E+07 6.08E+12 8.99 6.57E+10

I ⇄ 1 2.11E+12 8.99 2.29E+10 2.12E+13 28.6 1.18E+07 From CBS-QB3 calculation

1 ⇄ II 1.58E+13 36.0 2.11E+05 1.16E+13 3.23 2.28E+12 H inner addition to C=CC by Curran 2006

1 ⇄ 2 (Duplicate 

reaction)
2.99E+11 19.1 1.99E+07 2.86E+11 22.1 4.17E+06

1,4-H transfer, Estrain=5.8, Eabs analogy to 

CH3+C2H6_CH4+C2H5 at 1000 K

1 ⇄ 2 (Duplicate 

reaction)
1.96E+13 37.7 1.12E+05 1.87E+13 40.7 2.33E+04

1,2-H transfer, Estrain=24.4, Eabs analogy to 

CH3+C2H6_CH4+C2H5 at 1000 K

1 ⇄ 3 2.42E+12 36.1 3.09E+04 4.60E+12 39.1 1.28E+04
1,3-H transfer, Estrain=22.8, Eabs analogy to 

CH3+C2H6_CH4+C2H5 at 1000 K

2 ⇄ IV 5.33E+13 29.0 2.39E+07 7.38E+12 8.71 9.20E+10 From CBS-QB3 calculation

2 ⇄ II 2.55E+13 37.6 1.50E+05 1.96E+13 1.84 7.77E+12 H inner addition to C=CC by Curran 2006

2 ⇄ III 1.51E+13 39.0 4.40E+04 1.16E+13 3.23 2.28E+12 H inner addition to C=CC by Curran 2006

2 ⇄ 3 1.96E+13 37.7 1.12E+05 3.91E+13 37.7 2.23E+05
1,2-H transfer, Estrain=24.4, Eabs analogy to 

CH3+C2H6_CH4+C2H5 at 1000 K

3 ⇄ III 3.01E+13 39.0 8.78E+04 1.16E+13 3.23 2.28E+12 H inner addition to C=CC by Curran 2006

3 ⇄ V 1.79E+14 30.8 3.24E+07 4.95E+12 8.56 6.64E+10 From CBS-QB3 calculation

Note: The bold blue are the initially estimated numbers; reverse rate constants are calculated from the thermodynamic data.

Rate constants from estimation

Reactions

Forward reaction Reverse reaction

Note
Rate constants by CBS-QB3 calculation

CBS-QB3 calculation
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radical addition to ethylene was the starting point for subsequent addition to various olefins, 

leading to formation of MWG species. 

Table 6.7 Rate Constants at 1 atm and 500- 1800 K for the C5H11 PES, from the CCC• + C2H4 

Channel. 

 

A (s
-1

 or cm
3
/mol-s) n Ea (kcal/mol) k (1000K) (s

-1
 or cm

3
/mol-s) Note

I <=> 1 2.69E+24 -4.36 9.48 1.92E+09

I <=> II 4.82E+20 -2.41 25.3 8.50E+07 Duplicate reaction

I <=> 2 7.10E+54 -13.2 27.7 1.78E+09 Duplicate reaction

I <=> II 8.77E+39 -7.94 34.2 4.42E+08 Duplicate reaction

I <=> III 4.77E+41 -8.58 34.3 2.79E+08 Duplicate reaction

I <=> IV 1.31E+52 -11.4 35.5 1.11E+10 Duplicate reaction

I <=> 2 1.13E+32 -7.12 25.3 1.42E+05 Duplicate reaction

I <=> II 2.85E+22 -3.24 33.4 2.78E+05 Duplicate reaction

I <=> III 3.91E+23 -3.70 33.4 1.57E+05 Duplicate reaction

I <=> IV 3.14E+31 -5.83 33.9 3.83E+06 Duplicate reaction

I <=> 3 1.79E+54 -13.6 35.6 5.50E+05 Duplicate reaction

I <=> III 3.80E+36 -7.55 38.2 3.78E+05 Duplicate reaction

I <=> V 1.69E+44 -9.51 39.5 1.20E+07

1 <=> II 1.10E+17 -1.95 32.4 1.28E+04 Duplicate reaction

1 <=> 2 9.63E+52 -12.8 34.1 1.11E+07 Duplicate reaction

1 <=> II 4.23E+41 -8.92 45.2 9.87E+04 Duplicate reaction

1 <=> III 1.43E+44 -9.77 45.5 7.70E+04 Duplicate reaction

1 <=> IV 2.95E+56 -13.1 46.9 7.46E+06 Duplicate reaction

1 <=> 2 2.17E+34 -8.13 37.3 6.44E+01 Duplicate reaction

1 <=> II 2.84E+17 -2.36 41.7 1.74E+01 Duplicate reaction

1 <=> III 1.46E+19 -2.99 41.9 1.11E+01 Duplicate reaction

1 <=> IV 3.60E+29 -5.80 43.4 4.51E+02 Duplicate reaction

1 <=> 3 1.55E+58 -14.9 49.6 4.01E+02 Duplicate reaction

1 <=> III 2.19E+38 -8.57 50.3 4.32E+01 Duplicate reaction

1 <=> V 6.84E+47 -11.0 52.6 2.00E+03 Duplicate reaction

2 <=> II 6.53E+41 -9.60 50.8 8.25E+01 Duplicate reaction

2 <=> II 8.70E+33 -6.68 42.2 4.74E+04 Duplicate reaction

2 <=> III 2.74E+35 -7.25 41.6 3.89E+04 Duplicate reaction

2 <=> IV 1.94E+42 -9.07 38.2 5.08E+06 Duplicate reaction

2 <=> 2 3.14E+53 -14.0 53.6 5.25E-01 Duplicate reaction

2 <=> II 6.64E+33 -7.60 54.9 1.06E-01 Duplicate reaction

2 <=> III 1.34E+36 -8.38 55.5 6.98E-02 Duplicate reaction

2 <=> IV 2.20E+48 -11.7 58.4 3.13E+00 Duplicate reaction

2 <=> 3 4.09E+54 -13.8 49.2 2.18E+02 Duplicate reaction

2 <=> III 4.74E+37 -8.35 52.2 1.69E+01 Duplicate reaction

2 <=> V 4.73E+46 -10.6 54.0 8.31E+02 Duplicate reaction

2 <=> II 2.07E+24 -4.47 48.7 1.77E+00 Duplicate reaction

2 <=> II 1.56E+42 -9.57 57.0 1.05E+01 Duplicate reaction

2 <=> III 3.85E+44 -10.4 57.7 7.05E+00 Duplicate reaction

2 <=> IV 1.01E+57 -13.7 60.7 3.37E+02 Duplicate reaction

2 <=> II 7.64E+36 -7.59 43.3 4.50E+04 Duplicate reaction

2 <=> III 2.27E+38 -8.15 42.8 3.69E+04 Duplicate reaction

2 <=> IV 1.06E+45 -9.92 39.3 4.85E+06 Duplicate reaction

2 <=> 3 1.63E+57 -14.6 50.2 2.09E+02 Duplicate reaction

2 <=> III 4.80E+40 -9.27 53.3 1.60E+01 Duplicate reaction

2 <=> V 4.36E+49 -11.6 55.1 7.92E+02 Duplicate reaction

3 <=> II 3.84E+28 -5.98 50.1 5.05E-01 Duplicate reaction

3 <=> II 3.52E+40 -9.16 53.8 2.00E+01 Duplicate reaction

3 <=> III 8.53E+42 -9.97 54.3 1.38E+01 Duplicate reaction

3 <=> IV 2.01E+55 -13.3 57.0 7.57E+02 Duplicate reaction

3 <=> II 9.43E+39 -9.02 53.5 1.72E+01 Duplicate reaction

3 <=> III 2.38E+42 -9.83 54.0 1.18E+01 Duplicate reaction

3 <=> IV 6.99E+54 -13.2 56.7 6.57E+02 Duplicate reaction

3 <=> III 6.32E+43 -9.79 44.6 4.84E+04 Duplicate reaction

3 <=> V 1.18E+49 -11.1 42.5 4.32E+06

Reactions
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Allyl Addition to 1,3-Butadiene  

Allyl addition to the terminal carbon in 1,3-butadiene introduces another factor that can 

promote the formation of MWG species. In this instance the initially-formed linear adduct is itself 

resonantly-stabilized, leading to a deeper well than in the case of allyl addition to ethylene. Figure 

6.15 shows the simplified C7H11 PES of allyl addition to 1,3-butadiene ((I) to (1)). The barrier for 

the addition is lower than that for addition to ethylene (7.5 kcal/mol versus 12.1 kcal/mol). Once 

the initial adduct is formed, it can isomerize to form a linear stabilized radical (2) or cyclize to 

form (10), (11), and (12). The resonantly stabilized (2) can readily isomerize into the cyclic radical 

(3) that can form 1,4-cyclohexadiene and methyl (II) via -scission. There are multiple exit 

channels that are lower in energy than the entrance barrier on this PES (indicated by the dotted 

line). Therefore, once the initial adduct is formed, isomerization, cyclization, and formation of a 

stable ring compounds via β-scissions are all energetically favored. Allyl addition to 1,3-butadiene 

can lead to the formation of five-, six- and seven-member ring species: cyclopentadiene (III), 

methyl-cyclopentadiene (IV), and 1,4-cyclohexadiene (II), 4-methylene-cyclohexene (VII), vinyl-

cyclopentene isomers (VIII and IX), and 1,4-cycloheptadiene (X). An interesting feature for the 

isomerization reactions involving an allylic radical is that the predicted barriers are higher than 

that of an alkyl or alkenyl radical by ~8-12 kcal/mol. One such comparison is the formation of a 

cyclic 5-member ring radical in Figure 12 (e.g., (1) to (11)) with a barrier of ~23 kcal/mol to the 

similar reaction forming a cyclic radical in Figure 7 (e.g., (1) to (5)) with an ~15 kcal/mol barrier. 

Figure 6.16 shows the predicted apparent rate constants for the product channels resulting 

from the addition of allyl to 1,3-butadiene at 1 atm. Formation of the initially-stabilized linear 

adduct (1) is dominant over the entire temperature range, with much lower production of other 

stabilized adducts ((2) and (4)). At higher temperatures, chemically-activated product channels, 
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first 1,4-cyclohexadiene and methyl (II), followed by 4-methylene-cyclohexene and H atom (VII) 

and vinyl-cyclopentene isomers and H atoms ((VIII) and (IX)), begin to contribute. The high 

pressure values that were used as input for the analysis of the rate constants for the various products 

of this reaction sequence over the temperature range of 300-2500 K and pressure at 1 atm are listed 

in Table 6.8. A comparison of the product predictions for allyl addition to butadiene versus 

ethylene reveals similar rate constants for the production of cyclic species, although for different 

reasons. The total rate constant is larger for addition to butadiene, reflecting the lower entrance 

channel barrier. But the branching ratio for cyclic formation is higher for addition to ethylene, such 

that the rate constant for cyclic formation is comparable for both systems. 

These predictions can be compared to the experiments of Nohara and Sakai,51 who studied 

the pyrolysis of diallyl oxalate in the presence of butadiene at 430-510 ºC under atmospheric 

pressure. Diallyl oxalate dissociates rapidly to form allyl and its reaction with butadiene produces 

cyclopentadiene, cyclohexadiene, benzene, and several unidentified C7 hydrocarbons, consistent 

with the above analysis. 

 

Figure 6.15 Simplified PES for the addition of allyl to 1,3-butadiene (C=CC• + C=CC=C) 
calculated at the CBS-QB3 level of theory, showing enthalpies in kcal/mol at 298 K. For 
simplicity only one resonant form is shown for (1), (2), (4), (5), (6), (7), and (8). 
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Figure 6.16 Predicted apparent rate constants for the product channels resulting from the 
addition of allyl to 1,3-butadiene (C=CC• + C=CC=C) at 1 atm in N2. (Lines with symbols are 
intermediate isomers and without symbols are bimolecular products. Product structures are 
shown in Figure 12: (1) C=CCCC•C=C, (2) CC=CCC=CC•, (3) 4-methyl-cyclohexene-5-yl, (4)  
CC=CC=CC•C, (12) 4-CH2•-cyclohexene,  (II) 1,4-cyclohexadiene + CH3, (IV) 3-methyl-
cyclopentadiene + CH3, (VII) 4-methylene-cyclohexene + H, (VIII) 3-vinyl-cyclopentene + H, 
and (IX) 4-vinyl-cyclopentene + H. ) 
 
Table 6.8 High Pressure Limit Rate Constants for Reactions Shown in the C7H11 PES in Figure 
6.15 (CBS-QB3 calculations). 

 

A (s
-1

 or 

cm
3
/mol-s)

Ea (kcal/mol)
k (1000K) (s

-1 

or cm
3
/mol-s)

A (s
-1

 or 

cm
3
/mol-s)

Ea (kcal/mol)
k (1000K) (s

-1 

or cm
3
/mol-s)

C=CC• + C=CC=C <=> 1 1.76E+12 11.06 6.71E+09 2.74E+13 28.11 1.95E+07

1 <=> 2 5.41E+11 24.01 3.03E+06 1.13E+12 26.40 1.91E+06

2 <=> 3 1.04E+11 21.25 2.34E+06 7.54E+13 28.46 4.51E+07

3 <=> III 5.44E+14 30.25 1.32E+08 1.32E+13 9.89 9.08E+10

2 <=> 4 1.77E+12 31.15 2.73E+05 1.41E+13 44.97 2.07E+03

4 <=> 5 1.78E+12 35.63 2.88E+04 5.08E+13 41.10 5.23E+04

5 <=> IV 1.95E+15 40.00 3.49E+06 1.52E+13 6.68 5.25E+11

1 <=> 6 3.77E+12 35.95 5.18E+04 1.34E+13 38.71 4.60E+04

6 <=> 7 5.25E+12 31.69 6.17E+05 1.38E+13 41.91 9.45E+03

7 <=> 8 2.33E+12 36.95 1.94E+04 5.64E+13 43.81 1.48E+04

8 <=> VII 3.02E+14 36.99 2.46E+06 2.15E+13 6.78 7.07E+11

6 <=> 9 1.33E+11 22.06 2.00E+06 5.49E+13 28.72 2.88E+07

9 <=> VIII 8.11E+13 34.83 1.96E+06 4.34E+13 3.12 9.04E+12

9 <=> IX 8.14E+13 34.79 2.01E+06 6.90E+13 3.28 1.32E+13

1 <=> 10 7.75E+09 23.17 6.65E+04 1.68E+13 27.12 1.98E+07

10 <=> II 2.44E+14 38.23 1.06E+06 8.00E+13 3.50 1.37E+13

1 <=> 11 4.94E+10 23.49 3.61E+05 1.92E+13 26.72 2.75E+07

11 <=> V 2.51E+14 36.80 2.25E+06 1.25E+14 3.42 2.23E+13

11 <=> VI 4.10E+14 36.60 4.07E+06 1.57E+14 2.90 3.65E+13

1 <=> 12 1.22E+11 20.32 4.39E+06 1.67E+14 32.59 1.25E+07

12 <=> I 1.72E+14 39.96 3.16E+05 2.06E+14 3.92 2.85E+13

Reactions

Forward Reverse
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6.4.3 Hydrogen Abstraction Reactions  

In general, hydrogen abstractions by allylic radicals from alkanes are slow since these 

reactions are endothermic by 8-15 kcal/mol. Rate rules have previously been generated by analysis 

of a series of electronic structure calculations for such reactions.52-54 In contrast, H-atom 

abstractions from olefins will often be close to thermoneutral if another resonantly-stabilized 

radical is formed. Recently, Sabbe et al.24 employed electronic structure calculations to investigate 

the influence of resonance stabilization on the kinetics of hydrogen abstraction reactions. Their 

analysis considered several such approximately thermoneutral reactions, but did not generate 

generic rate rules. In this study, CBS-QB3 calculations have been performed to investigate a series 

of H-atom abstraction reactions at the allylic position of a variety of alkenes and dienes by allyl 

and methyl radicals. In addition to being a basis for comparison, analysis of the abstractions by 

methyl serves two purposes: (1) Much more information is available on such abstractions, thus 

providing an important validation check, (2) H-atom abstraction from olefins by methyl may 

generate allylic radicals, so additional information about such systems provides greater confidence 

in the rate constant assignments for these reactions. Our results are used to derive rate rules that 

can be readily incorporated into kinetic mechanisms. 

The abstraction of an H-atom from an allylic site of an alkene or diene by a methyl radical 

is more exothermic than abstraction of an H-atom from an alkane, so it is not clear whether the 

extrapolation of the rate estimation rules developed for normal C-H groups to allylic C-H 

abstractions is appropriate. In this study, we address this issue by developing a complete set of rate 

rules that account for the effects of ring structure, nature of the allylic C-H site (primary, secondary, 

or tertiary), and extent of resonance stabilization (allylic versus more extended resonance). Table 

6.9 presents the results for a series of H-atom abstraction reactions by methyl. Note that the pre-



160 
 

exponential factors are normalized to reflect the number of degenerate hydrogen atoms at the 

abstraction site. In the modified Arrhenius fits, the value of n ~ 3 means that all of these abstraction 

reactions have very significant upward curvature on an Arrhenius plot. Thus, the use of the 

modified Arrhenius form is essential to properly describe the temperature dependence. 

Nevertheless, simple Arrhenius parameters were evaluated (using Ea = E + nRT and AH’ =k/Exp(-

Ea/RT)) at T = 1000 K to allow for a more straightforward comparison of the rate expressions. 

Inspection of these results reveals the following: (1) Within each subgroup, both the modified and 

simple forms of the Arrhenius expressions for each reaction are quite similar, as reflected in the 

standard deviations, with no apparent correlation to the structure of the olefin within the subset. 

Rate rules have been developed for each subset by averaging the individual rate constants within 

the subset at a given temperature and then fitting the data from 300 to 2500 K to a modified 

Arrhenius form. These rules can predict the individual rate constants to within a factor of 2 at 1000 

K for almost all of the reactions calculated. (2) In general, the more exothermic reactions have 

lower activation energies. (3) The pre-exponential factors (per H) for all of the subgroups are quite 

similar, within a factor of 3, with the higher values for the cyclic species. (4) The higher rate 

constants for formation of cyclic radicals, when compared to their linear counterparts with similar 

exothermicities, is due to the combination of a higher pre-exponential factor and a lower barrier. 

(5) Although reactions involving species with a conjugated double bond are more exothermic than 

those of simple alkenes, the rate constants at 1000 K are only slightly larger, with the lower barriers 

offset by lower pre-exponential factors.  

One complication that arises in application of the rate rules is due to small differences 

between the reaction enthalpies (~1.5 kcal/mol) and entropies (~1.5 cal/mol-K) obtained from the 

CBS-QB3 results and those derived from group additivity (e.g., using THERM55). This issue has  
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Table 6.9 Reaction Rate Constants for Abstraction by CH3 from Alkenes and Comparison 
between Individual TST Rate Constants and the Rate Estimation Rule. 

 

Note: a The units for AH, A’H, and k(TST,1000 K) are cm3/mol-s, and are kcal/mol for ΔRH(298), 
E and Ea; the A terms are normalized by the number of equivalent hydrogens.  b The k(rate rule) 
term has been calculated using the bold rate rule listed at the bottom of each subset. c Molecule 
structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to 
improve readability. For example, C=CC2 represents isobutene, C=CC• represents allyl. Other 
abbreviations:  CYC5H8—cyclopentene, CYC6H10—cyclohexene, MeCYC5H8—methyl-
cyclopentene, MeCYC6H10—methyl-cyclohexene, CHD13—1,3-cyclohexadiene, CHD14—1,4-
cyclohexadiene, CY13PD—1,3-cyclopentadiene, MeCY13PD—methy-1,3-cyclopentadiene.  

n H AH n E A'H Ea 500 K 1000 K 1500 K

trans-CC=CC + CH3 ⇄ trans-CC=CC• + CH4 6 26.0 3.24 7.01 3.52E+12 13.4 -18.7 4.05E+09 1.18 1.03 0.97

cis-CC=CC + CH3 ⇄ cis-CC=CC• + CH4 6 11.7 3.31 6.66 2.63E+12 13.2 -19.9 3.38E+09 1.23 1.24 1.20

CC=CCC + CH3 ⇄ CCC=CC• + CH4 3 26.3 3.24 7.03 3.38E+12 13.5 -18.7 3.87E+09 1.24 1.08 1.02

C=CC + CH3 ⇄ C=CC• + CH4 3 18.4 3.27 7.15 3.04E+12 13.6 -18.2 3.17E+09 1.65 1.32 1.19

C=C(C)CC + CH3 ⇄ C=C(C•)CC + CH4 3 64.3 3.13 7.32 3.68E+12 13.5 -17.1 4.03E+09 1.29 1.04 0.97

C=CC2 + CH3 ⇄ C=CC2• + CH4 6 29.7 3.22 7.04 3.31E+12 13.4 -17.0 3.85E+09 1.23 1.09 1.03

CC=CC2 + CH3 ⇄ trans-CC=CC2• + CH4 3 28.6 3.23 6.91 3.36E+12 13.3 -18.3 4.13E+09 1.08 1.01 0.97

CC=CC2 + CH3 ⇄ cis-CC=CC2• + CH4 3 11.9 3.34 6.52 3.59E+12 13.2 -18.3 4.77E+09 0.83 0.88 0.86

CC=CC2 + CH3 ⇄ C•C=CC2 + CH4 3 16.9 3.30 6.48 3.49E+12 13.0 -20.0 4.97E+09 0.77 0.84 0.85

Rate rule 20.0 3.26 6.67 3.33E+12 13.4 4.03E+09

Standard deviation 3.22E+11 0.20 5.76E+08

K eq 1.83E-02 0.33 -19.9

C=CCCC=C + CH3 ⇄ C=CC•CC=C + CH4 4 23.0 3.22 5.48 5.01E+12 11.9 -20.8 1.28E+10 1.05 0.94 0.87

CC=CCC + CH3 ⇄ CC=CC•C + CH4 2 120.0 3.09 5.73 4.69E+12 11.9 -21.6 1.20E+10 1.16 1.01 0.94

C=CCC + CH3 ⇄ C=CC•C + CH4 2 80.50 3.12 5.82 4.26E+12 12.0 -21.4 1.01E+10 1.50 1.20 1.09

C=CCCC + CH3 ⇄ C=CC•CC + CH4 2 84.70 3.12 5.78 4.21E+12 12.0 -21.2 1.02E+10 1.44 1.18 1.08

C=C(C)CC + CH3 ⇄ C=C(C)C•C + CH4 2 275.00 3.08 6.18 4.99E+12 12.3 -19.6 1.03E+10 1.70 1.17 1.02

Rate rule 90.3 3.10 5.37 4.63E+12 12.0 1.11E+10

Standard deviation 3.83E+11 0.17 1.25E+09

K eq 9.53E-02 0.00 -23.3

C=CCC2 + CH3 ⇄ C=CC•C2 + CH4 1 333.0 2.92 4.37 3.38E+12 10.2 -23.4 2.04E+10 0.71 0.83 0.83

C=CC(C)CC + CH3 ⇄ C=CC•(C)CC + CH4 1 1110.0 2.73 4.91 2.61E+12 10.3 -22.9 1.44E+10 1.15 1.17 1.17

Rate rule 6.30E+02 2.82 4.72 3.00E+12 10.2 1.74E+10

Standard deviation 5.48E+11 0.12 4.24E+09

K eq 0.86 -0.24 -23.9

CYC5H8 + CH3 ⇄ CYPE3• + CH4 4 429.5 2.95 5.32 5.95E+12 11.2 -21.6 2.13E+10 0.99 0.95 0.92

CYC6H10 + CH3 ⇄ CYC6H9A + CH4 4 427.5 2.93 5.24 4.90E+12 11.1 -21.8 1.88E+10 1.06 1.08 1.07

Rate rule 4.21E+02 2.94 5.21 5.43E+12 11.1 2.01E+10

Standard deviation 7.37E+11 0.10 1.77E+09

K eq 3.16 -0.24 -21.6

MeCYC5H8 + CH3 ⇄ MeCYPE3• + CH4 1 945.0 2.84 4.01 5.14E+12 9.64 -23.9 4.02E+10 1.22 1.16 1.12

MeCYC6H10 + CH3 ⇄ MeCYC6H9A + CH4 1 890.0 2.86 3.72 5.83E+12 9.39 -24.0 5.16E+10 0.84 0.90 0.91

Rate rule 9.04E+02 2.85 3.83 5.49E+12 9.52 4.59E+10

Standard deviation 4.89E+11 0.17 8.06E+09

K eq 3.91 -0.23 -24.2

C=CCC=C + CH3 ⇄ C=CC•C=C + CH4 2 21.0 3.21 3.77 2.20E+12 10.1 -31.7 1.34E+10

C=CC=CC + CH3 ⇄ C=CC=CC• + CH4 3 299.7 2.84 5.77 1.65E+12 11.4 -24.4 5.30E+09 0.69 0.89 1.01

C=CC(C)=CC + CH3 ⇄ CH4+C=CC(C)=CC• + CH4 3 10.5 3.31 5.63 2.37E+12 12.2 -23.8 5.12E+09 0.94 0.92 0.86

C=CC=CC2 + CH3 ⇄ C=CC=CC2• + CH4 6 8.32 3.29 5.46 1.62E+12 12.0 -24.2 3.88E+09 1.11 1.21 1.18

Rate rule 29.7 3.15 5.72 1.88E+12 11.9 4.77E+09

Standard deviation 4.24E+11 0.41 7.70E+08

K eq 3.86E-02 0.17 -24.8

CHD14 + CH3 ⇄ CYC6H7 + CH4 4 667.5 2.90 3.45 5.90E+12 9.20 -31.1 5.75E+10 0.60 0.75 0.80

CHD13 + CH3 ⇄ CYC6H7 + CH4 4 570.0 2.91 4.67 5.64E+12 10.5 -31.0 2.93E+10 2.18 1.48 1.27

MeCY13PD + CH3 ⇄ MeCY13PD5• + CH4 1 1500.0 2.80 3.38 5.94E+12 8.93 -27.2 6.62E+10 0.47 0.66 0.74

CY13PD + CH3 ⇄ CY13PD5• + CH4 2 590.0 2.90 5.06 5.46E+12 10.8 -22.7 2.35E+10 3.30 1.85 1.49

Rate rule 7.05E+02 2.88 3.89 5.73E+12 9.85 4.41E+10

Standard deviation 2.25E+11 0.93 2.09E+10

K eq 0.65 -0.05 -30.6

Benzene + CH3 ⇄ Phenyl + CH4 6 1.52E+03 2.93 15.92 1.68E+13 21.73 10.0 2.98E+08

K eq 29.8 -0.34 10.1

Toulene + CH3 ⇄ Benzyl + CH4 3 6.07 3.42 8.66 3.39E+12 15.46 -14.5 1.42E+09

K eq 8.48E-03 0.33 -14.9

Aromatics

Secondary 

(Cyclics)

Tertiary 

(Cyclics)

Extended 

resonance

Extended 

resonance 

(Cyclics)

k (rate rule)
b

/k (TST)

Primary

Arrhenius parameters
a

ΔRH298K 

(kcal/mol)

k (TST, 

1000K)/#n H
a 

Secondary

Tertiary

Category Reactions
Modified Arrhenius parameters

a
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Table 6.10 Rate Constants for Abstraction by Resonant Radicals from CH4 and Comparison 
between TST Rate Constants and the Rate Estimation Rules. 

 

Note: a The units for AH, A’H, and k(TST,1000 K) are cm3/mol-s, and are kcal/mol for ΔRH(298), 
E and Ea; b The rate constant k(rate rule) has been calculated using the bold estimate rate rule 
listed at the bottom of the each subset. The rows of estimate rate rule list refitted parameters with 
the averaged values of rate constants of each group in the temperature range of 300 - 2500 K. 
Molecule structures are presented in abbreviated form as these in Table 1 in the text, with 
CYC5H8—cyclopentene, CYC6H10—cyclohexene, MeCYC5H8—methyl-cyclopentene, 
MeCYC6H10—methyl-cyclohexene, CHD13—1,3-cyclohexadiene, CHD14—1,4-
cyclohexadiene, CY13PD—1,3-cyclopentadiene, MeCY13PD—methy-1,3-cyclopentadiene. 
 
been recognized previously.1 Thus, the use of the rate rules developed in conjunction with 

equilibrium constants that are derived from group additivity would yield incorrect values for the 

n H AH n E A'H Ea 500 K 1000 K 1500 K

trans-CC=CC• + CH4 ⇄ trans-CC=CC + CH3 6 82.5 3.19 26.1 1.27E+12 32.4 18.2 6.32E+05 1.57 1.67 1.61

cis-CC=CC• + CH4 ⇄ cis-CC=CC + CH3 6 181.7 3.04 26.9 8.14E+11 32.9 19.9 3.18E+05 4.08 3.31 2.99

CCC=CC• + CH4 ⇄ CC=CCC + CH3 3 188.0 3.18 26.0 5.18E+12 32.3 18.7 1.34E+06 0.71 0.79 0.77

C=CC• + CH4 ⇄ C=CC + CH3 3 626.7 3.10 25.7 9.03E+12 31.9 18.2 2.96E+06 0.26 0.36 0.38

C=C(C•)CC + CH4 ⇄ C=C(C)CC + CH3 3 436.7 3.13 24.7 8.17E+12 30.9 17.1 4.30E+06 0.11 0.25 0.30

C=CC2• + CH4 ⇄ C=CC2 + CH3 6 106.7 3.24 24.4 2.27E+12 30.8 17.0 2.53E+06 0.17 0.42 0.52

trans-CC=CC2• + CH4 ⇄ CC=CC2 + CH3 3 185.7 3.16 25.5 4.37E+12 31.8 18.3 1.47E+06 0.50 0.72 0.76

cis-CC=CC2• + CH4 ⇄ CC=CC2 + CH3 3 50.5 3.32 25.2 4.28E+12 31.8 18.3 7.37E+05 0.93 1.43 1.53

C•C=CC2 + CH4 ⇄ CC=CC2 + CH3 3 119.7 3.22 26.8 4.35E+12 33.2 20.0 7.30E+05 2.00 1.44 1.21

Average 4.42E+12 32.0 1.67E+06

Standard deviation 2.82E+12 0.80 1.33E+06

C=CC•CC=C + CH4 ⇄ C=CCCC=C + CH3 4 75.3 3.30 26.5 2.19E+17 33.1 20.8 1.28E+10 0.46 1.12 1.43

CC=CC•C + CH4 ⇄ CC=CCC + CH3 2 202.5 3.31 27.6 3.45E+17 34.1 21.6 1.20E+10 0.45 0.64 0.69

C=CC•C + CH4 ⇄ C=CCC + CH3 2 402.5 3.20 27.5 2.49E+17 33.8 21.4 1.01E+10 0.42 0.67 0.76

C=CC•CC + CH4 ⇄ C=CCCC + CH3 2 133.5 3.24 27.2 2.25E+17 33.6 21.1 1.02E+10 0.70 1.28 1.51

C=C(C)C•C + CH4 ⇄ C=C(C)CC + CH3 2 77.5 3.42 26.0 1.50E+17 32.8 19.6 1.03E+10 0.86 1.32 1.45

Average 2.38E+17 33.5 1.11E+10

Standard deviation 7.03E+16 0.55 1.25E+09

C=CC•C2 + CH4 ⇄ C=CCC2 + CH3 1 58.4 3.40 28.0 7.90E+17 34.7 23.4 2.04E+10 0.83 0.88 0.84

C=CC•(C)CC + CH4 ⇄ C=CC(C)CC + CH3 1 92.7 3.30 28.2 5.82E+17 34.8 22.9 1.44E+10 1.27 1.21 1.13

Average 6.86E+17 34.8 1.74E+10

Standard deviation 1.47E+17 0.06

CYPE3• + CH4 ⇄ CYC5H8 + CH3 4 232.3 3.11 26.9 3.69E+17 33.1 21.6 2.13E+10 1.00 1.00 1.00

CYC6H9A + CH4 ⇄ CYC6H10 + CH3 4 225.5 3.12 27.1 3.51E+17 33.3 21.8 1.88E+10 1.10 1.02 0.99

Average 3.60E+17 33.2 2.01E+10

Standard deviation 1.26E+16 0.11

MeCYPE3• + CH4 ⇄ MeCYC5H8 + CH3 1 37.9 3.29 27.8 1.25E+18 34.3 23.8 4.02E+10 1.30 1.26 1.19

MeCYC6H9A + CH4 ⇄ MeCYC6H10 + CH3 1 43.4 3.31 27.6 1.54E+18 34.2 24.0 5.16E+10 0.85 0.87 0.84

Average 1.40E+18 34.2 4.59E+10

Standard deviation 2.08E+17 0.05

C=CC•C=C + CH4 ⇄ C=CCC=C + CH3 2 2.51E+04 2.84 36.1 1.77E+19 41.7 31.7 1.34E+10

C=CC=CC• + CH4 ⇄ C=CC=CC + CH3 3 513.3 3.14 30.5 5.57E+17 36.7 24.5 5.30E+09 0.57 0.51 0.47

C=CC(C)=CC• + CH4 ⇄ C=CC(C)=CC + CH3 3 136.3 3.30 29.8 4.48E+17 36.3 23.8 5.12E+09 0.39 0.43 0.41

C=CC=CC2• + CH4 ⇄ C=CC=CC2 + CH3 6 59.0 3.22 30.0 3.49E+17 36.4 24.3 3.88E+09 1.72 1.87 1.79

Average 4.76E+18 37.8 6.91E+09

Standard deviation 8.61E+18 2.63 4.34E+09

CYC6H7 + CH4 ⇄ CHD14 + CH3 4 272.5 3.11 34.6 4.66E+19 40.8 31.1 5.75E+10 1.40 1.18 1.07

CYC6H7 + CH4 ⇄ CHD13 + CH3 4 277.5 3.15 35.7 4.36E+19 42.0 31.0 2.93E+10 3.48 1.61 1.18

MeCY13PD5• + CH4 ⇄ MeCY13PD + CH3 1 26.8 3.36 30.5 8.65E+18 37.1 27.2 6.62E+10 0.05 0.26 0.42

CY13PD5• + CH4 ⇄ CY13PD + CH3 2 32.5 3.05 27.7 5.50E+17 33.7 22.7 2.35E+10 0.02 0.48 1.41

Average 2.49E+19 38.4 4.41E+10

Standard deviation 2.37E+19 3.73 2.09E+10

Phenyl + CH3 ⇄ Benzene + CH4 6 63.7 3.24 5.97 1.54E+11 12.4 -10.1 2.98E+08

Benzyl + CH3 ⇄ Toulene + CH4 3 723.3 3.09 23.5 4.28E+15 29.6 14.5 1.42E+09

ΔR H
298K 

(kcal/mol)

Primary

Category Reactions
Modified Arrhenius parameters

a
Arrhenius parameters

a k (TST, 

1000K)/#n H
a 

k (rate rule)
b

/k (TST)

Aromatics

Secondary

Tertiary

Secondary 

(Cyclics)

Tertiary 

(Cyclics)

Extended 

resonance

Extended 

resonance 

(Cyclics)
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reverse rate constants. To address this issue, we include in Table 6.9 the average equilibrium 

constant for each subset that is obtained from the ratio of forward and reverse CBS-QB3 rate 

constants. These fits should be used to obtain the rate rule for the reverse rate constants for each 

subset. A table listing the reverse rate constants for the reactions in Table 6.9 is included in Table 

6.10.  

 

Figure 6.17 Comparison of literature rate constants for the H-abstraction of propene by methyl 
to that calculated in this study. 
 

Several groups have investigated the H-atom abstraction reaction of propene by methyl. 

Baldwin et al.56 measured the rate constant at 480 ºC. Miyoshi and Brinton57 and Cvetanović and 

Irwin58 measured rate constants over the range 100-170 ºC and 80-180 ºC, respectively. Kinsman 

and Roscoe59 measured rate constants during the photolysis of mixtures of acetone and propene 

from 300 to 580 K. Reviews by Warnatz60 and Tsang42 recommended rate parameters over the 

temperature range of 300-2500 K. Hidaka et al.61 estimated a rate constants for modeling propene 

pyrolysis in shock tube experiments over the range 1200-1800 K. Sabbe et al.24 performed ab initio 
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calculations for this reaction. Figure 6.17 compares these values with the results of this study. The 

agreement of the present calculations with the earlier work is encouraging. 

Table 6.11 Comparison of Rate Constants for H-Abstraction Reactions by Methyl and Allyl. 

 

Note: a Parameters fitted over temperature range 300-2500 K; Units for A, A' and k(1000K) are 
cm3/mol-s, for E and Ea kcal/mol; b CY13PD and CY13PD5• are cyclopentadiene (C5H6) and 
cyclopentadienyl (C5H5). 
 

H-atom abstraction reactions of olefins by allylic radicals are predicted to be significantly 

slower than those by alkyl radicals. Table 6.11 compares the results for H-atom abstractions by 

allyl to those by methyl. The rate constants are shown in both modified and normal Arrhenius 

forms. The large values of n again signifies substantial upward curvature on an Arrhenius plot; 

thus the modified Arrhenius fits should be used in modeling studies. The normalized pre-

exponential factors for H-atom abstraction by allyl are comparable to those by methyl; however, 

the activation energies are ∼8 kcal/mol higher, leading to significantly smaller rate constants. It is 

interesting to note that this increase in activation energy is similar to that observed above for 

isomerization of allylic versus alkyl radicals.  

A n E A' Ea

C=CC + CH3 ⇄ C=CC• + CH4 54.4 3.27 7.15 9.12E+12 13.7 9.59E+09 -19.49

C=CC + C=CC• ⇄ C=CC• + C=CC 12.6 3.62 16.0 3.36E+13 23.2 2.91E+08 0.00 3.0E-02 3.68 9.52

C=CCC + CH3 ⇄ C=CC•C + CH4 161 3.12 5.82 8.52E+12 12.0 1.97E+10 -22.68

C=CCC + C=CC• ⇄ C=CC•C + C=CC 13.9 3.45 13.5 9.90E+12 20.3 3.49E+08 -3.19 1.8E-02 1.16 8.32

CC=CC + CH3 ⇄ CC=CC• + CH4 154.0 3.24 7.01 2.11E+13 13.5 2.37E+10 -19.98

CC=CC + C=CC• ⇄ CC=CC• + C=CC 29.5 3.52 14.8 3.63E+13 21.8 6.16E+08 -0.43 2.6E-02 1.72 8.36

C=C(C)C + CH3 ⇄ C=C(C)C• + CH4 176.0 3.22 7.04 1.99E+13 13.4 2.33E+10 -18.27

C=C(C)C + C=CC• ⇄ C=C(C)C• + C=CC 56.6 3.51 15.4 6.54E+13 22.4 8.31E+08 1.22 3.6E-02 3.29 8.92

CY13PD + CH3 ⇄ CY13PD5• + CH4 
b 1180 2.90 5.06 1.09E+13 10.8 4.63E+10 -23.95

CY13PD + C=CC• ⇄ CY13PD5• + C=CC 
b 191 3.14 11.5 1.20E+13 17.8 1.53E+09 -4.46 3.3E-02 1.10 6.92

C=CC(C)C + CH3 ⇄ C=CC•(C)C + CH4 333 2.92 4.37 3.38E+12 10.2 2.12E+10 -24.67

C=CC(C)C + C=CC• ⇄ C=CC•(C)C + C=CC 53.7 3.22 11.2 6.16E+12 17.6 8.68E+08 -5.18 4.1E-02 1.82 7.47

CC=CCC + CH3 ⇄ CC=CC•C + CH4 240 3.09 5.73 9.38E+12 11.9 2.50E+10 -22.82

CC=CCC + C=CC• ⇄ CC=CC•C + C=CC 17 3.41 13.2 8.42E+12 20.0 3.75E+08 -3.33 1.5E-02 0.90 8.10

CC=CCC + CH3 ⇄ CCC=CC• + CH4 77.9 3.24 7.03 1.01E+13 13.5 1.19E+10 -19.92

CC=CCC + C=CC• ⇄ CCC=CC• + C=CC 8.7 3.57 14.7 1.60E+13 21.8 2.71E+08 -0.43 2.3E-02 1.59 8.34

C=CC=CC + CH3 ⇄ C=CC=CC• + CH4 899.0 2.84 5.77 4.95E+12 11.4 1.63E+10 -25.69

C=CC=CC + C=CC• ⇄ C=CC=CC• + C=CC 3.51 3.62 12.9 9.09E+12 20.1 3.82E+08 -6.28 2.3E-02 1.84 8.68

Average 0.027 1.90 8.29

STDEV 0.008 0.97 0.76

Ea(C=CC•) - 

Ea(CH3)

Modified Arrhenius parametersa Arrhenius parametersa

Reaction k (1000K)a k (C=CC•)/k (CH3) 

(1000 K)

A'(C=CC•)/

A'(CH3)

ΔR H
298 

(kcal/mol)
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An analysis of a large series of H-atom abstraction by allyl reactions from the allylic sites 

of a variety of olefins (shown in Table 6.12) suggests that it is possible to develop a series of rate 

rules for these subsets as well. Again the average CBS-QB3 derived equilibrium constant for each 

subset is provided. The corresponding reverse rate constants are provided in Table 6.13. 

Table 6.12 Reaction Rate Constants for Abstraction by Allyl from Alkenes and Comparison 
between TST Rate Constants and the Rate Estimation Rule. 

 

Note: a The units for AH, A’H, and k(TST,1000 K) are cm3/mol-s, and are kcal/mol for ΔRH(298), 
E and Ea; the A terms are normalized by the number of equivalent hydrogens. b The k(rate rule) 
term has been calculated using the bold rate rule listed at the bottom of each subset. c Molecule 
structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to 
improve readability. Molecule structures are presented in abbreviated form as these in Table 1. 

n H AH n E A'H Ea 500 K 1000 K 1500 K

C=C(C)C + C=CC• ⇄ C=C(C)C• + C=CC 6 4.72 3.51 15.4 5.45E+12 22.4 1.22 7.05E+07 2.27 1.61 1.39

C=CC + C=CC• ⇄ C=CC• + C=CC 3 4.20 3.62 16.0 1.12E+13 23.2 0 9.57E+07 2.47 1.19 0.89

trans-CC=CC + trans-CC=CC• ⇄ CC=CC• + CC=CC 6 2.25 3.63 15.3 6.54E+12 22.5 0 7.97E+07 2.08 1.42 1.19

CC=C(C)C + C=CC• ⇄ trans-CC=C(C)C• + C=CC 3 1.93 3.60 14.0 4.50E+12 21.1 -0.05 1.08E+08 0.79 1.05 1.11

CCC=CC + C=CC• ⇄ CCC=CC• + C=CC 3 3.38 3.57 14.7 6.28E+12 21.8 -0.43 1.08E+08 0.79 1.05 1.11

trans-CC=CC + C=CC• ⇄ trans-CC=CC• + C=CC 6 4.92 3.52 14.8 6.05E+12 21.8 -0.49 1.03E+08 1.18 1.10 1.05

CC=C(C)C + C=CC• ⇄ C•C=C(C)C + C=CC 3 1.70 3.62 13.9 4.47E+12 21.1 -1.76 1.07E+08 0.79 1.06 1.12

Rate Rule 8.04 3.46 14.8 6.35E+12 22.0 9.58E+07

Standard deviation 2.28E+12 0.74 1.50E+07

K eq 1.47 0.03 -1.05

C=CCCC=C + C=CC• ⇄ C=CC•CC=C + C=CC 4 1.81 3.60 13.3 4.19E+12 20.4 -2.60 1.44E+08 1.38 1.16 1.04

C=CCC + CC=CC• ⇄ C=CC•C + CC=CC 2 3.40 3.51 13.6 3.99E+12 20.5 -2.70 1.28E+08 1.72 1.31 1.15

C=CCCC + C=CC• ⇄ C=CC•CC + C=CC 2 2.62 3.48 13.1 3.54E+12 20.0 -2.92 1.50E+08 1.10 1.12 1.09

C=CCC + C=CC• ⇄ C=CC•C + C=CC 2 6.95 3.45 13.5 4.95E+12 20.3 -3.21 1.77E+08 1.13 0.95 0.87

CC=CCC + C=CC• ⇄ CC=CC•C + C=CC 2 8.50 3.41 13.2 4.21E+12 20.0 -3.33 1.82E+08 0.91 0.92 0.90

Rate Rule 12.0 3.35 13.3 4.17E+12 20.3 1.56E+08

Standard deviation 5.13E+11 0.26 2.26E+07

K eq 0.62 0.04 -3.40

C=CC(C)CC + C=CC• ⇄ C=CC•(C)CC + C=CC 1 109.6 3.08 11.5 4.17E+12 17.6 -4.64 5.82E+08 1.38 1.29 1.24

C=CC(C)C + C=CC• ⇄ C=CC(C)C• + C=CC  1 53.7 3.22 11.2 6.16E+12 17.6 -5.18 8.69E+08 0.88 0.87 0.82

Estimate Rate Rule 1.31E+02 3.08 11.3 5.17E+12 17.6 7.26E+08

K eq 21.3 -0.37 -5.43

CYC5H8 + C=CC• ⇄ CYPE3• + C=CC 4 33.3 3.26 12.8 5.11E+12 19.3 -3.39 3.10E+08 1.45 1.10 0.97

CYC6H10 + C=CC• ⇄ CYC6H9• + C=CC 4 32.0 3.24 12.5 4.27E+12 18.9 -3.61 3.08E+08 1.23 1.11 1.03

Rate Rule 80.2 3.12 12.5 4.69E+12 19.1 3.09E+08

K eq 16.2 -0.17 -3.44

MeCYC5H8 + C=CC• ⇄ MeCYPE3• + C=CC 1 96.8 3.10 10.7 4.12E+12 16.8 -5.62 8.56E+08 1.51 1.21 1.10

MeCYC6H10 + C=CC• ⇄ MeCYC6H9• + C=CC 1 74.9 3.12 10.2 3.87E+12 16.4 -5.79 1.01E+09 1.01 1.03 1.00

Rate Rule 1.81E+02 3.01 10.4 4.00E+12 16.6 9.33E+08

K eq 3.18E+02 -0.51 -5.4

C=CCC=C + C=CC• ⇄ C=CC•C=C + C=CC 2 0.12 3.78 9.33 1.14E+12 16.8 -13.5 2.38E+08

C=CC=C(C)C + C=CC• ⇄ C=CC=C(C)C• + C=CC 6 1.54 3.56 12.9 2.53E+12 19.9 -6.03 1.11E+08 1.54 1.25 1.12

C=CC=CC + C=CC• ⇄ C=CC=CC• + C=CC 3 1.17 3.62 12.9 3.03E+12 20.1 -6.28 1.23E+08 1.50 1.13 0.99

C=CC(C)=CC + C=CC• ⇄ C=CC(C)=CC• + C=CC 3 0.65 3.64 11.9 2.06E+12 19.1 -7.41 1.38E+08 0.79 1.00 1.03

Rate Rule 2.00 3.52 12.4 2.54E+12 19.7 1.24E+08

Standard deviation 4.87E+11 0.54 1.37E+07

K eq 2.34 -0.13 -6.50

CY13PD + C=CC• ⇄ CY13PD5• + C=CC 2 95.5 3.14 11.5 5.98E+12 17.7 -4.46 7.85E+08 5.71 1.91 1.30

MeCY13PD + C=CC• ⇄ MeCY13PD5• + C=CC 1 301.0 2.97 9.16 4.60E+12 15.1 -9.01 2.35E+09 0.51 0.64 0.70

CHD13 + C=CC• ⇄ CYC6H7• + C=CC 4 47.0 3.18 9.86 3.86E+12 16.2 -12.8 1.13E+09 1.77 1.33 1.18

CHD14 + C=CC• ⇄ CYC6H7• + C=CC 4 97.3 3.12 9.48 5.18E+12 15.7 -12.9 1.92E+09 0.82 0.78 0.75

Rate Rule 1.00E+02 3.08 9.45 4.90E+12 16.2 1.55E+09

Standard deviation 8.95E+11 1.15 7.18E+08

K eq 1.30E+02 -0.44 -11.7
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Table 6.13 Reaction Rate Constants for Abstraction by Resonant Radicals from Propene and 
Comparison between TST Rate Constants and the Rate Estimation Rules. 

 

Note: a The units for AH, A’H, and k(TST,1000 K) are cm3/mol-s, and ΔRH(298), E and Ea are 
kcal/mol; b The rate constant k(rate rule) has been calculated using the values of estimate rate 
rule listed at the bottom of the table. The rows of estimate rate rule list refitted parameters with 
the averaged values of rate constants of each group in the temperature range of 300 - 2500 K. 
The ratio uses the original k(TST) value. Molecule structures are presented in abbreviated form 
as these in Table 1 in the text, with CYC5H8—cyclopentene, CYC6H10—cyclohexene, 
MeCYC5H8—methyl-cyclopentene, MeCYC6H10—methyl-cyclohexene, CHD13—1,3-
cyclohexadiene, CHD14—1,4-cyclohexadiene, CY13PD—1,3-cyclopentadiene, MeCY13PD—
methy-1,3- cyclopentadiene. 
 

There are several studies that have considered abstraction by resonantly-stabilized radicals. 

Glaude et al.62 and Dente et al.63 estimated rate rules. The Livermore mechanism64 describing iso-

octane oxidation and ignition estimate the rate constants by analogy to normal H-abstractions, with 

Ea ∼12 kcal/mol for a thermoneutral reaction and a decreased pre-exponential factor. Recently, 

n H AH n E A'H Ea 500 K 1000 K 1500 K

C=C(C)C• + C=CC ⇄ C=C(C)C + C=CC• 6 0.99 3.70 14.2 5.05E+12 21.5 -1.21 9.93E+07 0.21 0.39 0.45

C=CC• + C=CC ⇄ C=CC + C=CC• 3 4.20 3.62 16.0 1.12E+13 23.2 0 9.57E+07 0.50 0.40 0.35

CC=CC• + CC=CC ⇄ CC=CC + CC=CC• 6 2.25 3.63 15.3 6.54E+12 22.5 0 7.97E+07 0.42 0.48 0.48

trans-CC=C(C)C• + C=CC ⇄ CC=C(C)C + C=CC• 3 0.73 3.71 14.0 3.94E+12 21.4 0.05 8.20E+07 0.24 0.47 0.55

CCC=CC• + C=CC ⇄ CCC=CC + C=CC• 3 0.20 3.69 15.1 9.29E+11 22.5 0.43 1.14E+07 2.88 3.37 3.38

trans-CC=CC• + C=CC ⇄ trans-CC=CC + C=CC• 6 0.46 3.64 15.3 1.47E+12 22.6 0.49 1.72E+07 2.03 2.24 2.18

C•C=C(C)C + C=CC ⇄ CC=C(C)C + C=CC• 3 0.71 3.71 15.7 3.79E+12 23.1 1.76 3.40E+07 1.33 1.13 1.01

Average (restricted fits) 4.70E+12 22.4 5.99E+07

Standard deviation 3.45E+12 0.69 3.78E+07

C=CC•CC=C + C=CC ⇄ C=CCCC=C + C=CC• 4 0.17 3.85 15.8 2.93E+12 23.4 2.60 2.21E+07 0.83 0.88 0.81

C=CC•C + CC=CC ⇄ C=CCC + CC=CC 2 2.59 3.64 16.2 1.62E+13 23.4 2.70 1.23E+08 0.31 0.32 0.30

C=CC•CC + C=CC ⇄ C=CCCC + C=CC• 2 0.12 3.77 15.9 3.29E+12 23.4 2.92 2.51E+07 1.46 1.56 1.45

C=CC•C + C=CC ⇄ C=CCC + C=CC• 2 0.98 3.70 16.6 4.91E+12 24.0 3.21 2.84E+07 1.76 1.38 1.16

CC=CC•C + C=CC ⇄ CC=CCC + C=CC• 2 0.84 3.80 16.5 9.24E+12 24.0 3.33 5.20E+07 0.97 0.75 0.63

Average (restricted fits) 7.32E+12 23.6 5.01E+07

Standard deviation 5.58E+12 0.31 4.24E+07

C=CC•(C)CC + C=CC ⇄ C=CC(C)CC + C=CC• 1 0.27 3.83 16.3 3.72E+12 23.9 4.64 2.24E+07 1.49 1.36 1.23

C=CC(C)C• + C=CC ⇄ C=CC(C)C + C=CC•  1 0.27 3.87 16.3 5.55E+12 24.0 5.18 3.21E+07 1.01 0.95 0.85

Average (restricted fits) 4.64E+12 23.9 2.73E+07

CYPE3• + C=CC ⇄ CYC5H8 + C=CC• 4 0.52 3.59 15.9 1.07E+12 23.0 3.39 1.00E+07 1.46 1.24 1.10

CYC6H9A + C=CC ⇄ CYC6H10 + C=CC• 4 0.49 3.60 15.8 1.15E+12 22.9 3.61 1.11E+07 1.29 1.12 1.00

Average (restricted fits) 1.11E+12 23.0 1.06E+07

MeCYPE3• + C=CC ⇄ MeCYC5H8 + C=CC• 1 0.11 3.72 15.9 6.65E+11 23.3 5.62 5.44E+06 1.52 1.28 1.15

MeCYC6H9A + C=CC ⇄ MeCYC6H10 + C=CC• 1 74.9 3.12 10.2 2.77E+10 16.4 5.79 7.23E+06 0.98 0.96 0.91

Average (restricted fits) 3.46E+11 19.8 6.34E+06

C=CC•C=C + C=CC ⇄ C=CCC=C + C=CC• 2 3.63 3.60 23.1 8.46E+12 30.3 13.5 2.03E+06

C=CC=C(C)C• + C=CC ⇄ C=CC=C(C)C + C=CC• 6 0.32 3.66 18.8 1.21E+12 26.1 6.03 2.37E+06 2.16 2.30 2.26

C=CC=CC• + C=CC ⇄ C=CC=CC + C=CC• 3 0.06 4.08 19.1 6.12E+12 27.2 6.28 7.05E+06 1.13 0.77 0.61

C=CC(C)=CC• + C=CC ⇄ C=CC(C)=CC + C=CC• 3 0.11 4.10 19.2 1.32E+13 27.4 7.41 1.38E+07 0.64 0.39 0.30

Average (restricted fits) 6.86E+12 26.9 7.74E+06

Standard deviation 6.05E+12 0.67 5.75E+06

CY13PD5• + C=CC ⇄ CY13PD + C=CC 2 0.2 3.46 15.6 1.15E+11 22.4 4.46 1.44E+06 0.03 0.47 1.22

MeCY13PD5• + C=CC ⇄ MeCY13PD + C=CC• 1 0.2 3.71 17.7 8.34E+11 25.0 9.01 2.80E+06 0.05 0.24 0.40

CYC6H7• + C=CC ⇄ CHD13 + C=CC• 4 0.3 3.58 22.3 6.78E+11 29.5 12.8 2.45E+05 5.33 2.78 2.18

CYC6H7• + C=CC ⇄ CHD14 + C=CC• 4 1.2 3.51 22.1 1.29E+12 29.0 12.9 5.80E+05 1.84 1.18 1.00

Average (restricted fits) 7.28E+11 26.5 1.27E+06

Standard deviation 4.84E+11 3.36 1.14E+06

Primary

Category Reactions
Modified Arrhenius parameters

a
Arrhenius parameters

a
ΔRH

(298K) 

(kcal/mol)

Extended 

resonance 

(cyclics)

k (TST, 

1000K)/n H
a

k (rate rule)
b
/k (TST)

Secondary

Tertiary

Secondary 

(Cyclics)

Tertiary 

(Cyclics)

Extended 

resonance
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Sabbe et al.24 employed electronic structure calculations to examine these reactions. Figure 6.18 

compares the rate constant for hydrogen abstraction from 1-butene by allyl that is calculated in 

this study to these earlier results. A few points deserve comment: (1) The rate rule developed in 

this work is very consistent with our specific calculated result for this reaction. (2) The calculated 

rate constant agrees very well with that by Sabbe et al.24 (3) The earlier estimates differ 

significantly from those predicted by electronic structure calculations, most notably in terms of 

not accounting for upward curvature in the Arrhenius plots. The rate constants obtained in this 

study and that of Sabbe et al.24 suggest that abstraction reactions by resonantly-stabilized radicals 

may be substantially more important in high temperature systems than previously thought. One 

consequence is that the distribution of such radicals in these systems could be shifted more readily, 

thereby changing the relative distribution. Given the importance of these species in terms of the 

formation of MWG species, this redistribution has the potential to affect the various MWG 

pathways (e.g., the recombination and addition reactions that are discussed above). 

 

Figure 6.18 Comparison of literature rate constants for the H-abstraction of 1-butene by allyl to 
that calculated in this study. 
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The activation energies shown in Tables 6.9 and 6.12 vary over a very broad range and 

correlate with the enthalpy change of the reaction (e.g., the more exothermic reactions have lower 

activation energies). Figure 16 illustrates that the results are consistent with an Evans-Polanyi 

correlation.65 Though there is significant scatter, the same Evans-Polanyi relationship can be 

observed for abstraction by both methyl and allyl. An important caveat is that this particular 

correlation was developed using activation energies computed at 1000 K. The substantial non-

Arrhenius behavior of these abstraction reactions implies that the Evans-Polanyi parameters will 

change significantly at different temperatures.  

 

Figure 6.19 Evans-Polanyi plot for the reactions in Tables 1 and 3 (Ea calculated at 1000 K). 
 
6.5 Competition Between Addition and H-abstraction Reactions  

When a radical encounters an olefin, it can either add to the double bond or abstract a 

hydrogen atom from the olefin (the allylic site is lowest energy abstraction pathway). Given the 

high concentration of both allylic radicals and olefins in alkene pyrolysis, we examined several 

reactions of allyl radicals with selected olefins to determine the branching ratio for these two 
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competing channels. Table 6.14 compares the CBS-QB3 predictions for these reactions. With the 

notable exception of ethylene, where abstraction is much slower due to the very strong vinylic C-

H bond, it is seen that addition and abstraction are generally comparable at temperatures ranging 

from 500 K to 1500 K. At lower temperatures, the addition reactions dominate due to their lower 

activation energies. Thus there is substantial potential for allylic radicals to participate in addition 

reactions, which can lead to MWG species formation, in this temperature range.   

Table 6.14 Comparison of Predicted Rate Constants for Allyl Addition to versus Abstraction 
from Alkenes. 

 

6.6 Approximate Method to Analyze the Pressure-dependent Reactions 

Among the three types of reactions discussed above, the recombination and addition 

reactions are pressure-dependent. While generic rate rules could be derived for the H-abstraction 

reactions and estimated high pressure rate rules are also available for the recombination reactions, 

the addition reactions are much more complicated, with the possibility of subsequent isomerization, 

cyclization, and β-scission reactions. As discussed above, the individual reactions can be analyzed 

in terms of initially constructing a PES based on relatively high-level theoretical methods. 

However this detailed analysis is time consuming and indeed impractical for reactions of larger 

species. An alternative approach is to estimate the high pressure limit rate constants for the various 

500 K 1000 K 1500 K

H-abs C=CC• + C2H4 ⇄ C=CC + C2H3 2.58E+03 3.06 26.4

Addition C=CC• + C2H4 ⇄ C=CCCC• 2.70E+03 2.70 11.3

H-abs C=CC• + C=CC ⇄ C=CC + C=CC• 1.26E+01 3.62 16.0

C=CC• + C=CC ⇄ C=CCCC•C 1.56E+03 2.53 11.0

C=CC• + C=CC ⇄ C=CCCC2• 1.37E+02 2.84 12.2

H-abs C=CC• + C=CCC ⇄ C=CC + CC=CC• 1.39E+01 3.45 13.5

C=CC• + C=CCC ⇄ C=CCCC•CC 1.31E+03 2.62 10.9

C=CC• + C=CCC ⇄ C=CCC(C•)CC 1.22E+01 3.06 11.7

H-abs C=CC• + CC=CC ⇄ C=CC + CC=CC• 2.95E+01 3.52 14.8

Addition C=CC• + CC=CC ⇄ C=CCC2C•C 9.53E+02 2.70 11.2

Reactions
Reaction 

types

0.37

0.27

k (Addition)/k (Addition + H-abs)
A (cm

3
/mol/s) n E (kcal/mol)

0.21

0.921.00

0.96

0.88

0.88

0.99

0.40

0.54
Addition

0.55
Addition
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unimolecular reactions that are expected to occur and use these as input for a QRRK/MSC analysis 

to estimate the pressure- and temperature-dependent rate constants.   

Several previous studies have provided a detailed discussion of rate constant estimation 

methods.35, 66, 67 There has also been several studies devoted to determining theoretically based 

rate estimation rules for a variety of reaction types that are relevant to combustion and/or 

pyrolysis.29, 30, 36, 68 Specifically related to the reactions of interest in this study are high-pressure 

rate rules for β-scission/radical addition,42, 69 H-atom abstraction,47, 70 H-atom shift,71, 72 and 

cycloaddition reactions.72, 73 Recently, we systematically investigated the intramolecular H-atom 

shift reactions of alkyl radicals and cycloaddition reactions of alkenyl radicals at the CBS-QB3 

level of theory and used these results to develop reactivity-structure based rate estimation rules for 

these two types of reactions.72 The barriers for these two intramolecular reactions are estimated 

according to the Benson model74 via the expression:  Ea = Ebimolecular + Estrain. The first term, 

Ebimolecular, is based on what the barrier would be if the reaction were a bimolecular abstraction or 

addition reaction; this estimate explicitly accounts for the reaction enthalpy. The second term, 

Estrain, accounts for the ring strain in the transition state. The pre-exponential factors are estimated 

by accounting for the change in entropy (i.e., due to the loss of hindered rotors in the transition 

state). Quantitative relationships between the pre-exponential factors and rotor loss were derived 

for the H-shift isomerization and cycloaddition reactions. The enthalpies of the reactants, products, 

and adducts were calculated by group additivity (using THERM55).  

This approach is applied to the C5H9 PES (allyl addition to ethylene) to generate an 

approximate version. The estimated enthalpies at 298 K are shown in parenthesis in Figure 6.8. 

The activation energy for the 1,2-H shift reaction ((1) to (2)) was estimated from the sum of the 

analogous bimolecular reaction of ethyl radical abstracting a secondary H-atom from propane, in 
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which Ebimolecular = 11.8 kcal/mol, and Estrain = 25.9 kcal/mol to account for the three-membered 

ring transition state. Similarly, the barrier for the 1,3-H shift ((1) to (3)) was estimated from the 

reaction of ethyl abstracting an allylic H from 1-butene, with Ebimolecular = 7.9 kcal/mol, and Estrain 

= 24.1 kcal/mol to account for the four-member ring transition state. The barrier for the endo-

cyclization reaction ((1) to (5)) was estimated from the analogous addition reaction of ethyl plus 

propene to form 2-pentyl radical (Ebimolecular = ~7.0 kcal/mol) 42 plus Estrain = 8.2 kcal/mol to account 

for the five-membered ring transition state. For the exo-cyclization reaction ((1) to (4)), the 

analogous addition reaction was ethyl plus propene to form 2-methyl-1-butyl radical (Ebimolecular = 

~7.9 kcal/mol) 42 with Estrain = 6.7 kcal/mol to account for the four-membered ring transition state. 

The barriers for the entrance and exit channel addition reactions are estimated from similar 

reactions in the literature.36, 42, 69 In each case, the rate parameters for the reverse reactions were 

obtained from the estimated rate parameters for the forward reaction and the group additivity based 

equilibrium constant. These estimated rate parameters are provided in Table 6.4.  

 

Figure 6.20 Comparison of the predicted apparent rate constants based on CBS-QB3 
calculations (solid lines with symbols) to those estimated using rate rules (dashed lines) for the 
product channels resulting from the addition of allyl to ethylene (C=CC• + C2H4) at 1 atm in N2. 
(1) C=CCCC•, (5) cyclopentyl, (II) cyclopentene + H, (III) CH3 + C=CC=C, and (V) C=CCC=C 
+ H.) 
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Figure 6.21 Comparison of the predicted apparent rate constants based on CBS-QB3 
calculations (solid lines with symbols) to those estimated using rate rules (dashed lines) for the 
product channels resulting from the addition of methyl to 1,3-butadiene (CH3 + 1,3-C4H6) at 1 
atm in N2. (3) C=CC•CC, (I) C=CC• + C2H4, (II)  cyclopentene + H, and (IV) C=CC=CC + H.) 
 

A comparison of the estimated and CBS-QB3 enthalpies for the stable species in Figure 

6.19 indicates that generally the group additivity enthalpies are lower than the CBS-QB3 values. 

Similarly, the estimated transition state enthalpies are lower, meaning that barriers are quite similar. 

However, note that reverse reaction ((5) to (1)) is ∼1.9 kcal/mol higher on the CBS-QB3 surface 

than on the estimated one. Additionally, the calculated barrier for β-scission of the 1-hexen-5-yl 

radical back to the reactants ((1) to (I)) is lower than the estimated one by ∼2.6 kcal/mol. Thus, 

one might expect to see more of (I) converted to (5) on the estimated surface. The predicted rate 

constants that are based on the estimated values at 1 atm are compared to those obtained from 

CBS-QB3 calculations in Figure 6.20. At lower temperatures, the formation of adduct (1) is 

predicted to be dominant by both approaches. At lower temperatures, the difference in the two 

predictions is due to the different values for k∞ for the C=CC• + C2H4 entrance channel (I). At 

higher temperatures the differences are primarily due to the deeper estimated well (1) which results 
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in less re-dissociation out of the entrance channel and a more rapid decrease in the rate constant 

for formation of (5) on the estimated surface, consistent with the difference in barriers discussed 

above. Fortunately, the difference in (5) occurs where this channel is only a minor contributor to 

the overall rate. Overall, the approximate surface yields results that are reasonably consistent with 

the more rigorous treatment.   

 

Figure 6.22 Simplified C6H9 PES depicting the energetics of the reaction sequence after 
hydrogen abstraction from the initially-formed linear adduct in the recombination of two allyl 
radicals. (The numbers are enthalpies (kcal/mol) at 298K based on CBS-QB3 calculations; the 
numbers in parenthesis are based on rate rule estimates). 
 

Another comparison considers entering the same PES surface via the addition of methyl to 

butadiene. The predictions at 1 atm using the two surfaces are shown in Figure 6.21. Both surfaces 

predict that adduct (3) is dominant over the entire temperature range. As discussed above, the deep 

well combined with much higher energy exit channels preclude formation of other products. 

Although the CBS-QB3 barriers for methyl addition to 1,3-butadiene ((III) to (3)) and H addition 

to 1,3-pentadiene ((IV) to (3)) are lower than the estimated ones, the initial well depth is similar 

for both surfaces. Thus, one can expect that the formation of (IV) from the calculated surface 
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would be faster than that from the estimated surface. The rate constants in Figure 18 confirm this 

expectation. The rate estimate method was also applied to the other cases discussed above (i.e., 

the C6H9 and C5H11 PESs). Good agreement was observed for these cases; these results are 

provided in Figures 6.21, 6.22 and 6.23, respectively.  

 

Figure 6.23 Simplified C5H11 potential energy surface calculated at the CBS-QB3 level of 
theory, showing enthalpies in kcal/mol at 298 K. Numbers in parenthesis are based on rate rule 
estimates. 
 

 

Figure 6.24 Predicted apparent rate constants at 1 atm for the C5H11 PES, entering from the 
CCC• + C2H4 channel. (Solid lines —CBS-QB3 calculations, Dashed lines—Estimation). 
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The above comparisons suggest that the approach of estimating the high-pressure rate 

constants as input parameters for a chemical activation analysis can provide a reasonable starting 

point for rate constant assignments. It allows the modeler to estimate rate constants for various 

reactions when it is not feasible to perform high-level calculations. One expects that these 

estimates will at least be sufficiently accurate such that a subsequent sensitivity analysis of the 

mechanism will properly identify the importance of the reactions. If a particular reaction turns out 

to be significant, it might then warrant additional attention. In any event, these estimated values 

allow for reactions to be incorporated into the mechanism that might otherwise not be included. 

 

 

 

 

Figure 6.25 Simplified PES for the addition of 1-methyl-allyl to ethylene (CC=CC•/C=CC•C + 
C2H4) constructed based on rate rule estimates. 
 

We now provide a final example using the estimation technique for a reaction that is an 

important pathway to form MWG species. Figure 6.25 shows the C6H11 PES for the addition of 1-

methyl-allyl, including two resonance structures C=CC•C and CC=CC•, to ethylene. The 

estimated high pressure rate parameters were obtained as described above and are provided in 

Table 6.15. Similar to allyl addition to ethylene (Figure 6.8), isomerization of (1) to (6), which can 
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then lead to the formation of CH3 + cyclopentene (III), can compete with dissociation back to the 

entrance channel (I). Thus, we expect the formation of the cyclic species to be significant. The 

predicted pressure-dependent rate constants at 1 atm (shown in Figure 6.26) confirm this 

expectation. While stabilization to form (1) dominates over the investigated temperature range, at 

higher temperatures a significant fraction of the reactants are converted to cyclopentene + CH3 

(III) and to C2H5 + 1,3-butadiene (VIII). As discussed above, the subsequent addition of allylic 

radicals to 1,3-butadiene provides an additional pathway for the formation of MWG species.  

 

Figure 6.26 Predicted apparent rate constants based on rate rule estimates for the product 
channels resulting from the addition of 1-methyl-allyl to ethylene (CC=CC•/C=CC•C + C2H4) at 
1 atm in N2. (Lines with symbols are intermediate isomers and without symbols are bimolecular 
products. Product structures shown in Figure 19: (1) CC=CCCC•, (2) C•C=CCCC/C=CC•CCC, 
(6)  2-methyl-cyclopente-1-yl, (7) C=CC(C)CC•, (II) C=CC•C + C2H4, (III) cyclopentene + 
CH3, (IV) cyclohexene + H, (V) 1-methyl-cyclopentene + H, (VI) 3-methyl-cyclopentene + H, 
(VII) methylene-cyclopentane + H, (VIII) C2H5 + C=CC=C, and (IX) CC=CCC=C + H.) 
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Table 6.15 High Pressure Limit Rate Constants for the Reactions Shown in the C6H11 PES in 
Figure 6.24 in the Text. 

 

6.7 Summary 

The objective of this study is to characterize the kinetics of allylic radicals and understand 

their role in promoting the formation of molecular weight growth (MWG) species during alkane 

and alkene pyrolysis. Three important reaction types, recombination, addition, and hydrogen 

abstraction, were studied. A high pressure limit rate constant for the recombination of two allyl 

radicals was assigned on the basis of experimental data. We then applied this high-pressure value 

to the recombination of other allylic radicals. Following recombination, a subsequent H-atom 

abstraction reaction is needed before cyclization can occur. Thus, this pathway to MWG species 

formation is only expected to become important at high pressures and lower temperatures (where 

there is a shift in the equilibrium toward the recombination product).  Under conditions that favor 

the subsequent abstraction (i.e., higher pressures), multiple reaction pathways that can lead to the 

A (s
-1

 or 

cm
3
/mol-s)

Ea (kcal/mol)
k (1000K) (s

-1 

or cm
3
/mol-s)

A (s
-1

 or 

cm
3
/mol-s)

Ea (kcal/mol)
k (1000K) (s

-1
 or 

cm
3
/mol-s)

 I <=> 1 4.55E+11 15.0 2.37E+08 4.15E+12 19.0 2.89E+08 From CBS-QB3 calculation

 II <=> 7 5.35E+11 15.0 2.79E+08 4.39E+12 21.2 1.01E+08 From CBS-QB3 calculation

1 <=> IX 3.78E+12 36.7 3.57E+04 1.16E+13 3.2 2.28E+12 Rate rules for H + larger olefin*

1 <=> 6 4.21E+10 15.9 1.40E+07 2.41E+14 33.7 1.02E+07
5-member ring, Estrain=6, Eaddion 

analogy to CH3+C3H6_2-C4H9*

1 <=> 2 5.55E+10 15.8 1.90E+07 5.13E+11 31.5 6.48E+04
1,6-H thift, Estrain=2.3, Ebi analogy 

to CCC.+2-C4H8_CCC+CC=CC.*

6 <=> IV 1.94E+14 36.0 2.64E+06 1.16E+13 3.2 2.28E+12 Rate rules for H + larger olefin*

6 <=> V 3.32E+14 34.5 9.36E+06 1.16E+13 3.2 2.28E+12 Rate rules for H + larger olefin*

6 <=> VI 5.28E+15 30.2 1.28E+09 4.44E+12 9.1 4.59E+10 Rate rules for CH3 + larger olefin*

6 <=> 7 4.79E+14 31.9 5.16E+07 4.21E+10 15.2 2.05E+07
5-member ring, Estrain=6, Eaddion 

analogy to C2H5+C3H6_CCCC.C*

2 <=> VIII 4.12E+15 34.8 9.94E+07 7.43E+13 5.8 3.93E+12 From CBS-QB3 calculation

2 <=> 3 2.12E+14 29.7 6.69E+07 3.70E+10 18.2 3.88E+06
1,4-H thift, Estrain=5.8, Ebi analogy 

to CCC.+1-C4H8_CCC+C=CC.C*

3 <=> 4 5.10E+09 8.3 7.81E+07 1.04E+14 27.9 8.36E+07
6-member ring, Estrain=8, Eaddion 

analogy to CH3+C3H6_2-C4H9*

4 <=> IV 7.96E+13 33.9 3.09E+06 2.32E+13 3.2 4.57E+12 Rate rules for H + larger olefin*

3 <=> 5 4.21E+10 8.8 5.01E+08 5.54E+14 25.7 1.32E+09
5-member ring, Estrain=6, Eaddion 

analogy to CH3+C3H6_2-C4H9*

5 <=> VII 3.53E+13 35.1 7.48E+05 2.32E+13 3.2 4.57E+12 Rate rules for H + larger olefin*

Reactions

Forward Reverse

Note
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formation of MWG species were identified. The high-pressure rate constants were used as the 

basis for estimating temperature- and pressure-dependent rate constants.  

  The addition of allylic radicals to olefins can also lead to the formation of MWG species. 

The PES for allyl addition to ethylene indicates that once the initial adduct is formed, it is 

energetically more favorable to form cyclopentyl radical than it is to dissociate back to reactants. 

The barrier for β-scission of cyclopentyl to form cyclopentene + H is comparable to the reverse 

ring-opening reaction. The double bond within the allyl radical is essential to allow formation of 

cyclic species that can then react to ultimately form aromatic species. Similarly, the addition of 

allyl to 1,3-butadiene will lead to the formation of C5-C7 cyclic species; the pathways forming 

MWG species are favored by a lower entrance barrier, a deeper initial well, and low energy exit 

channels. The high-pressure CBS-QB3 rate constants were used to estimate the temperature- and 

pressure-dependent rate constants.   

 Rate rules for H-atom abstraction reactions were developed by calculating a series of rate 

constants for abstraction by methyl and allyl from a variety of olefins and dienes at the allylic site 

and grouping the results into appropriate subsets. The reactions exhibit highly non-Arrhenius 

temperature dependences. However, by evaluating the modified Arrhenius activation energy at a 

particular temperature, the activation energies were shown to follow an Evans-Polanyi correlation 

over a wide range of reaction enthalpies. These rate rules, combined with previously developed 

rate rules for radical addition, isomerization, and cyclization reactions allow for rate constants for 

to be readily incorporated into kinetic mechanisms. The latter three provide the means to estimate 

an approximate PES for those systems where high-level electronic structure calculations are not 

feasible. This approach provides a straightforward way to assign reasonable estimates for the 



179 
 

temperature and pressure dependence for chemically-activated addition and recombination 

reactions that can be included in pyrolysis and combustion kinetic models.  

Acknowledgements  

We thank Dr. Hans-Heinrich Carstensen at Ghent University for helpful discussions. This 

work was supported by the Petroleum Institute and the National Advanced Biofuels Consortium.  

 



180 
 

References 

(1) C. Xu, A. S. Al Shoaibi, C. G. Wang, H.-H. Carstensen, and A. M. Dean, J. Phys. Chem. A, 
2011, 115, 10470-10490. 

(2) O. Park, P. S. Veloo and F. N. Egolfopoulos, Proc. Combust. Inst., 2013, 34, 711-718. 

(3) C. K. Westbrook and W. J. Pitz, Comb. Sci. Tech., 1984, 37, 117-152. 

(4) P. Dagaut, M. Cathonnet, and J.-C. Boettner, Int. J. Chem. Kinet., 1992, 24, 813-837. 

(5) P. Dagaut, M. Reuillon, and M. Cathonnet, Comb. Sci. Tech., 1993, 95, 233-260. 

(6) H. J. Curran, P. Gaffuri, W. J. Pitz and C. K. Westbrook, Combust. Flame, 2002, 129, 253-
280. 

(7) R. X. Fernandes, H. Hippler, and M. Olzmann, Proc. Combust. Inst., 2005, 30, 1033-1038. 

(8) R. S. Tranter, X. L. Yang, and J. H. Kiefer, Proc. Combust. Inst., 2011, 33, 259-265. 

(9) J. A. Miller and C. F. Melius, Combust. Flame, 1992, 91, 21-39. 

(10) J. A. Miller and S. J. Klippenstein, J. Phys. Chem. A, 2003, 107, 7783-7799. 

(11) Y. Georgievskii, J. A. Miller, and S. J. Klippenstein, Phys. Chem. Chem. Phys., 2007, 9, 
4259-4268. 

(12) T. M. Selby, G. Meloni, F. Goulay, S. R. Leone, A. Fahr, C. A. Taatjes and D. L. Osborn, J. 

Phys. Chem. A, 2008, 112, 9366-9373. 

(13) J. A. Miller, S. J. Klippenstein, Y. Georgievskii, L. B. Harding, W. D. Allen and A. C. 
Simmonett, J. Phys. Chem. A, 2010, 114, 4881-4890. 

(14) A. Matsugi, K. Suma and A. Miyoshi, J. Phys. Chem. A, 2011, 115, 7610-7624. 

(15) A. M. Dean, J. Phys. Chem. 1990, 94, 1432-1439. 

(16) C. F. Melius, M. E. Colvin, N. M. Marinov, W. J. Pitz and S. M. Senkan, Proc. Combust. 

Inst., 1996, 26, 685-692. 

(17) N. M. Marinov, W. J. Pitz, C. K. Westbrook, A. M. Vincitore, M. J. Castaldi and S. M. 
Senkan, Combust. Flame, 1998, 114, 192-213. 

(18) P. Lindstedt, L. Maurice and M. Meyer, Faraday Discuss., 2002, 119, 409-432. 



181 
 

(19) A. M. Mebel and V. V. Kislov, J. Phys. Chem. A, 2009, 113, 9825-9833. 

(20) C. Cavallotti and D. Polino, Proc. Combust. Inst., 2013, 34, 557-564. 

(21) A. Matsugi and A. Miyoshi, Int. J. Chem. Kinet., 2012, 44, 206-218. 

(22) I. Ziegler, R. Fournet and P. M. Marquaire, J. Anal. Appl. Pyrolysis, 2005, 73, 212-230. 

(23) X. Zhong and J. W. Bozzelli, J. Phys. Chem. A, 1998, 102, 3537-3555. 

(24) M. K. Sabbe, A. G. Vandeputte, M.-F. Reyniers, M. Waroquier and G. B. Marin, Phys. 

Chem. Chem. Phys., 2010, 12, 1278-1298. 

(25) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. 
A., Jr. Montgomery, T. Vreven, K. N. Kudin and J. C. Burant, et al., Gaussian 03, Revision 
A. 1, Gaussian, Inc: Pittsburgh, PA, 2003 

(26) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, 
G. Scalmani, V. Barone, B. Mennucci and G. A. Petersson,, et al., Gaussian 09, Revision A. 
1, Gaussian, Inc: Wallingford, CT, 2009 

(27) J. J. A. Montgomery, M. J. Frisch, J. W. Ochterski and G. A. Petersson, J. Chem. Phys., 
2000, 112, 6532-6542. 

(28) C. Eckart, Phys. Rev., 1930, 35, 1303-1309. 

(29) S. M. Villano, L. K. Huynh, H.-H. Carstensen and A. M. Dean, J. Phys. Chem. A, 2011, 
115, 13425-13442. 

(30) S. M. Villano, L. K. Huynh, H.-H. Carstensen and A. M. Dean, J. Phys. Chem. A, 2012, 
116, 5068-5089. 

(31) J. Troe, Ber. Bunsen-Ges. Phys. Chem., 1983, 87, 161-169. 

(32) A. Y. Chang, J. W. Bozzelli and A. M. Dean, Z. Phys. Chem., 2000, 214, 1533-1568. 

(33) C. Sheng, Ph.D. Dissertation, New Jersey Institute of Technology, 2002.  

(34) H. Richter and J. B. Howard, Phys. Chem. Chem. Phys., 2002, 4, 2038-2055 

(35) D. M. Matheu, W. H., Jr. Green and J. M. Grenda, Int. J. Chem. Kinet., 2003, 35, 95-119.  

(36) H. H. Carstensen and A. M. Dean, In Comprehensive Chemical Kinetics; ed. R. Carr, 
Elsevier: New York, 2007, 42, 105-187.  

(37) H. H. Carstensen and A. M. Dean, Int. J. Chem. Kinet., 2011, 44, 75-89. 



182 
 

(38) S. M. Villano, H. H. Carstensen and A. M. Dean, J. Phys. Chem. A, 2013, 117, 6458-6473. 

(39) K. P. Somers, Ph.D. Dissertation, National University of Ireland, Galway, 2014. 

(40) M. E. Jenkin, T. P. Murrells, S. J. Shalliker and G. D. J. Hayman, Chem. Soc. Faraday 

Trans., 1993, 89, 433-446.  

(41) A. A. Boyd, B. Noziere and R. Lesclaux, J. Phys. Chem., 1995, 99, 10815-10823. 

(42) W. Tsang, J. Phys. Chem. Ref. Data, 1991, 20, 221-273. 

(43) P. T. Lynch, C. J. Annesley, C. J. Aul, X. L. Yang and R. S. Tranter, J. Phys. Chem. A, 
2013, 117, 4750-4761. 

(44) S. Sharma, M. R. Harper and W. H. Green, Combust. Flame, 2010, 157, 1331-1345. 

(45) D. K. Lewis, J. Bergmann, R. Manjoney, R. Paddock, B. L. Kaira, J. Phys. Chem., 1984, 88, 
4112-4116. 

(46) S. F. Rickborn, D. S. Rogers, M. A. Ring, H. E. O'Neal, J. Phys. Chem., 1986, 90, 408-414. 

(47) M. K. Sabbe, M.-F. Reyniers, V. V. Speybroeck, M. Waroquier and G. B. Marin, Chem. 

Phys. Chem., 2008, 9, 124-140. 

(48) T. Sakai, D. Nohara and T. Kunugi, In Ind. Lab. Pyrolysis 1986, ch. 10, pp. 152-177. 

(49) W. A. Bryce and D. J. Ruzicka, Can. J. Phys., 1960, 38, 835-844. 

(50) S. V. Kalpathy, N. B. Poddar, S. P. Bagley and Wornat M. J., Proc. Combust. Inst., 2014, 
http://dx.doi.org/10.1016/j.proci.2014.06.129 

(51) D. Nohara and T. Sakai, Ind. Eng. Chem. Res., 1988, 27, 1925-1929. 

(52) R. Sumathi, H. H. Carstensen and W. H. Jr Green, J. Phys. Chem. A, 2001, 105, 6910-6925. 

(53) N. Kungwan and T. N. Truong, J. Phys. Chem. A, 2005, 109, 7742-7750. 

(54) H. H. Carstensen and A. M. Dean, J. Phys. Chem. A, 2009, 113, 367-380. 

(55) C. J. Chen and J. W. Bozzelli, J. Phys. Chem. A, 2000, 104, 4997-5012. 

(56) R. R. Baldwin, A. Keen and R. W. Walker, J. Chem. Soc. Faraday Trans. 2., 1987, 83, 759-
766. 

(57) M. Miyoshi and R. K. Brinton, J. Chem. Phy., 1962, 32, 3019-3030. 



183 
 

(58) R. J. Cvetanović and R. S. Irwin, J. Chem. Phy., 1967, 46, 1694-1702. 

(59) A. C. Kinsman and J. M. Roscoe, Int. J. Chem. Kinet., 1994, 26, 191-200. 

(60) J. Warnatz, in Combustion Chemistry, ed. W. C. Jr Gardiner, Springer Verlag, New York, 
1984, ch. 5, 197-360. 

(61) Y. Hidaka, T. Nakamura, H. Tanaka, A. Jinno and H. Kawano, Int. J. Chem. Kinet., 1992, 
24, 761-780. 

(62) P. A. Glaude, R. Fournet and V. Warth, Ind. Eng. Chem. Res., 2005, 44, 4212-4220. 

(63) M. Dente, G. Bozzano, T. Faravelli, A. Marongiu, S. Pierucci and E. Ranzi, In Advances in 

Chemical Engineering. 2007, 32, 51-166. 

(64) H. J. Curran, P. Gaffuri, W. J. Pitz and C. K. Westbrook, Combust. Flame, 1998, 114, 149-
177. 

(65) M. G. Evans and M. Polanyi, Trans. Faraday Soc., 1938, 34, 11-24. 

(66) H. J. Curran, P. Gaffuri, W. J. Pitz and C. K. Westbrook, Combust. Flame, 2002, 129, 253-
280. 

(67) P. A. Glaude, V. Conraud, R. Fournet, F. Battin-Leclerc, G. M. Come, G. Scacchi, P. 
Dagaut and M. Cathonnet, Energy Fuels, 2002, 16, 1186-1195. 

(68) A. Miyoshi, J. Phys. Chem. A, 2011, 115, 3301-3325. 

(69) M. Saeys, M.-F. Reyniers, G. B. Marin, V. V. Speybroeck and M. Waroquier, AIChE J., 
2004, 50, 426-444. 

(70) M. Saeys, M.-F. Reyniers, V. V. Speybroeck, M. Waroquier and G. B. Marin, 
ChemPhysChem, 2006, 7, 188-199. 

(71) B. Sirjean, E. Dames, H. Wang and W. Tsang, J. Phys. Chem. A, 2012, 116, 319-332. 

(72) K. Wang, S. M. Villano and A. M. Dean, J. Phys. Chem. A, 2015, DOI: 10.1021/jp511017z.  

(73) B. Sirjean, P. A. Glaude, M. F. Ruiz-Lopèz and R. Fournet, J. Phys. Chem. A, 2008, 112, 
11598-11610. 

(74) S. W. Benson, Thermochemical Kinetics, 2nd ed.; Wiley: New York, 1976. 



184 
 

CHAPTER 7 

FUNDAMENTALLY-BASED KINETIC MODEL FOR PROPENE PYROLYSIS  

Modified from a paper submitted to a peer-review journal4 

Kun Wang,1 Stephanie M. Villano,2 and Anthony M. Dean3 

7.1 Abstract 

The primary objective of this work is to develop an improved fundamentally-based 

mechanism that describes the molecular weight growth kinetics observed during propene pyrolysis. 

Earlier attempts to describe the kinetics in terms of theoretically plausible reactions generally 

underpredict the low temperature reactivity. To address this issue, propene pyrolysis experiments 

were performed at 575-875 °C with residence times of ∼5, 2.5 and 1 sec at ∼0.83 atm. These data 

were compared to a kinetic model that includes several reactions that involve allyl radicals. 

Specifically, electronic structure calculations at the CBS-QB3 level were performed for various 

allyl radical reactions, including addition, recombination, and hydrogen abstraction. This updated 

model is able to capture the observed fuel conversion, production of major products, and formation 

of molecular weight growth species. The sensitivity and rate of production analyses show that allyl 

reactions play important roles for both fuel conversion and product formation. In particular, allyl 

addition to propene leads to production of CH3 and H. The H-atoms can add to propene to form 

CH3 radicals, and both CH3 and H can abstract from propene to regenerate allyl, completing the 

reaction chain. This model also successfully predicts the fuel conversion and major products for 

selected literature propene pyrolysis data. 

                                                           
4 Reprinted from a manuscript submitted. 
1Graduate student, 2Research Associate Professor, and 3Professor, respectively, 
Department of Chemical and Biological Engineering, Colorado School of Mines.  
3Author for correspondence. 
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7.2 Introduction 

Hydrocarbons, whether derived from petroleum or renewable sources, will be a primary 

fuel source for the foreseeable future. Thus, it is essential to be able to accurately predict their 

reactivity to optimize both the fuel production processes in the refinery as well as the multiple 

energy conversion processes that employ these fuels. A particular challenge in many processes is 

the formation of molecular weight growth (MWG) species. For example, the pyrolysis of 

hydrocarbon feeds in steam crackers leads to formation of MWG species that are large enough to 

precipitate from the gas phase and form deposits, limiting the run time between decoking 

operations.1, 2 Similarly, the formation of MWG deposit precursors upstream of reformers used to 

convert hydrocarbon gases to synthesis gas limits the time between reformer catalyst regeneration 

cycles.3 The formation of deposit precursors in the anode channel of a solid oxide fuel cell is 

problematic for similar reasons.4, 5 In severe cases, deposit formation can reduce the efficiency and 

even lead to a catastrophic failure of the conversion process. Furthermore, MWG species contained 

in exhaust gas emissions also constitutes an environmental and health problem.6-8 For these reasons, 

more research is needed to better characterize the hydrocarbon pyrolysis reactions that are 

responsible for much of the undesired MWG chemistry. 

The first steps of the thermal decomposition of saturated hydrocarbons are well understood. 

C-C bond fission reactions produce radicals that subsequently undergo β-scission reactions to 

generate smaller radicals and olefins. Hydrogen atoms and methyl radicals formed in these 

reactions will abstract hydrogen atoms from the fuel, speeding up its consumption. While these 

reactions are rather well characterized in terms of their rate expressions, the subsequent chemistry 

of the olefins that are produced by the β-scission reactions is less well known. Olefins form a large 

fraction of the initial products and their subsequent reactions have a substantial impact on the final 
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product distribution. Thus, an accurate olefin pyrolysis reaction subset is essential to properly 

characterize both hydrocarbon pyrolysis and oxidation. In particular, MWG formation starts at a 

much lower fuel conversion during olefin pyrolysis, compared to paraffin pyrolysis, and higher 

concentrations of MWG species are generated.9 As a result, olefin pyrolysis provides a better 

opportunity to explore the MWG kinetics.  

Many studies have focused on characterizing MWG chemistry at the higher temperatures 

associated with combustion.10-17 Under these conditions two important species are acetylene and 

propargyl radicals;18-20 however, the concentration of these species falls off rapidly with decreasing 

temperature and the species that are responsible for MWG chemistry at lower temperatures are 

different. Under conditions that are typical in refinery processes (500 - 1000°C), the reactions of 

olefins and allylic radicals are much more important.21 In olefin pyrolysis, the formation of 

resonantly stabilized allylic radicals is favored energetically due to the lower corresponding C-H 

and C-C bond dissociation energies in the parent olefin.22 Because of their stability (when 

compared to alkyl radicals), allylic radicals can accumulate to relatively high concentrations. Thus, 

even though the rate coefficients for their various reactions are small, the rates of these reactions 

may be significant. Recently, we investigated the reactions of allylic radicals and identified several 

pathways that can lead to MWG species formation.21 The investigated reactions include self/cross-

recombination, addition to olefins, and abstraction from olefins. Recombination reactions lead to 

formation of a stabilized adduct that can potentially undergo hydrogen atom abstraction followed 

by unimolecular cyclization and β-scission reactions. Depending upon the conditions (e.g., higher 

pressures), these pathways can lead to the formation of stable MWG species. The addition of allylic 

radicals to olefins can also lead to MWG species formation. Again, cyclization of the adduct 

followed by β-scission is an important energy accessible route. While hydrogen abstractions of 
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olefins by allylic radicals do not directly lead to the formation of MWG species, these pathways 

do compete with the addition reactions and can shift the relative concentrations of the various 

stabilized radicals.   

The objective of this study is to characterize the MWG chemistry that occurs during olefin 

pyrolysis. This paper focuses on propene (C3H6) pyrolysis. (Subsequent work will examine the 

pyrolysis of butene isomers.) Propene is the simplest olefin with an allylic site; yet, despite several 

prior investigations,9, 23-29 questions remain about its low temperature kinetics. Earlier attempts to 

describe the kinetics in terms of theoretically plausible reactions generally under-predicted the low 

temperature reactivity. For example, the earlier kinetic model developed in our group was able to 

properly characterize alkane pyrolysis,9, 30, 31 but significantly under-predicted the propene 

conversion9 as shown in Figure 7.1. The figure also shows that several other published kinetic 

models32-34 also fail to capture the fuel conversion. Thus, it is essential to first understand fuel 

conversion in propene pyrolysis; only then it is possible to unravel the kinetics for the formation 

of MWG products.  

 

Figure 7.1 Comparison between experiment and model predictions for the fuel conversion of 
propene (Symbols—Experiment from Al-Shoaibi8, Operating conditions: ~50% propene in N2, 
τ= ~5s, P= ~0.8 atm; Lines—Predictions of literature models31-34). 
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Several investigations have reported the formation of MWG species during propene 

pyrolysis. Simon and Back23, 24 performed propene pyrolysis in a static reactor, over a temperature 

range 743 - 873 K and a pressure range 200 - 600 Torr. They observed the early formation of C5 

and C6 products in addition to the primary products, methane, ethylene, and propane. The primary 

C6 products were identified as 2-hexene, 1-methyl-cyclopentene, 3-methyl-cyclopentene, while 

the C5 species was cyclopentadiene. They suggested that, following an initiation step, a simple 

scheme of addition, abstraction, and decomposition occurs. Barbe et al.25 also identified several 

MWG species during propene pyrolysis at low extent of conversion; these include 3- and 4-methyl-

cyclopentenes, 1,5-diallyl, 1-hexene, methyl-cyclopentane, 4-methyl-1-pentene, and several other 

C5 or C6 products that were not identified due to their very low concentrations. Hidaka et al.26 and 

Davis et al.27 measured the production of benzene during propene pyrolysis as a function of 

temperature and residence time, respectively. More recently, Norinaga et al.28, 29 studied the 

pyrolysis of propene as well as acetylene and ethylene at pressures of 2–15 kPa and temperatures 

of 1073–1373 K. They were able to identify multiple MWG species using on/off-line gas 

chromatography. The model developed in that study was extensively validated for hydrogen, small 

hydrocarbons, and aromatics. It provided good predictions for acetylene and ethylene pyrolysis, 

but markedly over-predicted the propene pyrolysis at lower residence times and under-predicted it 

at longer residence times. Part of the reason for the discrepancy might be that only high-pressure 

rate constants were used in the kinetic model and hence the pressure dependence was not 

considered.  

In this study, a fundamentally-based mechanism that describes the kinetics that occurs 

during propene pyrolysis is presented. This mechanism is validated against propene pyrolysis flow 

reactor experiments that were performed at 575-850°C with residence times of approximately 5, 
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2.5, and 1 seconds at ambient pressures. These conditions result in fuel conversions that range 

from virtually no reaction to ~85%. Multiple MWG species (≥ C5) are identified and quantified. 

Comparison of the model predictions with experimental data yielded very satisfactory results in 

terms of the temperature dependence of propene conversion, major products, and MWG species. 

Sensitivity and rate analyses were used to identify the important reactions. The results show that 

the allyl addition reaction to propene plays a critical role in forming MWG species. This reaction 

also leads to production of CH3 and H. The H-atoms can add to propene to form CH3 radicals; both 

of these radicals can abstract from propene to regenerate allyl, completing the reaction chain. The 

kinetic model is also used to predict previously published propene pyrolysis data that were 

obtained under very different operating conditions. Several published models are also used here to 

model the data collected in this work; we demonstrate that incorporating the allyl addition to 

propene into these models enables them to properly describe propene conversion.  

7.3 Experimental and Modeling Specifications 

Two sets of experiments are reported here, which are included in the following section 7.4 

Results by Tables 7.1-7.4. The first data set9 (EXP 1A, Table 7.1) was collected using a simpler 

version of the flow reactor apparatus, which has previously been described.23 Several years later, 

the data set was reproduced (EXP 2A, Table 7.2) and expanded upon (EXP 2B, Table 7.3 and EXP 

2C, Table 7.4) using a more comprehensive detection scheme. Since the second set of data is more 

complete, the paper will primarily focus on this set. More detailed discussion for the experimental 

procedures as well as the detail kinetic modeling are provided in the Chapter 2. 

In several places throughout the text, tables, and figures, we employ a chemical notation 

that omits the hydrogen atoms. For C3 and larger species, the radical site is indicated by “•”, a 
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double bond by “=”, a triple bond by “≡”, and a cyclic species by “cy”. The units employed are 

kcal, sec, and mol.  

7.4 Results 

The results for all four sets of experiments are provided in Tables 7.1 – 7.4. Each data point 

is an average of at least three measurements. It is important to note that the change in the measured 

mole fractions (with temperature or residence time) is due to both reaction and dilution since the 

total number of moles changes. The impact of dilution can be assessed from the change in the N2 

mole fraction, since the number of moles of N2 remains constant. In the first data set (EXP 1A), 

only C4 and smaller species were identified. For larger species, only the number of carbon atoms 

is given. In the second set of experiments (EXP 2A, 2B, and 2C), most of the products were 

identified. For the few species that remain unidentified, the molecular formula is known. For each 

experiment, the measured mole fractions sum to one, within the expected uncertainty of the 

experiments (see the third column of Figure 7.2). This suggests that we are quantitatively 

measuring the gas mixture that is contained in the GC sample loop. The C and H atom balances 

are also approximately unity. This means that essentially all of the products that are produced in 

the reactor, even the heavy ones, are making it to the GC sample loop. These results provide 

confidence that we are properly accounting for the vast majority of the reaction products.  

The propene decomposition and sequential formation of the MWG species (per C number) 

are shown in Figure 2 as a function of temperature. The two data sets collected at ~5 s (EXP 1A 

and 2A in the bottom row) are in good agreement with one another. The data sets collected at ~2.5 

s (EXP 2B) and ~1 s (EXP 2C) are shown in the middle and top rows, respectively. The formation 

of C4-C6 species occurs at very low levels of conversion. C4 species are formed first, followed by 

C5 and C6. The effect of temperature on formation of C6 species indicates that its formation 
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pathway does not necessary proceed via the C4 and C5 species. The C4 and C5 profiles turn over at 

higher temperature, as the formation of C6 and C7 continue to increase. The C7-C12 species do not 

start forming until the temperature is above 700°C or higher. The mole fraction of the C7, C9, C11 

and C12 species begin to decrease at higher temperatures, while the mole fractions of the C8 and 

C10 continue to increase. 

 

 

 

Figure 7.2 Observed temperature sequential formation of MWG species (left and middle panel) 
and measured mass balance (right panel) in propene pyrolysis (Operating conditions: initial 
~50% fuel diluted in nitrogen, P= ~0.8 atm, Row 1: τ= ~1 s; Row 2: τ= ~2.5 s; Row 3: τ= ~5 s, 
Filled symbols—Al Shoaibi 2008, Open symbols with lines—This work. Note that the lines are 
used to guide the eye; the mole fraction of propene is displayed on the right-hand side y-axis in 
the plots in the first column.). 
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Table 7.1 Experimental Data from Al Shoaibi (2008) Obtained from Propene Pyrolysis (EXP 
1A: τ= ~5 s, initial N2/C3H6= ~50/50%). 

 

  

Species 600 ˚C 625 ˚C 650 ˚C 675 ˚C 700 ˚C 725 ˚C 750 ˚C

H2 0 0 0.010 0.19 0.75 1.51 3.23

N2 51.6 51.5 51.3 51.1 50.5 49.5 48

CH4 TCD 0 0.66 0.51 0.96 1.72 4.23 8.49

CH4 FID 0.36 0.11 0.25 0.64 1.65 4.09 8.78

C2H4 0 0.24 0.42 0.88 1.99 4.31 8.07

C2H6 0 0 0 0 0.056 0.14 0.30

C3H6 48.07 47.80 47.34 46.61 43.54 37.35 27.38

C3(5.5) 0 0.022 0.034 0.030 0.059 0.103 0.14

C3(5.6) 0 0 0 0.043 0.056 0.078 0.091

C3(5.9) 0 0.019 0.018 0.027 0 0.031 0

1-C4H8 0 0 0.039 0.10 0.15 0.39 0.41

1,3-C4H6 0.022 0.049 0.11 0.23 0.45 0.75 1.00

trans-2-C4H8 0 0 0.021 0.042 0.079 0.13 0.16

cis-2-C4H8 0 0 0 0.031 0.060 0.102 0.12

ΣC4 0.022 0.049 0.17 0.40 0.74 1.39 1.69

C5(8.6) 0 0 0.016 0.031 0.044 0.043 0.030

C5(9.2) 0 0 0 0.032 0.064 0.099 0.11

C5(9.6) 0 0 0 0 0 0 0.062

C5(9.8) 0 0 0.024 0.087 0.027 0.049 0.79

C5(10.3) 0 0 0.016 0.024 0.27 0.57 0.05

ΣC5 0 0 0.056 0.17 0.40 0.76 1.04

C6(10.7) 0 0 0.015 0.023 0.030 0.026 0.0046

C6(10.88) 0 0 0.0043 0 0 0 0

C6(11.39) 0 0.013 0.018 0.019 0.031 0 0

C6(11.44) 0 0.020 0.033 0.048 0.018 0.051 0.029

C6(11.7) 0 0 0 0 0 0.030 0.030

C6(11.82) 0 0 0 0.032 0.090 0.077 0.077

C6(11.86) 0 0 0 0.024 0.028 0.051 0.056

C6(12.1) 0 0 0 0.025 0.13 0.49 1.30

C6(12.1) 0 0 0 0.004 0.037 0.066 0.082

ΣC6 0 0.033 0.070 0.18 0.36 0.79 1.57

ΣC7 0 0 0 0 0.034 0.066 0.38

ΣC8 0 0 0 0 0.014 0.048 0.18

ΣC9 0 0 0 0 0 0.041 0.17

ΣC10 0 0 0 0 0 0 0.105

Total 100.1 99.8 99.7 100.3 100.2 100.2 101.1

Cout/Cin 1.00 1.00 1.01 1.02 1.02 1.02 1.01

Hout/Hin 1.00 1.00 1.01 1.02 1.02 1.03 1.04

Conditions: τ=~5sec, initial C3H6/N2=48.3/51.7%

Average experimentally observed mole %
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Table 7.2 Experimental Data Obtained from Propene Pyrolysis (EXP 2A: τ= ~5 sec, N2/C3H6= 
~50/50%) 

 

575°C 600°C 625°C 650°C 675°C 700°C 725°C 750°C 775°C

N2 50.00 49.32 50.50 49.95 49.14 48.92 47.99 46.47 44.90

H2 0 0 0 0 0 0.402 1.11 2.64 4.70

CH4 (FID) 0.017 0.036 0.080 0.196 0.503 1.34 3.47 7.96 14.28

CH4 (TCD) 0 0 0 0 0 0 3.37 7.72 13.98

CH4 (Trace) 0.015 0.031 0.072 0.18 0.46 1.24 3.24 7.47 13.57

C2H4 (FID) 0.015 0.031 0.067 0.18 0.49 1.29 3.44 7.72 12.45

C2H4 (Trace) 0.022 0.044 0.094 0.22 0.53 1.29 3.69 7.28 11.63

C2H6 0.003 0.003 0.005 0.007 0.013 0.027 0.063 0.15 0.29

C3H6 49.95 50.01 49.75 49.25 48.15 45.52 39.88 30.32 18.26

C3H8 0.054 0.054 0.058 0.061 0.070 0.085 0.105 0.120 0.096

pC3H4 (propyne) 0 0 0 0.001 0.006 0.021 0.051 0.093 0.125

aC3H4 (allene) 0 0 0 0.001 0.006 0.017 0.033 0.049 0.060

n-C4H10 0.0005 0.0019 0.0053 0.0089 0.0105 0.0109 0.0097 0.0076 0.0048

1-C4H8 0.003 0.005 0.012 0.028 0.073 0.19 0.36 0.44 0.32

1,3-C4H6 0.006 0.013 0.031 0.073 0.16 0.35 0.63 0.94 1.00

iso-C4H10 0 0 0 0 0 0 0 0.0024 0.0079

trans-2-C4H8 0.002 0.003 0.007 0.014 0.028 0.057 0.103 0.140 0.111

cis-2-C4H8 0.001 0.002 0.005 0.010 0.021 0.043 0.080 0.109 0.087

1,3-Pentadiene 0 0 0 0 0 0 0 0.032 0.018

1-Bubyne 0 0 0 0 0 0 0.0013 0.0035 0.0055

1-Pentene 0 0 0 0.0007 0.0018 0.0036 0.0063 0.0083 0.0077

1,4-Pentadiene 0 0 0.0041 0.0103 0.024 0.053 0.091 0.115 0.098

2-Methyl-1,3-Butadiene 0 0.0005 0.0014 0.0036 0.0090 0.022 0.044 0.094 0.075

CycloPentadiene 0 0 0.002 0.012 0.052 0.199 0.49 0.80 0.81

CycloPentene 0.004 0.006 0.009 0.013 0.019 0.031 0.042 0.045 0.037

3-Methyl-1-Pentene 0 0 0 0.0009 0.0029 0.0062 0.0088 0.0077 0.0048

1,5-Hexadiene 0.0062 0.0064 0.0079 0.013 0.021 0.029 0.029 0.017 0.0063

C6H10 (10.59) 0 0 0.0004 0.0014 0.0032 0.0057 0.0061 0.0048 0.0029

Cyclohexene 0.004 0.007 0.011 0.016 0.019 0.021 0.017 0.010 0.0037

3-Methyl-Cyclopentene 0.005 0.008 0.013 0.024 0.036 0.045 0.039 0.023 0.010

C6H10 (11.29) 0 0 0 0.0013 0.0021 0.0049 0.0078 0.0071 0.0038

4-Methyl-Cyclopentene 0.000 0.001 0.001 0.002 0.005 0.012 0.021 0.025 0.019

Methyl-Cyclopentadiene 0 0 0.004 0.014 0.038 0.083 0.14 0.17 0.14

Benzene 0 0 0 0.002 0.014 0.079 0.34 1.10 2.21

Cyclohexadiene 0 0 0 0.001 0.005 0.012 0.022 0.028 0.023

C7H10 (13.14) 0 0 0 0.0009 0.0018 0.0037 0.0063 0.0069 0.0043

Toluene 0 0 0 0.00 0.00 0.02 0.08 0.27 0.52

1,3,5-Cycloheptatriene 0 0 0 0 0.0003 0.0022 0.0065 0.0086 0.0076

Ethyl-Benzene 0 0 0 0 0 0 0.0018 0.0062 0.010

o/p-Xylene (14.84) 0 0 0 0 0 0.001 0.007 0.024 0.047

Styrene 0 0 0 0 0 0.003 0.021 0.086 0.20

o/p-Xylene (15.24) 0 0 0 0 0 0.002 0.005 0.014 0.024

Indane 0 0 0 0 0 0.001 0.005 0.012 0.012

C9H10 (16.50) 0 0 0 0 0 0 0.0007 0.0039 0.0082

C9H10 (16.84) 0 0 0 0 0 0 0.0012 0.0060 0.015

2-Propenyl-Benzene 0 0 0 0 0 0.0005 0.004 0.015 0.024

Indene 0 0 0 0 0 0.002 0.019 0.074 0.139

C10H10 (20.40) 0 0 0 0 0 0 0.003 0.008 0.011

Methyl-Indene (20.45) 0 0 0 0 0 0 0 0.0050 0.0092

C10H10 (20.58) 0 0 0 0 0 0 0 0.0145 0.0210

C10H8 (20.70) 0 0 0 0 0 0 0 0.0034 0.0059

1,4-Dihydro-Naphthalene 0 0 0 0 0 0 0.0010 0.0044 0.0067

Naphthalene 0 0 0 0 0 0 0.0075 0.0588 0.196

Methyl-Naphthalene (25.69) 0 0 0 0 0 0 0.0007 0.0067 0.0215

Methyl-Naphthalene (26.52) 0 0 0 0 0 0 0 0.0063 0.0197

Biphenyl (29.21) 0 0 0 0 0 0 0 0 0.0065

Acenaphthylene (34.66) 0 0 0 0 0 0 0 0 0.0160

Total 100.1 99.5 100.6 99.9 98.9 98.8 98.8 99.3 99.9

Cout/Cin 1.00 1.02 0.99 1.00 1.01 1.00 1.00 1.00 0.98

Hout/Hin 1.00 1.02 0.99 1.00 1.01 1.00 1.00 1.00 0.98

Conditions: τ= ~5sec, initial C3H6/N2/C3H8/1,5-C6H10= 50/50/0.05/0.005%

Average experimentally observed mole %
Species



194 
 

Table 7.3 Experimental Data Obtained from Propene Pyrolysis (EXP 2B: τ= ~2.5 sec, N2/C3H6= 
~50/50%) 

 

575°C 600°C 650°C 700°C 750°C 775°C 800°C 825°C

N2 49.20 48.76 48.70 48.84 47.53 46.43 44.37 42.28

H2 0 0 0 0 1.03 2.61 4.24 6.55

CH4 (FID) 0.007 0.016 0.082 0.49 3.21 7.35 13.53 19.80

CH4 (TCD) 0 0 0 0 3.08 7.21 12.96 19.54

CH4 (Trace) 0.007 0.015 0.080 0.49 3.26 7.47 13.80 20.28

C2H4 (FID) 0.007 0.014 0.070 0.46 2.94 6.14 11.94 15.77

C2H4 (TCD) 0 0 0 0 2.46 4.90 9.38 13.24

C2H4 (Trace) 0.012 0.026 0.12 0.66 3.64 7.38 12.21 16.17

C2H6 0.003 0.003 0.004 0.011 0.050 0.12 0.23 0.36

C3H6 51.08 51.07 50.86 49.29 41.66 32.12 19.81 8.96

C3H8 0.054 0.057 0.059 0.067 0.091 0.099 0.079 0.042

pC3H4 (propyne) 0 0 0 0.01 0.08 0.15 0.200 0.204

aC3H4 (allene) 0 0 0.001 0.011 0.056 0.083 0.099 0.093

n-C4H10 0 0.001 0.008 0.013 0.012 0.010 0.0058 0.0024

1-C4H8 0.00 0.00 0.01 0.08 0.38 0.47 0.35 0.16

1,3-C4H6 0.00 0.01 0.03 0.17 0.67 1.01 1.14 0.92

iso-C4H10 0 0 0 0 0.0014 0.0055 0.012 0.019

trans-2-C4H8 0.001 0.002 0.006 0.026 0.101 0.141 0.066 0.055

cis-2-C4H8 0 0.001 0.005 0.019 0.078 0.110 0.093 0.043

1,3-Pentadiene 0 0.001 0.006 0.029 0.049 0.038 0.021 0.008

1-Bubyne 0 0 0 0 0.0020 0.0049 0.0071 0.0067

1-Pentene 0 0 0 0.0013 0.0052 0.0072 0.0069 0.0044

1,4-Pentadiene 0 0.001 0.005 0.028 0.060 0.13 0.11 0.064

2-Methyl-1,3-Butadiene 0 0 0.002 0.010 0.047 0.068 0.064 0.039

CycloPentadiene 0 0 0.003 0.059 0.53 0.86 0.93 0.70

CycloPentene 0.002 0.004 0.008 0.018 0.039 0.042 0.035 0.019

3-Methyl-1-Pentene 0 0 0.000 0.004 0.011 0.010 0.006 0.001

1,5-Hexadiene 0.005 0.006 0.009 0.025 0.034 0.022 0.008 0.001

C6H10 (10.59) 0 0 0.0006 0.0040 0.0077 0.0066 0.0048 0.0018

Cyclohexene 0 0 0.010 0.017 0.016 0.010 0.0037 0.0006

3-Methyl-Cyclopentene 0.002 0.004 0.013 0.034 0.037 0.024 0.0097 0.0023

C6H10 (11.29) 0 0 0 0.0027 0.0087 0.0082 0.0040 0.0011

4-Methyl-Cyclopentene 0 0 0.0012 0.0051 0.023 0.029 0.024 0.012

Methyl-Cyclopentadiene 0 0 0.004 0.039 0.15 0.19 0.16 0.09

Benzene 0 0 0.000 0.014 0.32 1.00 2.14 3.23

Cyclohexadiene 0 0 0 0.005 0.023 0.034 0.030 0.017

C7H10 (13.14) 0 0 0 0.003 0.08 0.24 0.48 0.68

Toluene 0 0 0 0.0004 0.0068 0.0103 0.0094 0.0062

1,3,5-Cycloheptatriene 0 0 0 0 0.002 0.006 0.010 0.011

Ethyl-Benzene 0 0 0 0 0.006 0.022 0.046 0.062

o/p-Xylene 0 0 0 0.0003 0.021 0.081 0.20 0.35

Styrene 0 0 0 0 0.0058 0.0145 0.0254 0.0293

o/p-Xylene 0 0 0 0 0.0054 0.0120 0.0129 0.0086

Indane 0 0 0 0 0.0008 0.0037 0.0078 0.0096

C9H10 (16.50) 0 0 0 0 0.0012 0.0056 0.0141 0.0224

C9H10 (16.84) 0 0 0 0 0.0033 0.0127 0.0225 0.0201

2-Propenyl-Benzene 0 0 0 0 0.019 0.070 0.142 0.187

Indene 0 0 0 0 0 0 0.012 0.011

C10H10 (20.40) 0 0 0 0 0.0024 0.0079 0.0084 0.012

Methyl-Indene 0 0 0 0 0 0 0.021 0.022

C10H8 (20.70) 0 0 0 0 0 0.0032 0.0076 0.0069

1,4-Dihydro-Naphthalene 0 0 0 0 0.0011 0.0046 0.0060 0.0076

Naphthalene 0 0 0 0 0.008 0.050 0.173 0.407

Methyl-Naphthalene (25.69) 0 0 0 0 0.000 0.005 0.013 0.027

Methyl-Naphthalene (26.52) 0 0 0 0 0 0.0050 0.012 0.024

Biphenyl (29.21) 0 0 0 0 0 0.0010 0.0051 0.0033

Acenaphthylene (34.66) 0 0 0 0 0 0 0.016 0.012

Total 100.4 100.0 99.9 100.0 100.2 101.2 101.5 102.3

Cout/Cin 1.01 1.02 1.02 1.01 1.02 1.01 0.99 0.97

Hout/Hin 1.01 1.02 1.02 1.01 1.02 1.02 1.02 1.03

Conditions: τ= ~2.5sec, initial C3H6/N2/C3H8/1,5-C6H10= 50.6/49.4/0.05/0.005%

Average experimentally observed mole %
Species
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Table 7.4 Experimental Data Obtained from Propene Pyrolysis (EXP 2C: τ= ~1 sec, N2/C3H6= 
~50/50%) 

 

575°C 625°C 675°C 750°C 800°C 850°C 875°C

N2 51.0 50.4 50.2 50.0 47.9 44.4 42.1

H2 0 0 0 0 1.79 5.45 7.25

CH4 (FID) 0.00 0.01 0.05 0.84 5.06 16.66 21.96

CH4 (TCD) 0 0 0 0 5.10 16.67 21.89

CH4 (Trace) 0.00 0.01 0.06 0.94 5.58 18.36 24.19

C2H4 (FID) 0 0.01 0.04 0.77 4.69 14.21 17.42

C2H4 (TCD) 0 0 0 0 3.76 11.63 14.19

C2H4 (Trace) 0.003 0.017 0.086 1.17 5.75 15.62 18.66

C2H6 0.002 0.003 0.003 0.013 0.065 0.26 0.35

C3H6 48.85 48.76 48.25 44.70 33.13 11.82 3.81

C3H8 0 0 0 0.067 0.075 0.044 0.019

pC3H4 (propyne) 0 0 0 0.037 0.21 0.36 0.29

aC3H4 (allene) 0 0 0.001 0.039 0.13 0.10 0.13

n-C4H10 0 0.002 0.010 0.016 0.013 0.005 0.001

1-C4H8 0 0.001 0.008 0.15 0.47 0.25 0.08

1,3-C4H6 0 0.004 0.024 0.27 0.88 1.15 0.81

trans-2-C4H8 0 0.001 0.004 0.038 0.13 0.086 0.028

cis-2-C4H8 0 0 0.003 0.029 0.10 0.067 0.021

C4H6 (7.32) 0 0 0 0 0.0029 0.0061 0.0045

1,3-Pentadiene 0 0 0.005 0.043 0.047 0.015 0.0046

1-Bubyne 0 0 0 0 0.0047 0.0101 0.0071

1-Pentene 0 0 0 0.0015 0.0051 0.0047 0.0027

1,4-Pentadiene 0 0 0.003 0.046 0.124 0.091 0.039

2-Methyl-1,3-Butadiene 0 0 0.001 0.018 0.064 0.055 0.025

CycloPentadiene 0 0 0.002 0.133 0.766 0.945 0.604

CycloPentene 0.001 0.002 0.005 0.022 0.037 0.023 0.009

3-Methyl-1-Pentene 0 0 0 0.0070 0.0124 0.0025 0

1,5-Hexadiene 0.0014 0.0024 0.0072 0.0349 0.0328 0.0040 0

C6H10 (10.59) 0 0 0.0004 0.0066 0.0094 0.0043 0.0014

Cyclohexene 0.0004 0.0018 0.0061 0.0149 0.0112 0.0015 0

3-Methyl-Cyclopentene 0.0004 0.0020 0.0080 0.0331 0.0264 0.0045 0

C6H10 (11.29) 0 0 0 0.0047 0.0095 0.0025 0

4-Methyl-Cyclopentene 0 0 0 0.0086 0.0315 0.0217 0.0089

Methyl-Cyclopentadiene 0 0 0.002 0.057 0.195 0.141 0.057

C6H8 (11.54) 0 0 0 0.0013 0.0074 0.0052 0.0030

Benzene 0 0 0 0.034 0.60 2.77 3.67

Cyclohexadiene 0 0 0 0.009 0.041 0.033 0.014

Toluene 0 0 0 0.008 0.13 0.58 0.69

1,3,5-Cycloheptatriene 0 0 0 0 0.0098 0.0096 0.0051

Ethyl-Benzene 0 0 0 0 0.0034 0.0109 0.0093

o-Xylene 0 0 0 0.0004 0.0133 0.0603 0.0690

Styrene 0 0 0 0.001 0.047 0.30 0.44

p-Xylene 0 0 0 0.001 0.011 0.032 0.026

Indane 0 0 0 0 0.0092 0.0119 0.0064

C9H10 (16.50) 0 0 0 0 0.0019 0.0097 0.0090

C9H10 (16.84) 0 0 0 0 0.003 0.020 0.023

2-Propenyl-Benzene 0 0 0 0 0.007 0.022 0.014

C9H10 (17.81) 0 0 0 0 0.0005 0.0040 0.0055

Indene 0 0 0 0.001 0.043 0.19 0.22

C10H10 (20.40) 0 0 0 0 0.006 0.012 0.010

Methyl-Indene 0 0 0 0 0 0.012 0.013

C10H8 (20.70) 0 0 0 0 0 0.0104 0.0060

1,4-Dihydro-Naphthalene 0 0 0 0 0.0032 0.0093 0.0082

Naphthalene 0 0 0 0 0.03 0.30 0.60

C10H10 (24.80) 0 0 0 0 0.0026 0.0105 0.0109

Methyl-Naphthalene (25.69) 0 0 0 0 0.0028 0.0328 0.0057

Methyl-Naphthalene (26.52) 0 0 0 0 0.0027 0.0313 0.0523

Biphenyl (29.21) 0 0 0 0 0 0.0018 0.0316

Ethenyl-Naphthalene 0 0 0 0 0 0.0079 0.0147

C12H12 (32.68) 0 0 0 0 0 0.0117 0.0270

Acenaphthylene (34.66) 0 0 0 0 0 0.0385 0.0755

Total 99.9 99.2 98.6 97.4 97.0 100.7 101.0

Cout/Cin 1.00 1.01 1.01 0.99 0.98 1.00 1.00

Hout/Hin 1.00 1.01 1.01 0.99 0.99 1.02 1.04

Conditions: τ= ~1sec, initial C3H6/N2/1,5-C6H10= 48.9/51.2/0.0015%

Average experimentally observed mole %
Species
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Figure 7.3 shows the mole fraction-temperature profiles of propene and multiple reaction 

products, with the plots ordered in terms of the mole fraction of products formed at the three 

residence times. The data from EXP 1A and 2A are plotted together, showing good agreement. 

The major products are methane (CH4), ethene (C2H4), and hydrogen (H2). Other light species that 

are formed in lesser amounts are propyne (C≡CC), ethane (C2H6), allene (C=C=C), and propane 

(CCC). The C4 species measured include: 1,3-butadiene (C=CC=C), 1-butene (C=CCC), 2-butene 

(CC=CC), and n-butane (CCCC). The C5 species include: cyclopentadiene (CY13PD), 1,4-

pentediene (C=CCC=C), 2-methyl-1,3-butadiene (C=CC2=C), 1,3-pentediene (C=CC=CC), 

cyclopentene (cyC5H8), and 1-pentene. Benzene (C6H6) is the dominant C6 species. Other C6 

products are the 1-3- and 1,4-methyl-cyclopentadiene isomers (ME-CY13PD and ME-CY24PD), 

methyl cyclopentene, the 1,3- and 1,4-cyclohexadiene isomers (CHD13 and CHD14), 1,5-

hexadiene (C=CCCC=C), and cyclohexene (C6H10). Toluene (cyC6CH3), naphthalene (a2), styrene 

(cyC6H5C=C), indene (C9H8), and ethyl-benzene (cyC6H5C2H5) are the primary C7 to C10 species. 

Small amounts of 1,3,5-cycloheptatriene (C7H8), xylene isomers (C8H10), ethenyl-cyclohexene 

(C8H12), indane (C9H10), propenyl-benzene (C9H10), methyl-indene (C10H10), 1,4-

dihydronaphthalene (C10H10), methyl-naphthalene (C11H10), biphenyl (C12H10), and 

acenaphthalene (C12H8) were also measured, but are not shown in Figure 7.3 (see Tables 7.1-7.4). 

The model predictions are also provided in Figure 7.3. The model provides excellent 

predictions for the fuel conversion (panel a) and for the formation of the three major products, 

methane (b), ethene (c), and hydrogen (d) over the temperature and residence time ranges studied. 

The predictions are quite good in capturing both the magnitude and temperature and residence time 

dependences for the MWG species. The good descriptions for benzene, cyclopentadiene, toluene, 

naphthalene, styrene and indene are particularly encouraging. The profiles for the intermediate 
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MWG species all show a strong temperature dependence; the observed mole fractions reach 

maxima and then decrease at higher temperatures. In most cases, the model is able to predict the 

observed temperature and residence time dependencies reasonably well.  
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Figure 7.3 Comparison of model predictions to products distribution in propene pyrolysis data. 

Symbols-- Experiment (Filled symbols— Al Shoaibi (2008) (EXP 1), Open symbols— This 

work (EXP 2A, 2B, and 2C)); Lines— Modeling. Operating conditions: initial ~50% fuel diluted 

in nitrogen, P= ~0.8 atm, T= 575-875 °C, τ= ~1, ~2.5, and ~5 s. 
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Figure 7.3 Continued. 
 

7.5 Discussion 

The favorable comparisons of model predictions to the extensive data suggest that the 

kinetic model captures the essential underlying kinetics. Thus, we are now in a position to use the 

model to explore the primary pathways that account for the fuel decomposition and for the 

formation of MWG species. The analysis presented here will primarily focus on EXP 2A at 775°C. 

Under these conditions, the fuel conversion is high (~60%) and substantial amounts of MWG 

species are formed. Most of discussion will focus on the chemistry that occurs in the constant 

temperature region of the reactor. However, it is important to keep in mind that initiation chemistry 
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occurs near the front of the reactor where the temperature is much lower (see the temperature 

profile in Chapter 2). At the end of the reactor the chemistry is quenched when the temperature 

decreases. 

7.5.1 Kinetics of Fuel Conversion  

Several prior studies26, 35-38 have investigated the thermal decomposition of propene under 

conditions that allow for the initiation chemistry to be explored (i.e., more dilute fuel 

concentrations, lower fuel conversion, and/or shorter residence times). Recently, Ye et al.39 

conducted theoretical calculations for a number of reactions on the C3H6 potential energy surface 

(PES) using the CCSD(T)/cc-pVTZ method. Hung et al.40 studied the unimolecular decomposition 

pathways using CBS-QB3 calculations coupled with RRKM/ME calculations. The results were 

compared to experimentally measured time-dependent H-atom profiles that were obtained behind 

reflective shock waves at 1450-1710 K at 2 atm. Rate constants were determined for four pathways 

(R1- R4), and reaction R1 was confirmed to be the dominant route under these operating 

conditions. The kinetic mechanism employed here contains these four decomposition channels. In 

addition, we include the two bimolecular channels (reverse disproportionation reactions, R5 and 

R6) recommended by Tsang et al.41  

C=CC ⇄ C=CC• + H       R1 

C=CC ⇄ C2H3 + CH3       R2 

C=CC ⇄ C=C=C + H2         R3 

C=CC ⇄ C2H2 + CH4       R4  

2 C=CC ⇄ C=CC•  + CCC•      R5 

2 C=CC ⇄ C=CC•  + CC•C      R6 
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Figure 7.4 Comparison between this study and the reported rate constants for the unimolecular 
dissociation reactions (R1 + R2) of propene at ~2 atm.  
 

The rate constants used in our model for the unimolecular reactions of propene (R1-R4) 

are consistent with those reported by Ye et al.39 and Hung et al.40; the comparison is provided in 

Figure 7.4. The reverse disproportionation reactions R5 and R5 are second order in propene; thus 

the relative importance of these reactions to the unimolecular reactions will depend upon the 

propene concentration. To facilitate the comparison of R5 and R6 to R1-R4, we calculated pseudo-

first order rate constants (using two initial concentrations of propene). The comparisons are shown 

in Figure 7.5 for initial propene mole fractions of 50% (used in this work) and 0.1%. Under the 

temperatures and propene concentrations employed in this work, the reverse disproportionation 

reactions are generally faster than the unimolecular channels. The rate constants for the 

unimolecular channels only become comparable when the temperature increases to ~850ºC, near 

the upper limit of the temperature range of our experiments. In contrast, at lower concentrations 

of propene (e.g., 0.1%), the unimolecular decomposition pathways R1 and R2 become much more 

important. 



201 
 

1E-29

1E-25

1E-21

1E-17

1E-13

1E-09

1E-05

1E-01

0.8 1 1.2 1.4 1.6 1.8 2

k
[s

-1
]

1000K/T

50% mole propene

k6 k5

k4 k3

k2 k1

1E-29

1E-25

1E-21

1E-17

1E-13

1E-09

1E-05

1E-01

0.8 1 1.2 1.4 1.6 1.8 2

k
[s

-1
]

1000K/T

0.1% mole propene

k6 k5

k4 k3

k2 k1

 

Figure 7.5 Comparison of the reaction rate constants between the unimolecular and bimolecular 
channels under different fuel concentrations. 
 

A sensitivity analysis (with all reactions written irreversibly) was performed at 775°C 

(Table 7.5). This sensitivity analysis characterizes the impact of specific reactions in terms of 

changes in the propene concentration at the end of the reactor. The results indicate that only a 

handful of reactions are responsible for the decomposition of propene. In order, the four most 

important reactions are:  

C=CC• + C=CC (+M) → CC=CC• + C2H4 (+M)    R7 

H + C=CC (+M) → CH3 + C2H4 (+M)     R8 

CH3 + C=CC → C=CC• + CH4      R9 

C=CCC (+M) → C=CC• + CH3 (+M)     R10 

Reactions R7-R9 directly remove propene, whereas R10 (and R9) produce allyl radical that then 

can react with propene via R7. Reaction R10 is nearly partially equilibrated and therefore the 

results are more sensitive to the equilibrium constant assignment than to the rate constants. (Here 

the reverse reaction has a similar magnitude sensitivity coefficient but with the opposite sign.) 

Interestingly, none of these reactions is related to the initiation process. This indicates that, under 

our particular conditions, the fuel decay is not sensitive to the rate parameter assignments for 
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reactions 1-6. This implies that, once the first radicals are generated, the above reactions dominate 

propene conversion. Figure 7.6a shows the rate of production of propene along the reactor. In 

addition to the above reactions, three other reactions (R11-R13) occur. The impact of R11 and R13 

on the propene conversion is small since the reverse reactions also occur.   

C=CC• + C=CC (+M) → C=CCCC•C (+M)    R11 

H + C=CC (+M) → H2 + C=CC• (+M)     R12 

H + C=CC (+M) → CC•C (+M)      R13 

  

Figure 7.6 Rate of production of propene (a), allyl (b), H atom (c), and methyl (d) along the 
reactor at 775 °C. (Most H atoms in the species names are omitted for clarity.) 
 

The reactions of H, CH3, and allyl radical play an important role in the decomposition of 

propene. The rates of production for these three radicals are shown in Figure 7.6b-d. These results 

show that propene decomposes via the following auto-catalytic cycle: i) Allyl radical is primarily 
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formed by H-atom abstraction from propene by CH3 (R9) and H-atoms (R12). ii) Allyl addition to 

propene primarily leads to the formation of ethylene + methyl-allyl radical (R7). The subsequent 

β-scission reaction of methyl-allyl radical forms H-atoms and 1,3-butadiene (R14).   

CC=CC• → H + C=CC=C       R14  

H-atom addition to propene leads to the formation of CH3 + ethylene (R8). CH3 and H then abstract 

from propene to form allyl radical. However, because allyl radical is so stable, its conversion to 

more active radicals is slow. Note that the rate of formation of allyl is greater than its rate of 

depletion. As a result, the thermal decomposition of propene starts at higher temperatures than the 

decomposition of saturated fuels such as propane.  
 

 

 

 

Figure 7.7 Simplified C6H11 PES calculated at the CBS-QB3 level of theory, enthalpies in 
kcal/mol at 298K. 
 

The rate constants of these reactions are either from well-documented studies, or they are 

derived from high-level electronic structure calculations. The high-pressure limit rate constant of 

the reverse reaction of R10 is taken from the Tsang recommendation.41 Reactions R8 and R13 are 

part of the C3H7 PES, while R7 and R11 are part of the C6H11 PES. These two surfaces were 

evaluated using CBS-QB3 calculations. The results from the C3H7 PES have previously been 
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discussed.31 The C6H11 PES is shown in Figure 7.7. In addition to R7 (shown as exit channel (IV)) 

and R11 (shown as well (2)), there are other low-energy channels which can be accessed. A 

detailed discussion of this PES will be given in the next section. The two hydrogen abstraction 

reactions, R9 and R12, are also based on CBS-QB3 calculations. Figure 7.8 shows the rate 

constants for R8, R9, and R12 used in this study are consistent with values previously reported.  

 

 

Figure 7.8 Comparison of literature rate constants for: (a) H-atom addition to propene forming 
ethylene and methyl (at 1 atm), (b) the H-abstraction of propene by H-atom, and (c) the H-
abstraction of propene by methyl that calculated in this study with those reported in literatures. 
 

As mentioned above, our earlier kinetic model failed to capture thermal conversion of 

propene (cf. Figure 7.1). This issue was primarily resolved by adding the addition reactions of allyl 

to propene that occur on the C6H11 PES to the mechanism. As discussed earlier, several other 
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mechanisms in the literature are also unable to capture thermal conversion of propene. These 

mechanisms also do not consider the addition reaction of allyl to propene. Thus, the predictions 

from these models might also be improved by incorporation of the C6H11 PES reactions. To test 

this assertion, this reaction subset was added to the JetSurF 2.0 model33 and the Aramco 

mechanism.34 As shown in Figure 7.9, the predictions for the fuel conversion of propene are 

significantly improved with this update.  

 

Figure 7.9 Comparison between experiment and prediction of several known literature models 
for the fuel conversion of propene (Open symbols—Experiment by this study (EXP 2A); Filled 
symbols—Experiment from Al-Shoaibi (2008) (EXP 1A); Solid lines—the original literature 
models; Dashed lines—the selected models updated by the reactions of C6H11 PES). 
 
7.5.2 Formation of Light Species 

The three major products (hydrogen, methane, and ethene) are formed primarily by the 

reactions R12, R9, and R8, respectively. The formation of alkane species including ethane, 

propane and n-butane are primarily from the H-abstraction of propene by ethyl, isopropyl, and 2-

butyl respectively. The PES forming ethyl, isopropyl and 2-butyl have been described during the 

analysis of ethane pyrolysis.31 Formation of allene (C=C=C) is primarily formed by the two 

disproportionation reactions:41  
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2 C=CC• → C=C=C + C≡CC       R15 

C=CC• + CY13PD• (cyclopentadienyl) ↔ C=C=C + CY13PD    R16 

The dissociation of allyl provides a minor contribution to allene formation. Propyne (C≡CC) is 

primarily formed from the isomerization of allene, via a cyclic-C3H4 intermediate.42  

7.5.3 Kinetics of Molecular Weight Growth 

An important kinetic feature for olefin pyrolysis is that relatively high concentrations of 

resonantly-stabilized free radicals (RSFRs) are generated. Figure 7.10 shows the predicted mole 

fractions of the major radicals produced during propene pyrolysis. Most of the resonantly 

stabilized radicals are formed from an approximately thermoneutral H-atom abstraction reaction 

from the parent olefin by allyl radical. This type of reaction is important because it has the potential 

to shift the MWG product distribution.21  

 

Figure 7.10 Predicted mole fractions of dominant radicals in propene pyrolysis at 775 ºC. (Most 
H atoms in the species names are omitted for clarity.) 
 

Note that the mole fraction of allyl and cyclopentadienyl radicals are around 2 orders of 

magnitude higher than that of methyl. This difference may be attributed to two factors: (1) The 

rate of production of these species is higher due to the weaker C–C and C–H bonds in the parent 
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olefin, and (2) the rates of subsequent reactions are slower. However, the higher concentration of 

these radicals may mean that the reactions may still be important in spite of the smaller rate 

constants. Recombination and addition reactions involving RSFRs are thought to be critical for the 

formation of MWG species.21  

There are several dominant resonant radical addition reactions that lead to MWG formation. 

As mentioned above, the thermal decomposition of propene is sensitive to R7 and R11, which are 

part of the C6H11 PES (Figure 7.8). On this surface, R7 corresponds to the formation of bimolecular 

products (IV) where R11 to the formation of (2). Allyl addition can occur on either side of the 

double bond resulting in the formation of 4-methyl-1-pentene-5-yl (1) and 1-hexene-5-yl (2). The 

barriers for addition are ~12-13 kcal/mol, about 5 kcal/mol higher that a typical addition reaction 

of an alkyl radical where there is no loss of resonance energy. The initially-formed adduct is much 

less stable than an analogous alkyl addition adduct. Once formed, the two linear adducts can 

cyclize via barriers that are lower in energy than those leading back to reactants. Endo-cyclization 

of both adducts leads to the formation of 3-methylcyclopentyl (5) and its subsequent β-scission 

leads to two methyl-cyclopentene isomers plus H (II and III). The 1-hexene-5-yl (2) adduct can 

also undergo exo-cyclization to form (3). This pathway has a slightly lower barrier than that for 

endo-cyclization; it also has a higher pre-exponential factor since one less hindered rotor is lost 

during cyclization. Due to the shallow well the cyclic radical (3) ring opens to form 4-methyl-1-

pentene-5-yl (4), which can produce 1-methyl-allyl + ethene (IV) or re-cyclize to form 2-

methylcyclopentyl radical (6) before undergoing a β-scission reaction to form methyl + 

cyclopentadiene (V). The key feature of this PES is that the cyclization reactions of the linear 

radicals (1), (2) and (4) and the subsequent β-scission reactions of the cyclic alkyl radicals (5) and 

(6) are all lower in energy than the entrance channel.  
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Figure 7.11 Predicted apparent rate constants for the addition of allyl to propene at 1 atm in N2 
(Left: terminal addition; Right: nonterminal addition. Cf. Figure 7 for the structures). 
 

A QRRK/MSC analysis was used to obtain apparent rate constants at various pressures. 

Figure 7.11 shows the predictions at 1 atm. For both addition pathways, formation of the 

collisionally-stabilized adducts ((1) and (2)) dominate at lower temperatures. As the temperature 

increases, a significant fraction of the initially formed adduct dissociates back to the reactants due 

to the relatively shallow well, causing the overall rate constant ktot to deviate from k∞. Other 

channels also begin to become important. Interior addition leads to the formation of CH3 + 1,4-

pentadiene (I) followed by H + methyl-cyclopentene isomers (II and III) and methyl cyclopentyl 

(5). Terminal addition leads to the formation of methyl-allyl + ethylene (IV), followed by methyl 

cyclopentyl (5) and H + methyl-cyclopentene isomers (II and III).  These results reveal that allyl 

is converted to more reactive radicals, H and CH3, either directly or indirectly. An important 

indirect path results from a subsequent β-scission reaction of methyl-allyl to form H + 1,3-

butadiene. Several unsaturated MWG species are also formed. These species (along with ethylene) 

can undergo subsequent radical addition reactions. They also can form larger-sized resonantly 

stabilized radicals via H-atom abstraction, which may add to olefins, leading to the formation of 

MWG species. For example, the methyl-cyclopentene isomers and cyclopentene, can form large-

sized resonantly stabilized radicals via subsequent hydrogen abstraction, leading to the formation 
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of methyl-cyclopentadiene isomers and cyclopentadiene, which ultimately form aromatic species 

(e.g., benzene, toluene) (Scheme 1). Since the allyl radicals start forming once propene begin to 

react, the formation of these C5 and C6 species are expected to be formed even when the fuel 

conversion is very low. Dente et al.43, 44 discussed the importance of reactions from allyl addition 

propene for the formation of olefins and aromatic from the thermal cracking of light hydrocarbons. 

Pyrolysis experiments by Simos,23, 24 Al-Shoaibi9 and this study observed that C5 and C6 species 

started forming at very small extents of fuel conversion (cf. Figure 7.4 and Tables 7.1-7.4).  

 

Scheme 1: Subsequent reactions of the methyl-cyclopentene isomers and cyclopentene lead to 
formation of cyclopentadiene and benzene. 
 

The addition reactions of ally radical to ethylene and to 1,3-butadiene are also significant 

(the corresponding PESs are shown in the Chapter 6). Both of these PESs have recently been 

discussed as potential routes to MWG species formation.21 The addition reaction to ethylene is 

very similar to that of propene in that once the initial adduct is formed, it is energetically more 

favorable to cyclize than it is to dissociate back to reactants. The barrier for β-scission of 

cyclopentyl radical is comparable to the reverse ring-opening reaction and this leads to formation 

of H + cyclopentene. The addition reaction to 1,3-butadiene introduces another important feature 

for rapid MWG. In this case, terminal addition leads to an adduct that is also resonantly-stabilized. 

The barrier for addition is lower than that for addition to ethylene or propene and therefore the 

total rate constant is higher. The initial well is deeper and the formation of the stabilized adduct is 

more favored. Several pathways that lead to stable cyclic species are also energetically available. 
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Allyl addition to 1,3-butadiene leads to the formation of CH3 plus 1,4-cyclohexadiene and methyl-

1,3-cyclopentadiene,21 both of which are important precursors for the benzene formation.  

 

Figure 7.12 Simplified C5H7 PES calculated at the CBS-QB3 level of theory, showing enthalpies 
in kcal/mol at 298 K. (Most H atoms in the species names are omitted for clarity.) 
 

At sufficiently high temperatures the model predicts that significant amounts of acetylene 

may be produced. The addition reaction of allyl to acetylene is potentially important for the 

generation of cyclopentadiene, via the PES shown in Figure 7.12. The initially formed adduct can 

cyclize directly or isomerize to its resonantly-stabilized isomer that can cyclize to form 

cyclopentadiene by β-scission of H atoms. The energy barriers for either the isomerization or the 

β-scission reactions are well below the energy of the entrance channel. The PES can also be 

accessed by three other addition reactions (i.e., H atom addition to pent-4-en-1-yne (C≡CCC=C), 

1-Penten-3,4-ene (C=CC=C=C), or vinyl addition to allene). These reactions would also lead to 

production of cyclopentadiene. The rate constant for the formation of cyclopentadiene + H from 
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allyl addition to acetylene via this PES is consistent with the experimental measurement45, 46 

(shown in Figure 7.13). 
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Figure 7.13 Comparison of rate constant calculated for allyl addition to acetylene in this study 
with experimental measurements45, 46 at ambient pressure.  
 

Another important resonantly-stabilized radical is cyclopentadienyl (cf. Figure 7.10); 

reactions of this species need to be considered as potential pathways for MWG. For example, the 

addition reactions of cyclopentadienyl to cyclopentadiene were found to be important for 

formation of indene and styrene during the oxidation or thermal decomposition of 

cyclopentadiene.47 We compared the addition reactions of cyclopentadienyl to ethylene and 

propene to the analogous reactions with allyl. The PES for cyclopentadienyl addition to ethylene 

is included in Figure 7.14). Although benzene and toluene are low energy exit pathways on this 

surface, the high barrier for isomerization of the initially-formed adduct makes these pathways 

relatively unimportant. The apparent rate constants for the reaction at 1 atm are shown in Figure 

7.15. The cyclic MWG product rate constants are much slower than those of allyl addition to 

ethylene.21  
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Figure 7.14 Simplified C7H9 potential energy surface calculated at the CBS-QB3 level of theory, 
showing enthalpies in kcal/mol at 298 K. (Most H atoms in the species names are omitted for 
clarity.) 
 

 

Figure 7.15 Predicted apparent rate constants for the addition reaction of cyclopentadienyl to 
ethylene at 1 atm in N2 (cf. Figure 7.14 for the species structures). 
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Figure 7.16 Simplified C8H11 potential energy surface constructed by group additivity and rate 
estimation rules, showing enthalpies in kcal/mol at 298 K. 
 

 

Figure 7.17 Predicted apparent rate constants for the addition reaction of cyclopentadienyl to 
propene at 1 atm in N2 (cf. Figure 7.16 for the species structures: (a). Terminal addition; (b) Non-
terminal addition). 
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The PES for cyclopentadienyl to propene (including the terminal and non-terminal addition, 

constructed based on the rate estimation rules21) is shown in the Figure 7.16, with the calculated 

apparent rate constants at 1 atm shown in Figure 7.17. Compared to the rate constants for the 

reactions from allyl addition to propene (cf. Figure 7.7), the rate constants for cyclopentadienyl 

addition to propene are lower by around one order of magnitude. This may be attributed to high 

barriers for the subsequent reactions (-scission or H-atom shift via 3- and 4-member transition 

state rings) of the initially-formed adducts and therefore they are more likely to re-dissociate to the 

reactants. Thus, the addition reactions of cyclopentadienyl to the light olefin products appears to 

be much less important than the allyl reactions. Instead, cyclopentadienyl plays a more important 

role in forming larger MWG species, such as styrene, indene, and naphthalene, via recombination 

reactions, as discussed below.  

The recombination between two resonantly-stabilized radicals provides another potential 

source for MWG formation. A number of experimental48-52 and theoretical studies53-55 have been 

performed for the self-recombination reaction of propargyl (C3H3) radicals and the reaction 

pathways leading to the formation of benzene have been well documented. The recombination 

between two allylic radicals (e.g., allyl + allyl, methyl-allyl + allyl, methyl-allyl + methyl-allyl, 

etc.) that lead to stable cyclic species after H-abstraction have been investigated recently.21 

Similarly, the recombination between methyl and cyclopentadienyl forms methyl-2,4-

cyclopentadiene. H-abstraction from the ring leads to the isomers (1), (2), and (3) in Figure 7.18. 

These resonantly stabilized isomers are relatively quite stable and are unlikely to form benzene 

except at very high temperatures. On the other hand abstraction from the methyl carbon to form 

(4) would provide a more likely route to benzene. However note that this PES does provide a route 

for conversion of fulvene to benzene via H-atom addition.  
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Figure 7.18 Simplified C6H7 PES calculated at the CBS-QB3 level of theory, showing enthalpies 
in kcal/mol at 298 K. 
 

The self-recombination of two cyclopentadienyl radicals is important for the formation of 

naphthalene (after isomerization and loss of hydrogen), which has been studied by several 

groups.47, 56-61 Melius et al.57 calculated the detailed PES, and proposed two sequential steps:  

C5H5 + C5H5 ⇄ C10H9 + H      R17 

C10H9 ⇄ Naphthalene (C10H8) + H     R18 

Unfortunately, rate constants were not reported in that study. There is substantial controversy 

regarding the treatment of this recombination reaction. Marinov et al.58 proposed using one overall 

step to describe this process:  

C5H5 + C5H5 ⇄ C10H8 + 2H      R19 

However, Lindstedt et al.59 showed that this one-step reaction yielded naphthalene predictions that 

were inconsistent with measured trends in several fuels. Instead, they proposed a two-step 

sequence with the first reaction being weakly endothermic (8 kcal/mol).  

C5H5 + C5H5 ⇄ C5H5-C5H4 + H      R20 

C5H5-C5H4 ⇄ C10H8 + H       R21 
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This treatment yields rate constants that over-predict the production of naphthalene observed in 

the current work. Recently this PES has been re-examined by several other theoretical studies.47, 

60, 61 However, the predicted results changed only marginally and the lack of information about the 

bimolecular reactions of the new intermediates added uncertainties as found by Nowakowska et 

al.62 for the anisole oxidation. Furthermore, the calculated PES by Melius et al.57 explicitly 

indicates many more reactions are involved. Therefore, in this study, instead of assigning rate 

constants for one or two overall steps, we revisited the PES calculated by Melius et al.,57 and 

assigned rate constants to each reaction step by analogy to similar recombination, H-atom transfer, 

cycloaddition and H-atom addition reactions, as described in earlier publications.21, 30, 64, 65 This 

analysis indicated that the two most important reactions are: 

     R22 

      R23 

The rate constants derived in this study are much lower than those used in the earlier studies (cf. 

Table 7.7). When the full set of pressure-dependent rate constants was incorporated into the 

mechanism, the naphthalene production predictions captured the temperature and residence time 

dependence observed (cf. Figure 7.4).  

Table 7.5 Comparison of Rate Constants in This Study for the Recombination Reactions of Two 
Cyclopentadienyl Radicals with the Literature Data (at P= 1 atm). 

 

Source Reactions A [cm
3
/mol-s] n Ea [kcal/mol]

k (1000K)  

[cm3/mol-s]

CY13PD5. + CY13PD5. (+ M) <=> C5H5-3-C5H4 + H (+ M) 7.75E+55 -12.06 55.4 4.01E+07

CY13PD5. + CY13PD5. (+ M) <=> C5H5C5H4  + H  (+ M) 7.36E+73 -17.11 55.2 2.97E+10

H + Naphathalene (C10H8) (+ M) <=> C5H5-3-C5H4 (+ M) 1.68E+10 -0.15 9.1 6.08E+07

H + Naphathalene (C10H8) (+ M) <=> C5H5C5H4 (+ M) 7.16E+24 -3.23 26.3 2.52E+09

Marinov et al. 1996 CYC5H5 + CYC5H5 <=> Naphathalene (C10H8) + 2H 2.00E+13 0 8.0 3.56E+11

CYC5H5 + CYC5H5 <=> C10H9 + H 2.00E+13 0 8.0 3.56E+11

H+ Naphathalene (C10H8) <=> C10H9 4.04E+13 0 4.3 4.61E+12
Linstedt et al. 2001

This study
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The recombination between allyl or propargyl with cyclopentadienyl can ultimately form 

styrene, after subsequent H-abstraction and isomerization (reaction scheme 2). Sharma et al.65 

studied recombination between propargyl and cyclopentadienyl which also forms styrene. 

 

Scheme 2: Recombination between cyclopentadienyl and allyl, cyclopentadienyl and propargyl 
that lead to formation of styrene. 
 
7.5.4 Predictions to Other Propene Pyrolysis Experiments 

To test the robustness of the current model, predictions were performed for the condition 

of two sets of experiments where the initial conditions were substantially different for our 

experiments.  

Highly diluted system 

The kinetic mechanism was used to predict literature data of propene pyrolysis to test its 

range of applicability. Davis et al.27 reported a propene pyrolysis experiment using the Princeton 

Turbulent Flow Reactor where propene was highly diluted in N2 at 1 atm (0.228% mole propene); 

the pyrolysis temperature was 1210K, with residence time ranging from ~10 to 160 ms. The 

measured major species were methane, acetylene, ethylene, ethane and propyne, and several MWG 

species were characterized, including 1,3-butadiene, 1-butene, and benzene. As shown in Figure 

7.19, when the residence time was shifted by 38 ms to match fuel conversion (to attempt to account 

for the fuel mixing zone), the product distributions are reasonably well predicted with the current 

model.  
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Figure 7.19 Prediction of model to literature measurements of fuel conversion and formation of 
products27 (a. Experiment with 0.288% propene in N2 at 1 atm, 1210K; b. Residence time in the 
model shifted 38 msec to match the observed fuel conversion). 
 
Neat fuel system 

Norinaga et al.29 conducted propene pyrolysis experiments without any dilution, at a low 

pressure of 8 kPa and temperature of 1075-1375 K with a residence time of 0.5 sec. Figure 7.20 

compares the predictions using the model developed in this study to the experiment measurements. 

In general the results are very encouraging, especially considering the significantly higher 

temperature and the much lower pressure than our data. The model captures the magnitude and the 

temperature dependence for the major species and many of the MWG species. Interestingly, these 

authors did not report the formation of any C5 species, while the model predicts significant amount 

of cyclopentadiene. 
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Figure 7.20 Comparison of predicted mole fractions by the model of this study to a published 
experimental data for propene pyrolysis at P = 8 kPa and τ= ~0.5 s as a function of temperature 
(Symbols: Experimental data by Norinaga et al.29; Lines: Prediction by the model of this study). 
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7.6 Summary 

The objective of this study is to characterize the kinetics of molecular weight growth 

(MWG) reactions that occur during propene pyrolysis. Propene was selected as a model fuel to 

validate the improved fundamentally-based kinetic model. It is the simplest alkene that can 

generate a resonantly-stabilized radical, and therefore it can serve as a model compound for larger 

olefins. The earlier kinetic models significantly under-predicted the propene conversion. A major 

improvement in this work was the inclusion of allyl addition reactions to propene and ethylene. 

The updated model captures the temperature and residence time impacts on propene conversion, 

major product production, and the production of MWG species. Sensitivity and rate of production 

analyses showed that the decomposition of propene is most likely initiated by the bimolecular 

reverse disproportionation reaction of propene, forming allyl plus n-/iso-propyl under the 

conditions of this study. The propyl radicals can abstract from propene forming allyl and propane. 

The β-scission of the propyl radicals form methyl and H atoms that can also abstract from propene, 

forming more “inert” allyl radicals. H atoms can attack propene, forming ethene and methyl. The 

subsequent allyl addition to propene plays a critical role in converting the allyl radical to more 

reactive methyl and H atoms to continue the chain, thus driving the propene decomposition. 

Including the allyl addition reaction to propene in several literature models substantially improved 

the predictions for the temperature dependence of propene conversion. 

 Multiple MWG species (C4-C11) were detected and quantitatively measured for the 

propene pyrolysis. The C4 species start forming during the very early stages of fuel conversion, 

followed by the formation of C5 and C6 products, and then C7 products, while C8-C10 species are 

only generated after substantial propene conversion. The important pathways for the MWG species 

formation were analyzed. The reactions of resonantly-stabilized radicals were found to play an 
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important role for the formation of MWG. The recombination between two stabilized radicals, or 

between a stabilized radical and an alkyl are important for the formation of noncyclic C5 and C6 

products. The recombination adduct, after H-abstraction, can turn into cyclic species via 

subsequent cyclization and β-scission. The PES obtained from the addition of stabilized radical to 

olefins or diolefins show that lower energy exit channels exist. Therefore, the formation of stable 

ring compounds via these PESs is energetically favored. Given that resonantly-stabilized radicals 

are also likely to dominate in other olefin pyrolysis systems, the kinetic knowledge obtained here 

are expected applicable to these systems as well. 
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CHAPTER 8 

EXPERIMENTAL AND MODELING ANALYSIS OF MOLECULAR WEIGHT GROWTH 

KINETICS IN 1-BUTENE PYROLYSIS  

Significant amounts of butene isomers may be produced from the pyrolysis, oxidation, or 

even combustion of alkanes, alcohols, esters, as well as biofuels. Therefore the subsequent 

chemistry of butenes may have substantial impact on the final products. With 4 heavy atom (i.e., 

non-hydrogen atoms), the butene isomers serve as good model compounds for upgrading and 

validating the detailed kinetic mechanisms for larger hydrocarbon species. Butene (C4H8) is the 

smallest alkene with isomeric structures, including the linear 1-butene (1-C4H8, C=CCC) and 2-

butene (2-C4H8, CC=CC), and branched isobutene (isoC4H8, C=C(C)C). The study of 1-C4H8 and 

2-C4H8 pyrolysis kinetics can be used to characterize the impact of the location of the double bond; 

while isoC4H8 can be considered as a model compound for larger branched alkenes. In the 

following three chapters, the pyrolysis of three butene isomers will be used to validate the kinetic 

model for describing the MWG reactions, with this one focuses on the 1-butene pyrolysis. 

8.1 Introduction 

1-Butene pyrolysis, oxidation, and combustion have been the focus for many studies (Table 

8.1). Chakir et al.1 studied the oxidation of 1-butene in a jet-stirred reactor, where stable species 

have been measured by gas chromatography. Pitz et al.2 conducted an experimental study on the 

oxidation of butene isomers including 1-butene in a small motored engines and proposed a kinetic 

model. Heyberger et al.3 investigated the ignition delays of 1-butene/O2/Ar obtained in a shock 

tube. Davis and Law4 examined the laminar burning velocities of 1-butene in air in counter-flow 

burners at atmospheric pressure. Schenk et al.5 investigated the structure of premixed flat flames 

of the isomers of butene (C4H8/O2/Ar) at low pressure. Concentrations of stable species and 

radicals in the flames were measured by molecular-beam mass spectrometry. Zhao et al.6 applied 
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counter-flow burners for the measurement of ignition temperatures of butene isomers in air 

between 1.5 and 5 atm. Recently, Fenard et al.7, 8 conducted experiment for the oxidation of 1-

butene (as well as cis-2-butene) in a jet-stirred reactor and a spherical combustion vessel. A 

detailed kinetic model was used to describe the oxidation process of the above two mentioned 

butene isomers. Reaction pathways and sensitivity analyses showed the importance of resonance 

stabilized radicals that include allyl and 1-methyl-ally. Pan et al.9 measured the ignition delay times 

of 1-butene behind reflected shock wave, and they used three published models, NUIG Aramco 

Mech 1.310, USC Mech 2.011, and LLNL C4model12, to predict the ignition delay times that 

observed by experiment. They found that none of these models can well reproduce the 

experimental data of 1-butene, especially at lower temperatures. Al-Shoaibi and Dean13 conducted 

flow reactor pyrolysis of the C4 alkene at pressure of ~0.8 atm at low to intermediate temperatures. 

Zhang et al.14 studied the pyrolysis of the three butene isomers in a laminar flow reactor at low 

pressure under higher temperatures, and products were identified and quantified using a 

synchrotron vacuum ultraviolet photoionization mass spectrometer.  

However, only a few have quantitatively characterized the MWG chemistry. Zhang et al.14 

developed a kinetic model for the pyrolysis process of the three butene isomers. Their kinetic 

model was able to describe light species and intermediate radicals, but very few MWG products 

were characterized. Schenk et al.6 carried out the detailed mass spectrometric and modeling study 

of laminar premixed flames of isomeric butenes. Multiple C5 growth species were identified and 

measured, but the model only provided qualitative descriptions of these products. The flow reactor 

pyrolysis for butene isomers by Al Shoaibi15 detected multiple MWG species. However, the 

characterization was considered as semi-quantitative since there was no direct calibration for these 
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species. The associated modeling study indicated that more work is needed regarding the 

characterization of MWG kinetics.  

Table 8.1 Previous Experimental Studies on 1-Butene Oxidation, Combustion or Pyrolysis. 

 

One of the most important kinetic features for olefin pyrolysis is that resonantly stabilized 

free radicals (RSFR) are likely to accumulate to high concentrations.16 This is due to the associated 

lower allylic C–C and C–H bond energies. RSFR are the likely initial dissociation products as well 

as being more likely to be formed by hydrogen abstraction reactions. Once formed, their higher 

stability means that their concentrations are higher than “normal” (i.e., non-resonantly stabilized) 

alkyl radicals. Various reactions involving RSFR have been investigated that are proved to impact 

the MWG kinetics.16, 17 The initial products from the addition reactions of RSFR to double bonds 

in olefins or conjugated dienes, or triple bonds in alkynes can isomerize to form cyclic radicals 

that may become stable MWG species, after the β-scission of H-atoms or alkyl groups. The 

recombination product of allylic radicals, after H-abstraction, can also cyclize leading to the 

Year Reseachers Temperature ranges Pressure Reactor

Oxidation & Combustion

1989 Chakir et al. 900-1200 K 1-10 atm Jet-stirred reactor

1991 Pitz et al. Motored engine 

1998 Davis and Law Flame temperature 1 atm Counter-flow burner

2002 Heyberger et al. 900-1200 K 1-10 atm Jet-stirred reactor

2002 Heyberger et al. 1200-1670 K 6.6-8.9 atm Shock-tube

2012 Schenk et al. Flame temperature 40 mbar Premised laminar flame

Ignition temperature 1.5-5 atm Counter-flow burner

Flame temperature 1-10 atm Combustion vessel

900-1440 K 1 atm Jet-stirred reactor

300-450 K 1-5 atm Combustion vessel

2015 Pan et al. 1000-1700 K  1.2, 4, 16 atm Shock-tube

Pyrolsyis

2008 Al Shoaibi 550ºC-750ºC ~0.8 atm Tabular flow reactor

2010 Al Shoaibi and Dean 550ºC-750ºC ~0.8 atm Flow reactor

2011 Zhang et al. 900-1900 K ~3-11 Torr Laminar flow reactor

2014 Zhao et al.

Fenard et al.2015
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formation of stable cyclic species. The hydrogen abstraction reactions redistribute RSFR, changing 

the relative concentrations and thus impacting the MWG pathways. The reaction kinetics of allyl, 

the smallest stabilized radical, has been examined in Chapter 7. The pyrolysis of 1-butene provides 

the opportunity to examine the larger stabilized radicals, e.g., 1-methyl-allyl that is with two 

distinct resonance structures, CC=CC• and C=CC•C.  

Flow reactor pyrolysis experiments were performed at an absolute pressure of ∼0.83 atm, 

where the temperature changes from 550°C to 750°C, and extent of inert gas dilution (50%, 16.7%, 

10%, and 5% mole fuel in N2) and residence time was varied (∼1, ∼2.5 and ∼5 sec). The fuel 

conversion of 1-butene ranges from virtually no reaction to ∼96%. Light species including H2 and 

C1-C4 hydrocarbons are quantified; a significant number of MWG species are identified and 

quantitatively characterized. The measured mole fractions exhibit consistently good carbon and 

hydrogen mass balances. The updated model was able to predict the fuel conversion and light 

species production, as well as to describe the MWG kinetics up to C10. The model was also applied 

to 1-butene pyrolysis data that collected under different conditions. 

8.2 Experiment Specifications 

The detailed description of the experimental setup has been provided in Chapter 2. Thus a 

brief summary is provided here. A known flow of nitrogen (General Air, 99.998%) and 1-butene 

(Matheson TriGas, 99.5%) were fed into a heated tubular quartz reactor over a temperature range 

of 550-750°C, at residence times of 1.0, 2.5, and 5 sec, at an ambient pressure of ∼0.83 atm (high-

altitude). The initial 1-butene mole percent was 5%, 10%, 16.77%, or 50% diluting in nitrogen 

buffer gas. For the case with 50% fuel, certain amount of impuritities of 2-butene, n-butane and 

isobutene were measured (cf. Tables 8.3-8.9) and accounted for during the kinetic modeling. Under 

each set of pyrolysis conditions, at least three different data sets were obtained and an average was 
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reported. The mass balances for all experiments were found to be within 2%, indicating the 

pyrolysis products were characterized correctly. A summary of the experiment measurements is 

shown in Table 8.2.  

Table 8.2 Summary of 1-Butene Pyrolysis Experiments (Varying Temperature, Residence Time 
and Inert Gas Dilution under Atmospheric Pressure ~0.83 atm). 

 

8.3 Measured Product Distributions 

The experimental data are listed in Tables 8.3-8.9. Methane (CH4), ethene (C2H4) and 

propene (C3H6) are the major products. Hydrogen (H2), ethane (C2H6), allene (aC3H4), propyne 

(pC3H4), 2-butene (CC=CC, 2-C4H8) and 1,3-butadiene (C=CC=C, 1,3-C4H6) are the minor 

products, while n-butane (n-C4H10) and isobutene (isoC4H10) are impurities in initial parent fuel. 

All these products are identified by comparing the retention times to the reference gases from the 

standard gas mixtures (Matheson TriGas Co.).  

With the aid of GC/MS, multiple MWG species ranging from C5-C11 were identified. The 

detected major C5 species include: cyclopentadiene (CY24PD, C5H6), 2-pentene (CC=CCC, 

C5H10), 3-methyl-1-butene (C=CCC2, C5H10), 1-pentene (C=CCCC, C5H10), 2-methyl-1,3-

butadiene (C=CC2=C, C5H8), 1,3-pentediene (C=CC=CC, C5H8), 1,4-pentediene (C=CCC=C, 

C5H8), 2-methyl-1-butene (C=C2CC, C5H10), 2-methyl-2-butene (C2C=CC, C5H10) and 

cyclopentene (CYC5H8, C5H8). The detection of two C5H8 isomers, 2-methyl-1,3-butadiene 

(C=CC2=C, C5H8), 1,3-pentediene (C=CC=CC, C5H8) agrees with the detection by Schenk et al.5 

~5 ~2.5 ~1

~50%
550°C, 600°C, 650°C, 675°C, 

700°C
600°C, 650°C, 700°C 700°C, 725°C

~10% 650°C, 700°C 700°C, 725°C

~5%
525°C, 550°C, 575°C, 600°C, 

625°C, 650°C, 675°C
725°C, 750°C

Initial input 

(Diluted by N2)

Residence time (seconds)
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in the study of 1-butene premix flame. We also determined two other C5H8 species to be 1,4-

pentediene (C=CCC=C, C5H8), and cyclopentene (CYC5H8, C5H8). There were several very small 

C5H8 peaks appearing in the 1-butene flame, but Schenk et al.6 failed to identify them due to their 

low concentrations. 2-Pentene (CC=CCC, C5H10) was determined to be the major C5H10 species, 

which also agrees with the finding of Schenk et al.6 We determined another primary C5H10 species 

to be 3-methyl-1-butene (C=CCC2). Schenk et al.6 speculated another C5H10 peak in the 1-butene 

flame to be 2-methyl-1-butene, 1-pentene, or cis-2-pentene.   

The most abundant C6 species are: benzene (C6H6), three methyl-cyclopentadiene isomers 

(methyl-cyclo-1,3-pentadiene, ME-CY13PD, methyl-cyclo-1,4-pentadiene, ME-CY14PD and 

methyl-cyclo-2,4-pentadiene, ME-CY24PD, C6H8), and two cyclohexadiene isomers (cyclo-1,3-

hexadiene, CHD13 and cyclo-1,4-hexadiene, CHD14, C6H8), and 3-Methyl-Cyclopentene (Me3-

CPENE, C6H8). 3-Methyl-1-pentene (C=CC2CC, C6H12), 1,5-hexdiene (C=CCCC=C, C6H10), and 

Cyclohexene (CYC6H10, C6H10) are detected as the minor C6 products. The most C7 species is 

toluene (CYC6CH3, C7H8), with another two also in significant amount: 3-Ethyl-Cyclopentene 

(Et3-CPENE, C7H10) and methyl-cyclohexadiene isomers (Me-CHD13, Me-CHD14, C7H10). 

Styrene (CYC6C=C, C8H8) and ethyl-benzene (CYC6C2H5, C8H10), indene (C9H8), and 

naphthalene (a2, C10H8) are the primary C8 to C10 species. In addition to these major MWG 

products listed in the figure, multiple minor products are also identified. These include several C7 

species, 1,3-cycloheptadiene (CHPDE, C7H10), and 1,3,5-cycloheptatriene (CHPTE, C7H8). We 

also identified xylene isomers (C8H10), ethenyl-cyclohexene (C8H12), indane (C9H10), propenyl-

benzene (C9H10), methyl-indene (C10H10), 1,4-dihydro-naphthalene (C10H10), and methyl-

naphthalene (C11H10) as minor C8 to C11 species. Some very small peaks are not unambiguously 
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identified, due to their very low concentrations. For these cases, only the chemical formulas with 

their retention time are provided in the tables.   

Table 8.3 Experimental Data Obtained from 1-Butene Pyrolysis (τ= ~5 sec, initial N2/1-
butene/n-butane/isobutane=50.6/49.6/0.14/0.16%) 

 

Note: a The numbers in parenthesis are the residence time detected in the GC; b The “FID” and 
“TCD” in the parenthesis are the measurements from the Hewlett Packard 5890 Series II+ GC, 
and “Trace” means the measurement from the Trace GC/MS Ultra. Both GCs are discussed in 
the Chapter 2.  
 
  

Species 550°C 600°C 650°C 700°C Species 550°C 600°C 650°C 700°C

N2 50.30 50.07 45.39 38.90 Cyclohexene 0 0 0.020 0.029

H2 0.00 0.17 1.50 3.99 1-Methyl-Cyclopentadiene 0.01 0.05 0.27 0.35

CH4 (FID) 0.18 1.82 9.43 19.30 C6H10 (11.60) 0 0.006 0.014 0.008

CH4 (TCD) 0.20 1.83 9.73 19.92 C6H10 (11.69) 0.002 0.009 0.012 0.007

CH4 (Trace) 0.17 1.81 9.40 19.48 Benzene 0 0.030 0.85 3.36

C2H4 (FID) 0.05 0.69 4.53 10.37 Cyclohexadiene 0 0.037 0.23 0.15

C2H4  (TCD) 0 0.79 4.57 10.46 C7H10 (12.20) 0 0.012 0.032 0.027

C2H4 (Trace) 0.07 0.84 4.77 10.63 Ethyl-Cyclopentene C7H10 (12.25) 0.020 0.084 0.043 0.0043

C2H6 0.03 0.29 1.25 1.73 Ethyl-Cyclopentene C7H10 (12.41) 0.011 0.046 0.026 0.0019

C3H6 0.13 1.73 8.13 10.06 Ethyl-Cyclopentene C7H10 (12.55) 0 0.0026 0.020 0.0042

C3H8 0 0.01 0.08 0.16 Ethyl-Cyclopentene (C7H10) (12.82) 0.019 0.11 0.064 0.002

pC3H4(propyne) 0 0 0.026 0.069 Ethyl-Cyclopentene (sum) 0.050 0.25 0.185 0.039

aC3H4(allene) 0 0.022 0.059 0.032 Methyl-Cyclohexadiene C7H10 (12.98) 0 0 0.019 0.016

n-C4H10 0.12 0.11 0.07 0.03 Methyl-Cyclohexadiene C7H10 (13.03) 0 0.007 0.026 0.014

1-C4H8 49 42.16 17.78 1.70 Methyl-Cyclohexadiene C7H10 (13.14) 0.013 0.043 0.037 0.020

1,3-C4H6 0 1.00 4.01 3.72 Methyl-Cyclohexadiene (sum) 0.013 0.050 0.082 0.050

iso-C4H10 0.154 0.145 0.104 0.050 Toluene 0.005 0.044 0.45 1.18

trans-2-C4H8 0.08 0.56 1.23 0.62 1,3-Cycloheptadiene 0 0.015 0.043 0

cis-2-C4H8 0.05 0.44 0.97 0.49 1,3,5-Cycloheptatriene 0.015 0.044 0.016 0.0050

1-Pentene 0.000 0.086 0.333 0.057 C8H12 (13.98) 0.014 0.039 0.010 0

2-Methyl-2-Butene 0 0.026 0.077 0.039 m-Xylene 0.003 0.012 0.012 0.0061

tran-2-Pentene 0.015 0.141 0.325 0.061 4-Ethenyl-Cyclohexene 0 0 0.012 0.0060

2-Methyl-1-Butene 0 0.003 0.020 0.020 Ethyl-Benzene 0 0.008 0.042 0.074

cis-2-Pentene 0.01 0.17 0.73 0.36 o-Xylene 0 0 0.029 0.074

3-Methyl-1-Butene 0.004 0.107 0.409 0.112 Styrene 0 0 0.036 0.24

1,4-Pentadiene 0 0 0.019 0.019 p-Xylene 0 0 0.018 0.041

2-Methyl-1,3-Butadiene 0.01 0.06 0.42 0.38 Indane 0 0 0.0026 0.012

1,3-Pentadiene 0.00 0.05 0.23 0.21 C9H10 (16.84) 0 0 0.0050 0.027

CycloPentadiene 0 0.06 0.67 1.12 2-Propenyl-Benzene 0 0 0.010 0.048

CycloPentene 0.008 0.060 0.149 0.093 Indene 0 0 0.017 0.099

2-Methyl-2-Pentene 0 0 0.014 0.003 2-Methyl-Indene 0 0 0.0044 0.022

1,5-Hexadiene 0.005 0.036 0.039 0.010 C10H10 (20.60) 0 0 0 0.026

C6H10 (10.59) 0 0.012 0.017 0.006 1,4-Dihydro-Naphthalene 0 0 0 0.014

2-Methyl-1-Pentene 0.002 0.043 0.097 0.010 Naphthalene 0 0 0.0031 0.11

Methyl-Cyclopentene C6H10 (10.98) 0.003 0.041 0.088 0.016 Methyl-Naphthalene (25.69) 0 0 0 0.020

Methyl-Cyclopentene C6H10 (11.04) 0 0.011 0.029 0.015 Methyl-Naphthalene (26.52) 0 0 0 0.017

Methyl-Cyclopentene C6H10 (11.09) 0 0.002 0.010 0.005 Total 100.1 100.9 100.8 100.2

Methyl-Cyclopentene (sum) 0.003 0.054 0.127 0.035 Cout/Cin 1.01 1.00 0.99 1.01

Hout/Hin 1.01 1.00 0.99 1.01

Average experimentally observed mole %

Conditions: τ=~5sec, initial: N2/1-C4H8/n-C4H10/isoC4H10=50.6%/49.6%/0.13%/0.16%
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Table 8.4 Experimental Data Obtained from 1-Butene Pyrolysis (τ= ~5sec, initial N2/1-C4H8/2-
C4H8/n-C4H10/isoC4H10=94.06%/6.04%/0.05%/0.03%/0.016%). 

 
 
  

Species 550°C 575°C 600°C 625°C 650°C 675°C 700°C

N2 94.01 93.37 93.24 92.86 92.76 91.58 90.80

H2 0 0 0.02 0.06 0.14 0.32 0.49

CH4 (FID) 0.01 0.02 0.09 0.26 0.64 1.25 1.96

CH4 (TCD) 0 0 0 0 0 0 2.06

CH4 (Trace) 0.01 0.03 0.11 0.34 0.84 1.66 2.62

C2H4 (Trace) 0.0028 0.012 0.049 0.17 0.46 1.00 1.67

C2H6 0.0006 0.0027 0.0090 0.025 0.053 0.090 0.12

C3H6 0.010 0.026 0.098 0.32 0.76 1.32 1.64

C3H8 0 0 0 0.0006 0.0030 0.0074 0.011

pC3H4 (propyne) 0 0 0 0 0.0014 0.0067 0.016

aC3H4 (allene) 0 0 0.0017 0.0065 0.014 0.017 0.015

1-C4H8 5.94 5.79 5.58 4.91 3.58 1.79 0.29

1,3-C4H6 0.027 0.041 0.11 0.29 0.66 1.04 1.17

n-C4H10 0.022 0.022 0.023 0.022 0.020 0.017 0.014

trans-2-C4H8 0.019 0.020 0.027 0.042 0.065 0.085 0.080

cis-2-C4H8 0.018 0.019 0.024 0.037 0.056 0.069 0.064

isoC4H10 0.016 0.016 0.014 0.013 0.011 0.0093 0.0050

1-Pentene 0 0.0006 0.0050 0.019 0.039 0.041 0.019

2-Methyl-2-Butene 0 0 0.0009 0.0040 0.0085 0.011 0.0081

tran-2-Pentene 0 0.0014 0.0057 0.018 0.034 0.032 0.013

cis-2-Pentene 0 0.0015 0.0085 0.030 0.069 0.10 0.078

3-Methyl-1-Butene 0 0.0009 0.0058 0.021 0.044 0.054 0.032

2-Methyl-1,3-Butadiene 0 0 0.0016 0.0063 0.022 0.050 0.066

1,3-Pentadiene 0 0 0 0.0032 0.011 0.026 0.035

CycloPentadiene 0 0 0 0.0067 0.0295 0.081 0.14

CycloPentene 0 0 0 0.0050 0.0092 0.012 0.011

1,5-Hexadiene 0 0.0017 0.0056 0.011 0.012 0.0080 0.0036

2-Methyl-1-Pentene 0 0 0.0013 0.0041 0.0067 0.0046 0.0012

3-Methyl-Cyclopentene 0 0 0.0010 0.0033 0.0051 0.0041 0.0015

1-Methyl-Cyclopentadiene 0 0.0008 0.0019 0.0054 0.015 0.039 0.066

Benzene 0 0 0.00034 0.0042 0.026 0.105 0.28

Cyclohexadiene 0 0 0.00045 0.00399 0.013 0.025 0.027

Cyclohexene 0.0009 0.0031 0.0065 0.0083 0.0068 0.0038 0.0012

3-Ethyl-Cyclopentene 0.001 0.005 0.010 0.013 0.013 0.009 0.004

Toluene 0 0.00025 0.0008 0.0025 0.0099 0.032 0.071

Ethyl-Benzene 0 0 0 0 0.0013 0.0029 0.0065

Styrene 0 0 0 0 0.00026 0.0028 0.012

Indene 0 0 0 0 0 0.00094 0.0051

Naphthalene 0 0 0 0 0 0 0.0034

Total 100.1 99.4 99.4 99.3 99.8 99.7 99.9

Cout/Cin 1.01 1.00 1.00 1.00 1.00 1.00 0.98

Hout/Hin 1.01 1.00 1.00 1.00 1.00 0.99 0.99

Average experimentally observed mole %

Conditions: τ=~5sec, initial: N2/1-C4H8/2-C4H8/n-C4H10/isoC4H10=94.06%/6.04%/0.05%/0.03%/0.016%
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Table 8.5 Experimental Data Obtained from 1-Butene Pyrolysis (τ= ~1sec, initial N2/1-butene= 
94.59/5.27%) 

 
 
Table 8.6 Experimental Data Obtained from 1-Butene Pyrolysis (τ= ~2.5sec, initial N2/1-
butene= 89.05/10.76%) 

 
 

Species 725°C 750°C Species 725°C 750°C

N2 93.42 91.11 1-Pentene 0.016 0.0041

H2 0.27 0.42 2-Methyl-2-Butene 0.0058 0.0052

CH4 (FID) 1.46 1.97 tran-2-Pentene 0.017 0.0049

CH4 (Trace) 1.40 1.94 cis-2-Pentene 0.064 0.042

C2H4 (FID) 1.03 1.54 3-Methyl-1-Butene 0.030 0.013

C2H4 (Trace) 1.14 1.67 2-Methyl-1,3-Butadiene 0.043 0.050

C2H6 (FID) 0.10 0.14 1,3-Pentadiene 0.022 0.026

C2H6 (Trace) 0.09 0.12 CycloPentadiene 0.09 0.14

C3H6 1.29 1.44 CycloPentene 0.0057 0.0066

C3H8 0.0080 0.011 1,5-Hexadiene 0.021 0.030

pC3H4 (propyne) 0 0.0053 Benzene 0.11 0.23

aC3H4 (allene) 0 0.0083 Toluene 0.025 0.044

1-C4H8 1.56 0.71 Ethyl-Benzene 0.0039 0.0080

1,3-C4H6 0.82 0.87 Styrene 0 0.0080

iso-C4H10 0.0075 0.0046 Total 100.2 98.5

trans-2-C4H8 0.102 0.088 Cout/Cin 0.98 1.00

cis-2-C4H8 0.075 0.062 Hout/Hin 1.00 1.02

Average experimentally observed mole %

Conditions: τ=~1sec, initial: N2/1-C4H8/isoC4H10=94.59%/5.27%/0.015%

Species 700°C 725°C Species 700°C 725°C

N2 85.38 84.09 2-Methyl-1-Butene 0.0053 0.0044

H2 0.60 1.00 cis-2-Pentene 0.14 0.083

CH4 (FID) 2.95 3.98 3-Methyl-1-Butene 0.066 0.024

CH4 (TCD) 3.06 4.13 2-Methyl-1,3-Butadiene 0.103 0.100

CH4 (Trace) 3.03 4.10 1,3-pentadiene 0.057 0.053

C2H4 (FID) 2.01 2.92 CycloPentadiene 0.19 0.29

C2H4 (TCD) 2.10 3.11 CycloPentene 0.017 0.014

C2H4 (Trace) 2.35 3.37 Cyclohexene 0.011 0.0039

C2H6 0.19 0.23 1,5-Hexadiene 0.0056 0.0088

C3H6 2.56 2.62 1-Methyl-Cyclopentadiene 0.079 0.101

C3H8 0.02 0.02 Benzene 0.29 0.60

pC3H4 (propyne) 0.02 0.04 Cyclohexadiene 0.056 0.048

aC3H4 (allene) 0.03 0.03 Toluene 0.081 0.14

n-C4H10 0.01 0.01 Ethyl-Benzene 0.0072 0.014

1-C4H8 2.21 0.80 p-Xylene 0.0030 0.0063

1,3-C4H6 1.76 1.68 Styrene 0.012 0.034

iso-C4H10 0.020 0.010 2-Propenyl-Benzene 0.0017 0.0053

trans-2-C4H8 0.11 0.089 Indene 0.0048 0.015

cis-2-C4H8 0.092 0.071 Naphthalene 0.0024 0.013

1-Pentene 0.040 0.011 Total 99.6 99.7

2-Methyl-2-Butene 0.018 0.012 Cout/Cin 0.96 0.97

tran-2-Pentene 0.036 0.010 Hout/Hin 0.96 0.97

Average experimentally observed mole %

Conditions: τ=~2.5sec, initial: N2/1-C4H8/n-C4H10/isoC4H10=89.05%/10.76%/0.02%/0.027%
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Table 8.7 Experimental Data Obtained from 1-Butene Pyrolysis (τ= ~5sec, initial N2/1-butene= 
88.46/11.32%) 

 
 
  

Species 650°C 700°C Species 650°C 700°C

N2 87.28 83.13 1,3-pentadiene 0.037 0.059

H2 0.26 0.98 CycloPentadiene 0.10 0.30

CH4 (FID) 1.85 4.44 CycloPentene 0.018 0.017

CH4 (TCD) 1.97 4.58 1,5-Hexadiene 0.017 0.0033

CH4 (Trace) 1.88 4.55 2-Methyl-2-Pentene 0.013 0

C2H4 (FID) 1.09 2.94 Cyclohexene 0.010 0.0014

C2H4  (TCD) 0.99 3.09 3-Methyl-Cyclopentene 0.0015 0.0086

C2H4 (Trace) 1.25 3.44 1-Methyl-Cyclopentadiene 0.039 0.11

C2H6 0.16 0.27 Benzene 0.11 0.69

C3H6 1.91 2.87 Cyclohexadiene 0.046 0.051

C3H8 0.009 0.025 C6H10 (12.25) 0.0100 0

pC3H4(propyne) 0.006 0.033 C6H10 (12.41) 0.0055 0

aC3H4(allene) 0.027 0.018 3-Ethyl-Cyclopentene 0.0059 0

n-C4H10 0.018 0.0082 Toluene 0.040 0.18

1-C4H8 5.46 0.90 1,3-Cycloheptadiene 0.0052 0.0024

1,3-C4H6 1.33 1.66 Ethyl-Benzene 0.0028 0.015

iso-C4H10 0.025 0.013 Styrene 0.0024 0.039

trans-2-C4H8 0.13 0.12 1,2-DiMethyl-Benzene 0 0.0056

cis-2-C4H8 0.11 0.087 2-Propenyl-Benzene 0 0.0073

1-Pentene 0.080 0.016 Indene 0.0015 0.017

2-Methyl-2-Butene 0.019 0.011 Naphthalene 0.0045 0.014

tran-2-Pentene 0.073 0.013 Total 100.8 99.9

cis-2-Pentene 0.17 0.100 Cout/Cin 0.99 1.00

3-Methyl-1-Butene 0.097 0.032 Hout/Hin 0.99 1.00

2-Methyl-1,3-Butadiene 0.067 0.11

Average experimentally observed mole %

Conditions: τ=~5sec, initial: N2/1-C4H8/n-C4H10/isoC4H10=88.46%/11.32%/0.02%/0.027%
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Table 8.8 Experimental Data Obtained from 1-Butene Pyrolysis (τ= ~2.5sec, initial N2/1-
butene/n-butane/isobutane= 49.7/49.8/0.14/0.16%) 

 
 
  

Species 600°C 650°C 700°C Species 600°C 650°C 700°C

N2 49.63 46.92 41.45 Cyclohexene 0 0.0084 0.034

H2 0.07 0.68 2.88 Methyl-Cyclopentadiene 0.02 0.14 0.38

CH4 (FID) 0.84 5.31 14.82 C6H10 (11.60) 0 0.0078 0.013

CH4 (TCD) 0.85 5.34 14.86 C6H10 (11.69) 0.0036 0.0081 0.0081

CH4 (Trace) 0.82 5.31 14.89 Benzene 0.00 0.24 1.91

C2H4 (FID) 0.29 2.46 8.13 Cyclohexadiene 0.0094 0.15 0.23

C2H4  (TCD) 0.28 2.54 8.09 C7H10 (12.20) 0.0051 0.021 0.029

C2H4 (Trace) 0.36 2.78 8.53 Ethyl-Cyclopentene C7H10 (12.25) 0.074 0.086 0.019

C2H6 0.13 0.71 1.45 Ethyl-Cyclopentene C7H10 (12.41) 0.041 0.048 0.010

C3H6 0.75 5.23 10.53 Ethyl-Cyclopentene C7H10 (12.55) 0 0.013 0.012

C3H8 0.0028 0.034 0.121 Ethyl-Cyclopentene (C7H10) (12.82) 0.052 0.081 0.011

pC3H4(propyne) 0 0.011 0.067 Ethyl-Cyclopentene (sum) 0.172 0.249 0.080

aC3H4(allene) 0.012 0.068 0.061 Methyl-Cyclohexadiene C7H10 (12.98) 0 0.0077 0.025

n-C4H10 0.113 0.092 0.048 Methyl-Cyclohexadiene C7H10 (13.03) 0 0.018 0.019

1-C4H8 46.37 29.67 6.55 Methyl-Cyclohexadiene C7H10 (13.14) 0.031 0.035 0.028

1,3-C4H6 0.43 3.20 5.20 Methyl-Cyclohexadiene (sum) 0.031 0.061 0.071

iso-C4H10 0.15 0.12 0.075 Toluene 0.02 0.16 0.74

trans-2-C4H8 0.24 0.90 0.85 1,3-Cycloheptadiene 0.0039 0.034 0.024

cis-2-C4H8 0.19 0.72 0.68 C7H10 (13.61) 0 0.0055 0.0032

2-Butyne 0 0.0034 0.0088 C7H10 (13.67) 0.0015 0.0071 0.0078

1-Pentene 0.03 0.30 0.20 1,3,5-Cycloheptatriene 0.0363 0.0268 0.0079

2-Methyl-2-Butene 0.012 0.074 0.073 C7H10 (13.89) 0 0.0027 0.0057

tran-2-Pentene 0.064 0.31 0.18 C8H12 (13.98) 0.033 0.022 0.0014

2-Methyl-1-Butene 0 0.011 0.027 m-Xylene 0.0087 0.0123 0.0109

cis-2-Pentene 0.07 0.55 0.67 4-Ethenyl-Cyclohexene 0 0.0058 0.0089

3-Methyl-1-Butene 0.04 0.35 0.30 Ethyl-Benzene 0.0015 0.0204 0.0537

1,4-pentadiene 0 0.0074 0.021 o-Xylene 0 0.0075 0.0459

2-Methyl-1,3-Butadiene 0.03 0.23 0.52 Styrene 0 0.0066 0.1129

1,3-pentadiene 0.01 0.13 0.29 p-Xylene 0 0.0046 0.0283

CycloPentadiene 0.00 0.29 1.00 Indane 0 0 0.0078

CycloPentene 0.025 0.101 0.12 2-Propenyl-Benzene 0 0 0.0054

C6H10 (9.9) 0.012 0.053 0 1,2-DiMethyl-Benzene 0 0 0.024

2-Methyl-2-Pentene 0 0.0058 0.012 C9H10 (16.84) 0 0 0.014

1,5-Hexadiene 0.031 0.070 0.031 2-Propenyl-Benzene 0 0.0011 0.024

C6H10 (10.59) 0.0055 0.018 0.012 Indene 0 0.0016 0.053

2-Methyl-1-Pentene 0.019 0.084 0.035 2-Methyl-Indene 0 0 0.018

C6H12 (10.82) 0 0 0.0079 C10H10 (20.60) 0 0 0.014

Methyl-Cyclopentene C6H10 (10.98) 0.016 0.082 0.039 1,4-Dihydro-Naphthalene 0 0 0.0078

Methyl-Cyclopentene C6H10 (11.04) 0.0028 0.018 0.021 Naphthalene 0 0 0.031

Methyl-Cyclopentene C6H10 (11.09) 0 0.0054 0.0094 Total 100.0 100.3 101.0

Methyl-Cyclopentene (sum) 0.0187 0.105 0.070 Cout/Cin 1.00 1.00 0.99

C6H10 (11.30) 0 0.0019 0.0078 Hout/Hin 1.01 1.00 0.99

Average experimentally observed mole %

Conditions: τ=~2.5sec, initial: N2/1-C4H8/n-C4H10/isoC4H10=49.7%/49.8%/0.13%/0.16%
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Table 8.9 Experimental Data Obtained from 1-Butene Pyrolysis (τ= ~1.0sec, initial N2/1-
butene/n-butane/isobutane= 49.74/49.83/0.14/0.16%) 

 

Species 700°C 725°C Species 700°C 725°C

N2 44.05 41.90 Cyclohexene 0.019 0.034

H2 1.61 2.85 Methyl-Cyclopentadiene 0.23 0.37

CH4 (FID) 9.14 13.57 C6H8 (11.55) 0.0064 0.0077

CH4 (TCD) 9.18 13.63 C6H10 (11.60) 0.011 0.013

CH4 (Trace) 9.22 13.82 C6H10 (11.69) 0.0059 0.0063

C2H4 (FID) 5.14 8.14 Benzene 0.64 1.52

C2H4  (TCD) 4.97 8.02 Cyclohexadiene 0.23 0.25

C2H4 (Trace) 5.34 8.54 C7H10 (12.20) 0.016 0.027

C2H6 0.98 1.26 Ethyl-Cyclopentene C7H10 (12.25) 0.063 0.028

C3H6 8.52 10.57 Ethyl-Cyclopentene C7H10 (12.41) 0.035 0.015

C3H8 0.07 0.11 Ethyl-Cyclopentene C7H10 (12.55) 0.015 0.012

pC3H4(propyne) 0.040 0.081 Ethyl-Cyclopentene (C7H10) (12.82) 0.042 0.012

aC3H4(allene) 0.11 0.092 Ethyl-Cyclopentene (sum) 0.170 0.094

n-C4H10 0.075 0.052 C7H10 (12.91) 0.0078 0.0050

1-C4H8 18.59 8.39 Methyl-Cyclohexadiene C7H10 (12.98) 0.015 0.024

1,3-C4H6 5.34 6.11 Methyl-Cyclohexadiene C7H10 (13.03) 0.017 0.018

iso-C4H10 0.11 0.086 Methyl-Cyclohexadiene C7H10 (13.14) 0.023 0.025

trans-2-C4H8 0.86 0.78 Methyl-Cyclohexadiene (sum) 0.055 0.067

cis-2-C4H8 0.69 0.62 Toluene 0.29 0.56

2-Butyne 0.010 0.013 1,3-Cycloheptadiene 0.032 0.024

1-Pentene 0.38 0.24 C7H10 (13.61) 0.0064 0.0042

2-Methyl-2-Butene 0.11 0.09 C7H10 (13.67) 0.0080 0.0074

tran-2-Pentene 0.36 0.22 1,3,5-Cycloheptatriene 0.014 0.0087

2-Methyl-1-Butene 0.022 0.029 C7H10 (13.89) 0.0051 0.0066

cis-2-Pentene 0.82 0.75 C=Ccy(CCC=CCC) 0.0089 0.0020

3-Methyl-1-Butene 0.47 0.35 m-Xylene 0.013 0.013

1,4-pentadiene 0.013 0.0071 4-Ethenyl-Cyclohexene 0.0077 0.0077

2-Methyl-1,3-Butadiene 0.39 0.52 Ethyl-Benzene 0.026 0.046

1,3-pentadiene 0.22 0.29 o-Xylene 0.015 0.033

CycloPentadiene 0.54 0.90 Styrene 0.027 0.089

CycloPentene 0.10 0.12 p-Xylene 0.011 0.022

C6H10 (9.9) 0.032 0 Indane 0.0020 0.0069

2-Methyl-2-Pentene 0.013 0.011 1,2-DiMethyl-Benzene 0.0056 0.018

C6H10 (10.14) 0.0070 0.0083 C9H10 (16.84) 0.0031 0.011

1,5-Hexadiene 0.090 0.054 2-Propenyl-Benzene 0.0062 0.018

C6H10 (10.59) 0.018 0.015 Indene 0.012 0.042

C6H10 (10.71) 0.0066 0.0046 2-Methyl-Indene 0.0060 0.017

2-Methyl-1-Pentene 0.084 0.039 C10H10 (20.60) 0.00023 0.013

C6H12 (10.82) 0.010 0.0092 1,4-Dihydro-Naphthalene 0.0019 0.0085

Methyl-Cyclopentene C6H10 (10.98) 0.069 0.039 Naphthalene 0.0058 0.029

Methyl-Cyclopentene C6H10 (11.04) 0.019 0.019 Methyl-Naphthalene (25.69) 0 0.0093

Methyl-Cyclopentene C6H10 (11.09) 0.0089 0.0098 Total 101.3 102.4

Methyl-Cyclopentene (sum) 0.097 0.068 Cout/Cin 1.02 1.01

C6H12 (11.3) 0.0041 0.0070 Hout/Hin 1.02 1.00

Average experimentally observed mole %

Conditions: τ=~1sec, initial: N2/1-C4H8/n-C4H10/isoC4H10=49.74%/49.83%/0.13%/0.16%
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Figure 8.1 Experimental product distribution in the pyrolysis of ~50/50 1-butene/N2 mixture at 
P= 0.83 atm, τ= ~5 s. Filled symbols—Al Shoaibi 2008, Open symbols—This study. Lines ae 
used to guide eye. See text and Tables 8.2-8.8 for details. 
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Figure 8.1 Continued. 
 

Figure 8.1 displays the effect of temperature on fuel conversion, major products as well as 

the production of the important MWG species, under the condition where most MWG were 

produced − initial 50% fuel and ∼5 sec residence time. Note that the figure incorporates previously 

measured 1-butene pyrolysis data from Al Shoaibi15 (solid lines with crossed symbols) in the top 

major and minor products panels. These earlier data were collected using an earlier version of the 

flow reactor used here. These two datasets agree with each other well. The bottom four panels 

show the temperature dependent of MWG species that are identified and measured by only the 

current study, and only the total number of carbon atoms was reported. The previous study15 was 

not able to quantify each MWG species. 

Figure 8.2 compares the temperature dependence of the MWG formation (per C number) 

as well as the fuel decomposition. It’s noteworthy that the C5 species start forming at very low fuel 

conversion (600°C), while C6-C10 products are generated at higher fuel conversion (650°C or 
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700°C). The formation of C6-C10 species was enhanced by increasing the temperature, while most 

of the C5 species yields, except cyclopentadiene and 2-methyl-1,3-butadiene (Figure 8.1), 

exhibited a maximum at 650°C. Some C6 and C7 products also show or begin to show a maximum 

at 650°C or a higher temperature. Similar observations are also found for another pyrolysis 

condition with initial fuel diluted by 10 times (i.e., initially ∼5% fuel diluted in N2) with 5 sec 

residence time, except that different concentrations of the products are detected (cf. Table 8.4).  

 

Figure 8.2 Observed temperature sequential fuel conversion and formation of MWG species in 
1-butene pyrolysis (Operating conditions: initial ~50% fuel diluted in nitrogen, P= ~0.83 atm, τ= 
~5 s). 
 
8.4 Detailed Kinetic Modeling 

Given such a comprehensive database collected under various operating conditions, we 

initially tested the model by providing predictions with experiment under one typical condition 

(i.e., initially 50% mole of 1-butene diluted in N2 with τ= ∼5sec). Then the comparison extends to 

all the conditions examined in this study. Sensitivity and rate of production analysis are conducted 

to understand the most important reactions responsible for the fuel destruction and formation of 

light products as well as the MWG species during 1-butene pyrolysis. 
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Figure 8.3 Comparison of experimental species mole fractions (in percent) with modeling 

predictions. Symbols- experimental data; solid lines- modeling results. 
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Figure 8.3 Continued. Comparison of experimental species mole fractions (in percent) with 
modeling predictions. Symbols- experimental data; solid lines- modeling results. 
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8.4.1 Predictions for One Typical Condition 

Figure 8.3 compares the predictions with experiments for the condition by 1-butene/N2= 

∼50/50 mole % with τ= ∼5sec. The model provides excellent predictions for the temperature 

dependence of fuel conversion and formation of the three major species, H2, CH4, and C2H4. The 

temperature dependence of the minor products are also predicted nicely. The troublesome 

predictions are the mismatch for allene, and propane at 700°C. The predictions for MWG species 

are also shown in Figure 8.3. It indicates very good agreement between experiment and prediction 

for the four species in highest concentrations, 2-pentene, cyclopentadiene, benzene, and toluene. 

The prediction for the three heaviest species, styrene, indene, and naphthalene are also excellent. 

The formation of many species show very strong temperature dependence, including 1-pentene, 2-

pentene, 3-methyl-1-butene, cyclopentene, 1,5-hexadiene, 3-methyl-cyclopentene, methyl-

cyclohexadiene; the trends are well captured by the model. The predictions are reasonably good 

for other species, except that the overprediction of cyclohexene and underprediction of 

cyclohexadiene and ethyl-benzene in higher temperatures (however note also that these species in 

very low concentrations). 

8.4.2 Predictions for All Conditions 

The updated pyrolysis mechanism was used to predict 1-C4H8 pyrolysis data under a wide 

range of conditions to assess its validity. The comparison includes the effect of pyrolysis 

temperature that ranges from 550-750°C, residence time that varies from ∼1 s to 2.5 s and 5 s, and 

inert gas nitrogen dilution of ∼95%, 90%, 63.3% and 50%. To facilitate the comparison over the 

wide range of conditions, parity plots are constructed that good agreement is evident if the points 

fall along the 45° diagonal line. The predictions for the fuel conversion and production of the three 

major species, CH4, C2H4, and C3H6 are compared for a wide range of conditions in Figure 8.4. 
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The predictions for the minor products, H2, C2H6, C3H4 (allene and propyne), C3H8, 2-C4H8, 1,3-

C4H6, nC4H10, and isoC4H10 is shown in Figure 8.5. The predictions for the fuel conversion and 

formation of major species are excellent. The model also provide quite good predictions for most 

of the minor light species, except that the model slightly over-predicts the formation of C2H6, and 

two C3H4 (allene and propyne) species. The overall good agreement for the major and light minor 

species under such broad pyrolysis conditions, without any adjustments to the mechanism, is very 

encouraging.  

 

Figure 8.4 Comparison of data to predictions for fuel conversion and production of major 
products. (P= ~0.83 atm, T= 550-750°C, τ= ~1.0, 2.5, and 5 sec, initial ~5%, 10%, 16.7% and 
50% fuel.) 
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Figure 8.5 Comparison of data to predictions for the production of light minor products. (P= 
~0.83 atm, T= 550-750°C, τ= ~1.0, 2.5, and 5 sec, initial ~5%, ~10%, ~16.7% and ~50% fuel.) 
 

Figure 8.6 shows the comparison for the MWG species ranging from C5 up to C10, ordered 

by the amount formed. The model provides prediction for the species formation as low as 0.01% 

(mole). The prediction for the three most amount of species, benzene, toluene, and cyclopentadiene 

are excellent. The predictions are also good for methyl-cyclopentadiene, 1,3-pentadiene, ethyl-

cyclopentene, naphthalene etc. While the prediction for the rest of the species are also reasonable, 

with the errors are roughly factors of 2, the largest discrepancy is the prediction for ethyl-benzene. 
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Figure 8.6 Comparison of data to predictions for production of the MWG products (P= ~0.83 
atm; T= 550-750°C, τ= ~1.0, 2.5, and 5 sec, initial ~5%, ~10%, and ~50% fuel). 
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Figure 8.6 Continued. Comparison of data to predictions for production of the MWG products 
(P= ~0.83 atm; T= 550-750°C, τ= ~1.0, 2.5, and 5 sec, initial ~5%, ~10%, and ~50% fuel). 
 
8.5 Sensitivity and Rate of Production Analysis 

The results of the sensitivity analysis obtained with CHEMKIN PRO, was performed for 

the condition of ∼50% fuel with ∼5 sec residence time under 700ºC at the end of the reactor, and 

are shown in Table 8.9, according to the carbon numbers. Entries are only included if the 

normalized sensitivity coefficient is greater than 0.25 (This is an intermediate threshold; it means 

that a factor of 2 change in the rate constant will only change the predicted concentration of that 

species by 25%). Note that we have converted all the reactions in the model to be irreversible by 

an in-house developed software, before running the sensitivity analysis. The purpose is to find out 

the reactions that are “partially equilibrated”, for which the net rate is almost null if they are written 

reversibly while both forward and reverse are usually fast. Note also that the reverse rate constant 
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is still calculated from the thermo file, but by specifying them separately in the kinetics file. The 

two reactions are now decoupled. These “partially equilibrated” reactions will have the similar or 

same magnitude of sensitivity coefficient, but opposite sign. More discussion will be given in the 

following Section 8.8.  

It is noteworthy that a total of 92 sensitive reactions (out of ~11100 reactions) can account 

for most of the variation in concentrations of all the species predicted by the mechanism. This 

number is much higher than that for ethane pyrolysis,18 indicating the complexity of olefin 

pyrolysis. All these sensitive reactions can be categorized into three groups: (1) Hydrogen 

abstraction reactions (including disproportionation reactions), (2) Pressure-dependent dissociation 

reactions (with reverse of recombination or addition reaction), and (3) Ene and retroene reactions 

(including molecular isomerization and elimination). 

8.5.1 Fuel Decomposition 

Among these 92 most sensitive reactions, seven of them exhibit significant sensitivity for 

the fuel decomposition and the formation of most products: 

C=CCC (+M) → C=CC• + CH3
 (+M)     (R8.1) 

C=CC• + CH3
 (+M) → C=CCC (+M)     (R8.2) 

C=CCC + CH3 → CC=CC• + CH4     (R8.3) 

C=CCC + C=CC• → CC=CC• + C=CC    (R8.4) 

CC=CC•  (+M) → C=CC=C + H (+M)    (R8.5) 

C=CC=C + H (+M) → CC=CC• (+M)    (R8.6) 

C=CCC + H (+M) → C=CC + CH3
 (+M)    (R8.7) 

The high sensitivity of these reactions depicts the general destruction pathways of 1-butene. 

The initial reaction is started by dissociation of the parent fuel 1-butene (R8.1) to form methyl and 
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allyl radicals that can then abstract from the parent (R8.3 and R8.4 respectively), forming 1-

methyl-allyl radical (and methane and propene). 1-Methyl-allyl then undergo β-scission to form 

an H atom and butadiene (R8.5). Butadiene is an important precursor for the formation of higher 

MWG species (this may explain why MWG start forming earlier in olefin pyrolysis than that in 

alkane pyrolysis). The produced H atoms can abstract (C=CCC + H → CC=CC• + H2, not shown 

here) or attack the parent fuel by addition to it forming a chemically activated C4 adduct which 

could dissociate into propene and methyl (R8.6). Methyl radical can again abstract from the parent 

fuel by reaction R8.3, further forming 1-methyl-allyl that dissociate to produce more H-atoms 

(R8.5), which then repeat the reaction chain. These reactions form a “looped” chain that occurs 

repeatedly, converting the parent fuel to various products.  

R8.2 (reverse of R8.1) is the recombination of methyl and allyl forming parent 1-butene 

and the high pressure rate constant is from the Tsang19 recommendation. The corresponding 

temperature and pressure dependent rate constants were then obtained with the QRRK/MSC 

approach. The rate constant for the H-abstraction reactions, R8.3 and R8.6, are based on CBS-QB3 

electronic structure calculations.20 The rate constant at 1000 K for R8.3 agrees with the number 

(with only 2% higher) estimated by Tsang and Walker.21 This value is 44% higher than the value 

in JetSurF 2.0 mechanism,11 but 55% lower than the value applied by Chakir et al.1 for the 

oxidation of 1-butene. R(8.5) and R(8.6) are coupled forward and reverse reactions that from C4H7 

PES, which have been analyzed in a previous study.18 H atom addition to the parent 1-butene via 

R7 forms part of the C4H9 potential energy surface (PES); this is a pressure dependent reaction 

system that has been also described in the earlier work at the CBS-QB3 level of theory.18 
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Table 8.10 Normalized Sensitivity Coefficients Calculated at the End the Reactor at 700°C for Species with Four or Less Carbon 
Atoms. 

# Rxns 1-C4H8 H2 C2H6 C=C=C C3H8 2-C4H8 1,3-C4H6 n-C4H10 C3C 1,4-Pentadiene C=CC2=C 1-Pentene 2-Pentene 3-Me-1-Butene C2C=CC C=C2CC CyPentene C=CC2CC MECY13PD MECY14PD CYC6H10 1,5-Hexadiene Benzene CHD13 CHD14 ME3-CPENE ME4-CPENE Et4-CPENE Et3-CPENE ME1-CHD13 ME1-CHD14 ME3-CHD14 ME5-CHD13 Et-Benz Styrene Indene Naphthalene

Most important reactions

(1) C*CCC(+M)=>C*CC.+CH3(+M) -0.74 -0.39 -0.29 0.29 -0.30 -0.36 0.41 0.28 -0.90 -0.89 -0.27 -0.37 0.57 0.41

(2) C*CC.+CH3(+M)=>C*CCC(+M) 0.18

(3) C*CCC+CH3=>CC*CC.+CH4 -0.28 -0.30 -0.47 -0.40 0.34 0.40

(4) C*CC.+C*CCC=>C*CC+CC*CC. -0.11

(5) CC*CC.(+M)=>C*CC*C+H(+M) -0.19 -0.43 0.26 -0.26 -0.30 -0.40 0.26 -0.27 -0.30 -0.42 -0.44 -0.28

(6) C*CC*C+H(+M)=>CC*CC.(+M) 0.11 0.28 0.28 0.31

(7) C*CCC+H(+M)=>C*CC+CH3(+M) -0.28 -0.29 -0.44 -0.32 -0.39

Hydrogen abstraction reactions

(8) C*CC+CH3=>C*CC.+CH4 0.44

(9) CC*CC+CH3=>CC*CC.+CH4 -0.41

(10) CH3+CY13PD=>CH4+CY13PD5. 0.26

(11) CH3+CHD14=>CH4+CYC6H7 -0.26

(12) CH3+Et4-CPENE=>CH4+Et4-CPENE3. -0.31

(13) CH3+ME1-CHD14=>CH4+ME1-CHD14-6. -0.29

(14) C*CCC+CC.C=>CC*CC.+CCC 0.30

(15) C*CC+CYC6CH2<=>C*CC.+CYC6CH3 -0.41

(16) CHD13+CY13PD5.=>CY13PD+CYC6H7 -0.26

(17) CY13PD+CYPENE3.=>CY13PD5.+CYC5H8 0.26

(18) CY13PD5.+ME3-CHD14=>CY13PD+ME3-CHD14-3. -0.32

(19) C*C*C+MECY24PD=>C*CC.+MEC24PD1. -0.41

Addition reactions

(20) C2H4+H(+M)=>C2H5(+M) 0.32

(21) C2H5(+M)=>C2H4+H(+M) -0.30 -0.32 -0.39

(22) C*CC+H(+M)=>CC.C(+M) 0.46 0.37

(23) CC.C(+M)=>C*CC+H(+M) -0.61 -0.48

(24) C*C*C+CH3(+M)=>C2.C*C(+M) 0.27

(25) CCCC.(+M)=>C2H4+C2H5(+M) -0.41

(26) CCC.C(+M)=>C*CC+CH3(+M) -0.35

(27) CYPENE3.(+M)=>CY13PD+H(+M) -0.36

(28) CY13PD+H(+M)=>CYPENE3.(+M) 0.35

(29) C*CC+C2H3(+M)=>C*CCC*C+H(+M) 0.36

(30) C*CC*C+CH3(+M)=>C*CC2*C+H(+M) 0.26

(31) C*C2CC+H(+M)=>C2C*C+CH3(+M) -0.54

(32) C*CCC2+H(+M)=>CC*CC+CH3(+M) -0.25

(33) C*CC+C*CC.(+M)=>H+ME4-CPENE(+M) 0.31

(34) C*CC+C*CC.(+M)=>C*CCC*C+CH3(+M) 0.31

(35) C*CC2*C+C2H3(+M)=>C*CCC*C2C.(+M) 0.43

(36) C*CCC*C2C.(+M)=>C*CC2*C+C2H3(+M) -0.25

(37) C*CCC*C2C.(+M)=>H+ME5-CHD13(+M) 0.33

(38) C*CC*C+C*CC.(+M)=>C*CCCC*CC.(+M) -0.29

(39) C*CCCC*CC.(+M)=>C*CC*C+C*CC.(+M) 0.26

(40) C*C2CC*CC.(+M)=>H+ME1-CHD14(+M) -0.29

(41) C*C2CC*CC.(+M)=>H+ME1-CHD13(+M) 0.34

(42) H+ME1-CHD13(+M)=>CH3+CHD13(+M) -0.55

(43) C*CC+CC*CC.(+M)=>CC*CCCC.C(+M) 0.30

(44) C*CC+CC*CC.(+M)=>CH3+ME3-CPENE(+M) 0.34

(45) C*CC*C+CC*CC.(+M)=>CC*CCCC*CC.(+M) 0.52

(46) CC*CCCC*CC.(+M)=>C*CC*C+CC*CC.(+M) -0.47

(47) CC*CCCC*CC.(+M)=>CC*CCC*CC.C(+M) 0.44

(48) C*CC*C+CC*CC.(+M)=>C*CC2CC*CC.(+M) 0.36

(49) C*CC2CC*CC.(+M)=>C*CC*C+CC*CC.(+M) -0.33

(50) C*CC2CC*CC.(+M)=>CC*CCC2*CC.(+M) 0.32

(51) C*CCC+CC*CC.(+M)=>CC*CCCC.CC(+M) 0.30

(52) C*CCC+CC*CC.(+M)=>CH3+Et3-CPENE(+M) 0.34

(53) CC*CCCC.CC(+M)=>CH3+Et3-CPENE(+M) 0.27

(54) C*CCC+CC*CC.(+M)=>CH3+Et4-CPENE(+M) 0.75

(55) CY13PD+CY13PD5.=>CH3+INDENE 0.90

Recombination reactions

(56) CC.C+CH3(+M)=>C3C(+M) 0.63

(57) C2.C*C+CH3=>C*C2CC 0.42

(58) C*C2CC=>C2.C*C+CH3 -0.21

(59) CC*CC.+CH3=>C*CCC2 0.31 0.96 0.50 0.29

(60) C*CCC2=>CC*CC.+CH3 -0.70

(61) CC*CC.+CH3=>CC*CCC 0.10 0.75

(62) CC*CCC=>CC*CC.+CH3 -0.52

(63) C2H5+CC*CC.=>C*CC2CC 0.96

(64) C*CC2CC=>C2H5+CC*CC. -1.06

(65) C*CC.+C2H5=>C*CCCC 0.27

(66) C*CCCC=>C*CC.+C2H5 -0.53

(67) Et3-CPENE=>C2H5+CYPENE3. -0.43

(68) CH3+CYC6CH2=>CYC6C2H5 0.85

(69) CH3+CY13PD5.(+M)=>MECY24PD(+M) -0.35

(70) CH3+CY13PD5.(+M)=>MECY14PD(+M) -0.27 -0.43

(71) MECY24PD(+M)=>CH3+CY13PD5.(+M) 0.22

(72) MECY14PD(+M)=>CH3+CY13PD5.(+M) 0.27

(73) MECY24PD(+M)=>MECY13PD(+M) 0.71 0.41

(74) MECY13PD(+M)=>MECY24PD(+M) -0.71 -0.41

(75) MECY24PD(+M)=>MECY14PD(+M) 0.38

(76) MECY14PD(+M)=>MECY24PD(+M) -0.38

(77) MECY13PD(+M)=>MECY14PD(+M) 0.49

(78) MECY14PD(+M)=>MECY13PD(+M) -0.49

(79) 2C*CC.(+M)=>C*CCCC*C(+M) 1.05

(80) C*CCCC*C(+M)=>2C*CC.(+M) -1.10

(81) C*CC.+CY13PD5.=>C5H5CC*C 0.70

(82) C5H5CC*C=>C*CC.+CY13PD5. -0.69

(83) 2CY13PD5.(+M)=>C5H5C5H5(+M) 0.43

(84) C5H5C5H5(+M)=>2CY13PD5.(+M) -0.47

(85) 2CY13PD5.(+M)=>C5H5C5H4+H(+M) 0.27

(86) C5H5C5H5(+M)=>C5H5C5H4+H(+M) 0.47

Ene/Retro-ene reactions

(87) C*CC*C+C2H4(+M)=>CYC6H10(+M) 0.97

(88) CYC6H10(+M)=>C*CC*C+C2H4(+M) -0.47

(89) CYC5H8=>CY13PD+H2 -0.30

(90) ME4-CPENE<=>MECY24PD+H2 -0.29

(91) Et3-CPENE=>Et3-CPD+H2 -0.26

(92) Et4-CPENE=>Et3-CPD+H2 -0.59
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8.5.2 Formation of Light Species 

Three major species with high concentrations are produced in 1-butene pyrolysis: methane, 

ethene, and propene. Methane and propene are primarily formed from R8.3, R8.7 respectively that 

are discussed above. H-abstraction by methyl from the olefin products (e.g., propene, 2-butene, 

and cyclopentadiene) also contribute to the methane formation. H-abstraction by allyl from the 

parent 1-butene (R8.4) also forms propene. Ethene is primarily produced by the dissociation of the 

energetic adduct formed by the non-terminal addition of H atoms to parent 1-butene, i.e., H + 

C=CCC � [C•CCC]‡ � C2H5 + C2H4. The formed ethyl radical in this pathway can also dissociate 

promptly to produce ethene (i.e., C2H5 � H + C2H4). 

Other light species, in order of their mole fractions, are hydrogen, 1,3-butadiene, 2-butene, 

ethane, propane, isobutane, n-butane, propyne, and allene. As mentioned above, isobutane and n-

butane are impurities contained in the initial fuel, and they are accounted for during the modeling 

effort. Hydrogen is primarily formed by the H-abstraction of the parent 1-butene or the olefin 

products (e.g., propene, 2-butene, etc.) by H-atoms. 1,3-butadiene is primarily formed from the 

dissociation of 1-methyl-allyl (R8.5 analyzed above). The 2-butene is primarily formed by a 

“thermoneutral” H-abstraction reaction of 1-butene by 1-methyl-allyl (R8.8 below). The molecular 

isomerization from 1-butene to 2-butene provides a minor contribution (R8.9) for 2-butene 

formation. Ethane and propane are formed by the H-abstraction reaction of 1-butene by ethyl and 

n-/iso-propyl radicals respectively. Allene is primarily formed by the dissociation of 2-butenyl 

radical (R8.10), which is formed from the hydrogen abstraction of 1-butene. The 

disproportionation reaction between two allyl radicals, or between allyl and 1-methyl-allyl also 

produce allene. Propyne is primarily isomerized from the allene (R8.11) via an intermediate cyclic 

C3H4 species.22  
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CC=CC• + C=CCC ⇄ CC=CC + CC=CC•    R8.8 

C=CCC ⇄ CC=CC       R8.9 

C=C•CC ⇄ C=C=C + CH3      R8.10 

C=C=C ⇄ C≡CC       R8.11 

8.5.3 Formation of MWG Species 

The pressure-dependent reactions are the majority of the sensitive reactions for the 

formation of MWG species during 1-butene pyrolysis (cf. Table 8.10). These reactions can be 

divided into two categories, according to the reverse reactions, recombination and addition 

reactions. In a recent publication, we have systematically studied the reaction kinetics of these two 

type reactions and have proposed rate estimation methods to construct the complicated PESs.16  

Formation of C5 Species 

The noncyclic C5 species normally start forming shortly after the fuel begins to react, and 

ultimately they will turn into heavier cyclic products. Recombination between the initially 

generated stabilized radicals (e.g. allyl, methyl-allyl) and alkyl radicals (e.g., methyl, ethyl) forms 

the noncyclic C5 olefins (shown by R8.12-R8.15). The high pressure limit rate coefficients of these 

recombination reactions are from the Tsang recommendation.21 

CC=CC• + CH3 ⇄ CC=CCC    R8.12 

C=CC•C + CH3 ⇄ C=CCC2    R8.13 

C=CC• + C2H5 ⇄ C=CCCC    R8.14 

C2•C=C + CH3 ⇄ C=C2CC    R8.15 

The addition of methyl to the three butene isomers forming a linear or branched C5H11 PES 

also produce C5 olefin. The linear C5H11 PES, which can be entered by terminal addition of methyl 

to 1-butene, forms linear C5 olefins (e.g., 1-pentene, 2-pentene). The detailed PES has been 
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analyzed in Chapter 6. The branched C5H11 PES, which is shown in Figure 8.7, tends to generate 

branched C5 olefins (e.g., 3-methyl-1-butene, 2-methyl-1-butene, and 2-methyl-2-butene). This 

PES can be accessed by methyl addition to 2-butene (species II in Figure 8.7), isobutene (III), and 

the non-terminal position of the double bond in 1-butene (I), or ethyl and n-propyl addition to 

propene (V) and ethene (IV) respectively. However, Figure 8.7 shows that the exit channels that 

produce these branched C5 olefins (VI, VII, and VIII) are in higher energy than the entrance 

channels. The entrance channel by methyl addition to 1-butene (I) may have the kinetics advantage 

(e.g., both reactants are in high concentrations for 1-butene pyrolysis). Thus, this PES provide 

pathways for the formation or consumption of C5 olefins (R8.16 and R8.17).  

C=C2CC + H (+M) ⇄ C2C=C + CH3 (+M)   R8.16 

C=CCC2 + H (+M) ⇄ CC=CC + CH3 (+M)   R8.17 

  

Figure 8.7 Branched C5H11 PES calculated at the CBS-QB3 level of theory, showing enthalpies 
in kcal/mol at 298 K. 
 

There are three C5 diolefins produced during 1-butene pyrolysis: 1,3-pentadiene, 1,4-

pentadiene, and 2-methyl-1,3-butadiene. One pathway forming 1,3-pentadiene or 1,4-pentadiene 

is the addition of vinyl to propene via the linear C5H9 PES (R8.18), which has been discussed in 

Chapter 6. 
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C2H3 + C=CC ⇄ C=CC=CC/C=CCC=C + H    R8.18 

The nonterminal addition of allyl to propene provides another source to produce 1,4-

pentadiene; the pathway is shown by reaction Scheme 1 (the scheme also shows formation of 

cyclopentadiene and two C6 unsaturated cyclic species, which will be discussed later). The 

corresponding PES of C6H11 was described in Chapter 7.  

 

Scheme 1: Addition of allyl to propene (C6H11 PES) forms 1,4-pentadiene, 3- and 4-methyl-
cyclopentene, and cyclopentadiene. 
 

2-Methyl-1,3-butadiene is primarily produced from the non-terminal addition of methyl to 

1,3-butadiene or vinyl to propene via the branched C5H9 PES, with the simplified version is shown 

by Figure 8.8. As the figure shows, the PESs can also be accessed by other entrance, such as iso-

propyl + acetylene, methyl-acetylene + ethene, and ethyl + propyne to methyl-1,3-butadiene + H. 

 

Figure 8.8 Simplified PES for branched C5H9 calculated at the CBS-QB3 level of theory, 
showing enthalpies in kcal/mol at 298 K. 
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Two important cyclic C5 species are cyclopentene and cyclopentadiene. The addition of 

allyl and methyl-allyl to ethene produce cyclopentene via reaction Scheme 2; the corresponding 

surfaces are provided in Chapter 6.  

 

Scheme 2: Formation of cyclopentene from the addition of allyl and methyl-allyl to ethene. 
 

There are several pathways leading to the formation of cyclopentadiene: (1) The methyl-

cyclopentene isomers formed from allyl addition to propene produces cyclopentadiene after H-

abstraction and subsequent β-scission (reaction Scheme 1 discussed above); (2) The 1,5-hexadiene 

formed from the recombination of two allyl radicals, after hydrogen abstraction, enters the C6H9 

PES, producing cyclopentadiene and cyclohexadiene isomers.16 The reaction pathway is shown by 

the reaction Scheme 3. (3) The addition of methyl-allyl radicals to propene and 1-butene (shown 

by the reaction Scheme 4 and 5, respectively) also provide pathways to form cyclopentadiene. Due 

to the fact that there are two resonance structure of methyl-allyl, i.e., CC=CC• and C=CC•C, two 

different reaction pathways are considered for each addition surfaces. (4) The elimination of 

hydrogen molecule from cyclopentene provides a minor contribution to the cyclopetadiene 

formation; the rate constant of this reaction is from the experiment measurement by Liews et al.23  

 

Scheme 3: Formation of cyclopentadiene and benzene from the recombination of two allyl 
radicals 
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Scheme 4: Formation of cyclopentadiene and methyl-cyclopentene isomers from the addition of 
methyl-allyl (with two resonant structures) to propene 
 

  

Scheme 5: Formation of cyclopentadiene and ethyl-cyclopentene isomers from the addition of 
methyl-allyl (with two resonant structures) to 1-butene 
 
Formation of C6 Species 

C6 species begin forming shortly after the formation of C5 species. The most important C6 

species include: 1,5-hexadiene, 3-methyl-1-pentene, methyl-cyclopentene isomers (3-methyl-

cyclopentene and 4-methyl-cyclopentene), methyl-cyclopentadiene isomers (methyl-1,3-

cyclopentadiene, methyl-1,4-cyclopentadiene, and methyl-2,4-cyclopentadiene), cyclohexene, 

cyclohexadiene isomers (cyclo-1,3-hexadiene and cyclo-1,4-hexadiene), and benzene. The two 

noncyclic species are formed via recombination reactions. 

C=CC• + C=CC• ⇄ C=CCCC=C     R8.19 

C=CC•C + C2H5 ⇄ C=CC(C)CC     R8.20 

Allyl and methyl-allyl addition to propene leading to the formation of the methyl-

cyclopentene isomers. An allyl addition to propene is shown by reaction Scheme 1 above and the 

corresponding surface was discussed in Chapter 7 for the propene pyrolysis. Methyl-allyl addition 

to propene is shown in Scheme 4; two effective reactions are  
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CC=CC• + C=CC (+M) ⇄ 3-Methyl-Cyclopentene + CH3 (+M) R8.21 

CC=CCCC•C (+M) ⇄ 3-Methyl-Cyclopentene + CH3 (+M)  R8.22 

Methyl recombine with cyclopentadienyl forms the methyl-cyclopentadiene isomers. 

These isomers can interconvert to each other; the high pressure limit rate constants for these 

reactions are from CBS-QB3 calculations by Sharma and Green.24 

CH3 + CY13PD5. (+M) ⇄ MECY24PD (+M)   R8.23 

CH3 + CY13PD5. (+M) ⇄ MECY14PD (+M)   R8.24 

The ene reaction between 1,3-butandiene and ethene primarily forms hexane. The high 

pressure limit rate constant is from CBS-QB3 calculation. 

 C2H4 + C=CC=C � Cyclohexene     R8.25 

The cyclohexadiene isomers are primarily formed from the addition of allyl to 1,3-

butandiene (reaction Scheme 6). A more detailed surface describing this addition reactions can be 

found in Chapter 6. Another pathway is from the recombination of two allyl radicals or vinyl 

addition to 1,3-butadiene via the C6H9 PES (Scheme 3 above).  

 

Scheme 6: Formation of cyclohexadiene and methyl-cyclohexadiene isomers from the addition 
of allyl and 1,3-butadiene 
 

Both methyl-cyclopentadiene isomers and cyclohexadiene isomers are critical precursors 

for the benzene formation. After H-abstraction, these isomers will ultimately generate benzene via 

the C6H7 PES (shown in Scheme 7). A more detailed PES describing the reaction schemes is 

obtained by CBS-QB3 calculation and discussed in Chapter 7 for the propene pyrolysis.  
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Scheme 7: Formation of benzene from the recombination of methyl and cyclopentadienyl 
 
Formation of C7 Species 

The detected C7 species include toluene, ethyl-cyclopentene isomers (3-ethyl-cyclopentene, 

Et3-CPENE, and 4-ethyl-cyclopentene, Et4-CPENE), and methyl-cyclohexadiene isomers (1-

methyl-cyclo-1,4-hexadiene, 3-methyl-cyclo-1,4-hexadiene, 1-methyl-cyclo-1,3-hexadiene, 2-

methyl-cyclo-1,3-hexadiene, and 5-methyl-cyclo-1,3-hexadiene). The two ethyl-cyclopentene 

isomers are primarily formed by the addition of methyl-allyl to the parent 1-butene (shown by 

reaction Scheme 5 above). The key reactions include: 

CC=CC• + C=CCC (+M) ⇄ CC=CCCC•CC (+M)   R8.26 

CC=CC• + C=CCC (+M) ⇄ Et3-CPENE + CH3 (+M)  R8.27 

CC=CCCC•CC (+M) ⇄ Et3-CPENE + CH3 (+M)   R8.28 

CC=CC• + C=CCC (+M) ⇄ Et4-CPENE + CH3 (+M)  R8.29 

The methyl-cyclohexadiene isomers are primarily formed by three sources: The first 

pathway is the addition of allyl to 1,3-butadiene, which is shown by the reaction Scheme 6 above. 

The second formation source is the addition of methyl-allyl to 1,3-butadiene, which are shown by 

Figure 8.9. The surfaces are obtained from CBS-QB3 calculations; two surfaces are considered 

because of two different resonant structures of methyl-allyl, i.e., CC=CC• and C=CC•C.  
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Figure 8.9 PES for addition of methyl-allyl (a: with the resonance structure of CC=CC•, b: with 
the resonance structure C=CC•C) to 1,3-butadiene calculated at the CBS-QB3 level of theory, 
showing enthalpies in kcal/mol at 298 K. 
 

A third pathways for methyl-cyclohexadiene isomers formation is the addition of vinyl to 

2-methyl-1,3-butadiene (reaction Scheme 8). This reaction system is very similar to that of vinyl 

addition to 1,3-butadiene forming cyclohexadiene isomers.16, 18, 25  

 

Scheme 8: Formation of methyl-cyclohexadiene isomers from the addition of vinyl and 2-
methyl-1,3-butadiene 
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The methyl-cyclohexadiene isomers are important precursors for the formation of toluene 

(reaction scheme 9). 

 

Scheme 9: Formation of toluene from the methyl-cyclohexadiene isomers 
 
Formation of C8 - C10 Species 

The heaviest MWG species observed in 1-butene pyrolysis in significant amounts are: 

ethyl-benzene, styrene, indene, and naphthalene. Formation of ethyl-benzene is primarily from the 

recombination between methyl and benzyl. 

CH3 + Benzyl ⇄ Ethyl-Benzene    R8.30 

The recombination between allyl and cyclopentadienyl forms styrene, after subsequent H-

abstraction and isomerization (scheme 10). Sharma et al.26 studied a similar recombination for 

propargyl and cyclopentadienyl forming styrene. The addition of phenyl to ethene also provides a 

pathway forming styrene (scheme 11). 

 

Scheme 10: Formation of styrene from the recombination of allyl and cyclopentadienyl 
 

 

Scheme 11: Formation of styrene from the addition of phenyl to ethene 
 

The addition of cyclopentadienyl radical and cyclopentadiene (R55) accounts for most of 

indene formation. The rate constant is from the calculation by Cavallotti and Polino.27  
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CY13PD + CY13PD5. � Indene + CH3  R8.31 

The addition of benzyl to the acetylene also contributs the indene formation (reaction 

Scheme 12).  

 

Scheme 12: Formation of indene from the addition of benzyl and acetylene 
 

The recombination of two cyclopentadienyl radicals is critical for the formation of 

naphthalene. In Chapter 7 for the study of propene pyrolysis, we revisited the surface that was 

calculated by Melius et al.28 by assigning the rate constants using the rate estimation rules. It was 

found that the rate from the recombination is much slower than the previous estimates, and the 

stabilization step plays an important role. A more detailed discussion can be found in Chapter 7. 

8.6 Impact of Hydrogen Abstraction Reactions 

Another major type sensitive reactions are from the H-abstraction reactions (cf. Table 8.10). 

These H-abstraction reactions can be grouped into three categories: (1) H-abstraction of olefin or 

diolefins by alkyl radicals forming one resonantly stabilized radical (and an alkane species). 

Detailed discussion of these reactions can be found in earlier studies.20, 29 (2) H-abstraction of 

olefins or diolefins by a resonantly stabilized radical producing another resonantly stabilized 

radical (and another olefin or diolefin), which are approximately “thermoneutral”. These reactions 

were discussed in Chapter 6. (3) Disproportionation reactions. The rate coefficients for such type 

reactions have been reviewed by Tsang.19 Most of the hydrogen abstraction reactions only affect 

the formation of a single species. The rate constants of these most sensitive H-abstraction reactions 

are listed in Table 8.10.  
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Table 8.11 Rate Constants for the Hydrogen Abstraction with Significant Normalized Sensitivity 
Coefficients 

 

# Reactions A n E k(1000K)

7 C=CCC + H ⇄ CC=CC. + H2 8.04E+06 2.11 3380 3.13E+12

8 ME3-CPENE + H ⇄ ME4-CPENE3. + H2 1.33E+09 1.5 1820.9 1.68E+13

9 C=CC=CC + H ⇄ C=CC.C=C + H2 1.33E+09 1.5 1559 1.92E+13

10 C5H5CC=C+H ⇄ C5H4.CC=C + H2 1.77E+09 1.5 1046 3.31E+13

11 CHD13 + CH3 ⇄ CYC6H7 + CH4 1.52E+03 2.874 4717 5.92E+10

12 CHD14 + CH3 ⇄ CYC6H7 + CH4 3.61E+03 2.857 3494 2.31E+11

13 C=CCC=C + CH3 ⇄ C=CC.C=C + CH4 7.99E+01 3.21 1176 1.89E+11

14 CY13PD + CH3 ⇄ CY13PD5. + CH4 1.56E+03 2.866 5103 4.73E+10

15 CYC5H8 + CH3 → CYPENE3.+CH4 1.74E+03 2.953 5322 8.62E+10

16 CC=CC + CH3 ⇄ CC=CC. + CH4 8.96E+01 3.231 7073 1.25E+10

17 C=CC + CH3 ⇄ C=CC. + CH4 6.50E+01 3.25 7200 9.74E+09

18 C=CC=C + CH3 ⇄ C=CC.=C + CH4 5.46E+04 2.547 11858 6.10E+09

19 C=CCC2 + CH3 ⇄ C=CC.C2 + CH4 5.36E+02 2.852 4439 2.06E+10

20 CC=CCC + CH3 ⇄ CC=CC.C + CH4 7.99E+01 3.21 5897 1.75E+10

21 MECY24PD + CH3 ⇄ MEC24PD1. + CH4 4.00E+01 3.21 2167 5.73E+10

22 C=CC=CC + CH3 ⇄ C=CC.C=C + CH4 7.89E+05 1.87 5848 1.69E+10

23 ME3-CHD14 + CH3 ⇄ ME3-CHD14-6. + CH4 2.00E+03 2.9 3450 1.76E+11

24 C=CCC + C2H5 ⇄ CC=CC. + C2H6 7.99E+01 3.21 7252 8.84E+09

25 C=CCC + CC.C ⇄ CC=CC. + CCC 7.99E+01 3.21 7906 6.36E+09

26 C=CC. + C=CCC → C=CC + CC=CC. 1.39E+01 3.452 13486 3.55E+08

27 C=CC. + CC=CC → C=CC + CC=CC. 2.95E+01 3.52 14821 6.15E+08

28 C=CC. + CHD14 → C=CC + CYC6H7 3.89E+02 3.12 9480 7.53E+09

29 C=CC. + CHD13 → C=CC + CYC6H7 1.88E+02 3.18 9860 4.55E+09

30 C=CC. + MECY24PD → C=CC + MEC24PD1. 3.01E+02 2.97 9160 2.43E+09

31 C=CC. + C=CCC2 → C=CC + C=CC.C2 5.37E+01 3.22 11210 8.68E+08

32 CC=CC. + C=CCC → CC=CC + CC=CC. 6.80E+00 3.51 13570 2.48E+08

33 CC=CC. + CY13PD ⇄ CC=CC + CY13PD5. 2.44E+02 3.1 11020 1.90E+09

34 CY13PD5. + CHD14 ⇄ CY13PD + CYC6H7 4.89E+02 3.1 11020 3.80E+09

35 CY13PD5. + CHD13 ⇄ CY13PD + CYC6H7 4.89E+02 3.1 11020 3.80E+09

36 CY13PD5. + CYC5H8 ⇄ CY13PD + CYPENE3. 1.29E+02 3.25 12650 1.24E+09

37 CY13PD5. + MECY24PD ⇄ CY13PD + MEC24PD1. 2.44E+02 3.1 11020 1.90E+09

38 CY13PD5. + C=CCC2 ⇄ CY13PD + C=CC.C2 7.90E+01 3.15 11360 7.30E+08

39 ME3-CHD14 + C=CC. ⇄ ME3-CHD14-6. + C=CC 2.92E+02 3.12 9480 5.65E+09

40 ME3-CHD14 + CY13PD5. ⇄ ME3-CHD14-6. + CY13PD 2.92E+02 3.12 9480 5.65E+09

41 ME3-CHD14 + MEC24PD1. ⇄ ME3-CHD14-6. + MECY24PD 2.92E+02 3.12 9480 5.65E+09

42 C5H5CC=C + C=CC. ⇄ C5H4.CC=C + C=CC 3.01E+02 2.97 9160 2.43E+09

43 C=CC. + CY13PD5. ⇄ C=C=C + CY13PD 8.40E+10 0 -260 9.57E+10

44 2C=CC. ⇄ C=CC + C=C=C 8.43E+10 0 -262 9.62E+10

45 C=CC. + MEC24PD1. ⇄ C=C=C + MECY24PD 8.43E+10 0 -262 9.62E+10

  k = AT
n
 Exp(-E/RT) cm

3
mol

-1
s

-1
, E in cal/mol
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The rate for the reactions in Table 8.10 are either obtained from CBS-QB3 calculations or 

by the estimation rate rules developed from these calculations. The accuracy of these methods have 

been discussed previously. It is worth noting that all of these H-abstraction reactions involve an 

olefin or diolefin and a resonantly stabilized radical as either the reactant, or product, or both. The 

second category H-abstraction, i.e., the “thermoneutral” reaction, takes up more than 50% of all 

these sensitive H-abstraction reactions. Such type reaction tends to redistribute the relative 

concentrations, and thus impact the subsequent various pathways forming MWG species.  

 

Figure 8.10 Comparison of predicted mole fractions of dominate radicals along the reactor at 
700 °C (Solid lines— full model; Dashed lines— “reduced” model. Most H atoms in the species 
names are omitted for clarity.) 
 

To test the impact of the “thermoneutral” H-abstraction on the intermediate species as well 

as the final product distributions (especially on formation of the MWG species), an alternative 

model was created from the original model (called full master model or full model), by excluding 

all the “thermoneutral” H-abstraction reactions. This alternative model is referred as the “reduced” 

model. Figure 8.10 compares the predicted primary radicals’ distribution by both models. It’s 

evident that the concentrations for most stabilized radicals are altered by 2- to 8-fold when the 

“thermoneutral” reactions are included. Figure 8.10 also indicates that the resonantly stabilized 
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radicals are higher in concentration than methyl, the most alkyl radical, by one to two orders of 

magnitude. So even though the rate constants of “thermoneutral” H-abstraction reactions are 

slower, the overall rate may compete with these abstractions by “normal” alkyl radicals. 

Figure 8.11 presents the predictions from the “reduced” model (shown by the black dashed 

lines), as well as from the full model (shown by the red solid lines) for the fuel conversion and the 

most important light and MWG species. Both models capture the fuel conversion and predict well 

the three major products, hydrogen, methane, and ethylene. However, predictions from the 

“reduced” model start deviating from the full model for propene formation as well as the MWG 

species. While the full model generally predicts well the formation of the WMG species, the 

“reduced” model tend to deviate significantly from the experiment measurements. These include 

the predictions for propene, 1,3-butadiene, 1,3-pentadiene, benzene, cyclopentene, toluene, 

styrene, indene and naphthalene. As shown in Figure 8.11, the largest deviation are from the 

predictions of 2-butene and 1,5-hexadiene. This may primarily ascribe to the exclusion of the 

following two reactions:  

CC=CC• + C=CCC (1-butene) ⇄ CC=CC (2-butene) + CC=CC•   R8.32 

C=CC• + C=CCC (1-butene) ⇄ C=CC (propene) + CC=CC•   R8.33 

The reaction R8.32 was the primary pathway forming 2-butene. Given that R8.33 is the 

primary pathway consuming allyl (as well as one pathway forming propene), there will be more 

allyl in the system when R8.33 was excluded (cf. Figure 8.10), which tends to produce more 1,5-

hexadiene, via 2C=CC• ⇄ C=CCCC=C. Consequently, less 1-methyl-allyl is produced, which 

result in less formation of 1,3-butadiene, via CC=CC• ⇄ C=CC=C + H (cf. Figure 8.11).  The 

comparisons in Figure 8.11 indicate that the need of inclusion of the “thermoneutral” H-abstraction 

reactions in the model is apparent. 
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Figure 8.11 Comparison of experimental species mole fractions (in percent) with modeling 
predictions (Note: the “reduced” model excludes all the “thermoneutral” hydrogen abstraction 
reactions). Symbols, experimental data (Open symbols—This study, Cross— Al Shoaibi8); Red 
solid lines— full model, black dashed lines— “reduced” model (Operating conditions: τ= ~5 sec, 
initially N2/1-C4H8= ~50/50%). 
 

8.7 Impact of Thermodynamic Properties 

The table shows that there are multiple paired reactions (one is forward and one is the 

reverse reaction) with similar or same magnitudes of sensitivity coefficient, but opposite sign. This 
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is the indication that these reactions are “partially equilibrated”. Figure 8.12 shows two 

representative examples (2C=CC• ⇄ C=CCCC=C, and Methyl-2,4-Cyclopentadiene 

(MECY24PD) ⇄ Methyl-1,3-Cyclopentadiene (MECY24PD)) that the ratio between the 

reactant(s) and product(s) are constant in the central part of the reactor. The equilibrium constants 

calculated by the thermodynamic data (obtained by CBS-QB3 calculation) are also shown. In these 

reactions the net rate is almost null while forward and reverse rates are usually fast. Because of 

this, these reactions will not appear when performing sensitivity analysis, since the effect of 

changing the pre-exponential factor is completely balanced by the reverse reaction. Thus, the 

relative concentrations of these species are governed not by the kinetics, but by the 

thermodynamics that fixes the equilibrium constant. This type of information is critical, since the 

accuracy of the thermodynamic data dramatically impacts the prediction.  

 

Figure 8.12 Comparison of the predicted distance-dependent concentration ratios to the 
equilibrium values predicted using the thermodynamic values obtained from the CBS-QB3 
calculations (Left: 2C=CC• ↔ C=CCCC=C; Right: Methyl-2,4-Cyclopentadiene (MECY24PD) 
↔ Methyl-1,3-Cyclopentadiene(MECY24PD)). 
 

8.8 Comparison to Literature Data 

Figure 8.13 shows the comparison of prediction of a published data for 1-butene 

pyrolysis.14 These data were collected using a laminar flow reactor; however, the pyrolysis 

conditions were much different from these described above. The pressure is much lower (∼3-11 
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Torr), residence times much shorter (∼1.3 ms), temperatures much higher (900 –1900 K), and 1-

butene was much more dilute (4% mole fuel in argon).  
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Figure 8.13 Comparison of data to predictions for a published 1-butene pyrolysis7 (P= 3-11 
Torr, τ= ~1.25-1.33 ms, initial 4% fuel diluted in Ar). 
 

Nevertheless, the unadjusted mechanism captures the fuel conversion very well. The model 

also accurately predicts the formation of several major species, such as methane, ethene, ethane, 

allene and propyne, 1-buten-3-yne (C4H4), 1,3-butadiyne (C4H2), and benzene. The formation 
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trends of other major species, including hydrogen, methyl radical, allyl radical, 1,3-butadiene, and 

propene, especially at the lower temperatures (e.g., 900-1600 K) are also reasonably predicted. 

The largest deviation are from the over-prediction of acetylene and underprediction of propargyl 

and cyclopentadiene at the higher temperatures (> 1500 K). These discrepancies indicate that 

pathways may be missing or not sufficient to generate propargyl and convert acetylene to the 

heavier species. The deviation highlights the significant different kinetics under low (>1000K) and 

very high (>1600K) temperatures. 

8.9 Summary 

The objective of this chapter is to characterize the kinetics of molecular weight growth 

(MWG) reactions that occur during 1-butene pyrolysis. Multiple MWG species (C5~C11) were 

detected and quantitatively measured. The identification of several C5H8 and C5H10 isomers agrees 

with the experimental determination by Schenk et al.6 for the 1-butene flame experiments. The 

detailed kinetic model is able to capture fuel conversion and predict light products (C0-C4) very 

well, and it also describes the kinetic chemistry of MWG, under a broad pyrolysis conditions by 

varying temperature, residence time or inert gas dilution. The unadjusted mechanism is also able 

to capture the fuel conversion and formation of major products from a literature 1-butene pyrolysis 

data7 that were acquired from very different pyrolysis conditions. 

The important pathways for the MWG species formation are analyzed. The C5 species start 

forming at the very early stages of fuel conversion, followed by the formation of C6 and C7 

products, while C8-C10 species are produced only when there is substantial fuel conversion. The 

reactions of resonantly-stabilized radicals are found to play an important role for the formation of 

MWG. The recombination between two stabilized radicals, or between a stabilized radical and an 

alkyl are important for the formation of noncyclic C5 and C6 products. The recombination adduct, 
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after H-abstraction, can turn into cyclic species via subsequent isomerization and β-scission. The 

branched C5H9 and C5H11 PES account for the most formation of branched C5 olefins. The potential 

energy surfaces obtained from the addition of stabilized radical to olefins or diolefins are important 

pathways for the formation of stable cyclic compounds. All the important hydrogen abstraction 

reactions impacting the system are involve at least one resonantly stabilized radical. The 

thermoneutral reactions are slower, but the overall rate may be competitive, due to high 

concentrations of stabilized radicals. A “reduced” model was created by excluding such type H-

abstraction reactions, and the prediction remain good for the fuel conversion and formation of the 

major species, but significant deviations were observed for propene and some MWG products. The 

sensitivity analysis for the decoupled forward and reverse reactions enable several “partially 

equilibrated” reactions to appear. They are normally the recombination and addition reactions 

involving stabilized radicals. For these reactions, the use of more accurate thermo data is more 

important than the assignment of rate constants. Given that resonantly-stabilized radicals are also 

likely to dominate in other olefin pyrolysis systems, the kinetic knowledge obtained here are 

expected applicable to the other two butene systems as well. 
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CHAPTER 9 

2-BUTENE PYROLYSIS: EXPERIMENTAL AND DETAILED KINETIC MODELING 

9.1 Introduction 

Unlike the other olefins studied in this thesis, the double bond in 2-butene is located in the 

center of the molecule. 2-Butene has 6 equivalent allylic C-H bonds (or 6 equivalent allylic H 

atoms); its initiation reaction is expected to resemble that of the propene decomposition. On the 

other hand, the subsequent secondary reactions of methyl-allyl (C=CC•C or CC=CC•), which is 

formed by either from the fuel decomposition or by H-abstraction, will be close to that of 1-butene 

pyrolysis. Thus overall, the reactivity of 2-butene is likely to lie between propene and 1-butene. 

Another reason for the special interest in 2-butenes is that it is an important product for the 

decomposition of alcohol fuels (e.g., 2-butanol,1, 2 2-methylbutanol,3 iso-pentanol,4 etc.) and larger 

alkane fuels.5, 6, 7 Thus an improved and accurate understanding of the pyrolysis chemistry for 2-

butene is essential for the description of these fuels. 

Despite the potential importance, there are fewer studies on 2-C4H8, compared to the other 

two butene isomers (i.e., 1-butene and isobutene). The early studies have been limited to 

understanding the isomerization of cis-2-butene to the trans isomer, or the rearrangement between 

1-butene and 2-butene. In the 1930s, Hurd et al.8 conducted gas-phase decomposition of 1-C4H8 

and 2-C4H8 at 500-700 °C with residence times of 8-12 s. 2-Butene was found to be the more stable 

isomer; methane and propylene are the major products for both fuels. Hurd et al. also found 

extensive rearrangement between 1-butene and 2-butene, at higher temperatures (650-700°C).  

Later on, in the 1970s, Meyer and Stroz9 measured the equilibrium constants for the 

isomerization of cis-2-butene and 1-butene to trans-2-butene between 251 and 357K. These values 

were included with literature data at higher temperatures to provide thermodynamic properties of 
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isomerization from 250 to 900K. Alfassi et al.10 and Masson et al.11 studied the unimolecular 

elimination of a hydrogen molecule from cis-2-butene forming 1,3-butadiene in the temperature 

range of 1100-1300 °K and 480-550°C, respectively. Jeffers and Bauer12 studied the homogeneous 

pyrolysis of 2-butene with single-pulse shock tube relative rate technique. Over the temperature 

range of 1150-1325 K, nearly equal amounts of methane, propylene, and butadiene were formed 

starting with either the cis- or trans-2-butene, while isomerization remained far from equilibrium. 

Powers et al.13 studied the pyrolysis of 1-butene and cis-2-butene in temperatures of 530-620 °C. 

Leftin14 studied intensively the pyrolysis of 1-C4H8 and 2-C4H8 in the presence of steam at 

temperatures of 730-980 °C, pressure of 10 psia and residence times between 0.04-0.15 s. Double-

bond shift and geometrical isomerization accompany the decomposition of the n-butenes; however, 

skeletal isomerization does not occur, since isobutene is not detected. Over the range of conditions, 

the fuel conversions range 3%-99%, with the measured MWG species for the 1-butene pyrolysis 

covering C5-C9, and these of the 2-butene pyrolysis containg up to C7. 

Several decades later, Al Shoaibi5 studied the pyrolysis of 2-C4H8 in a flow reactor over 

the temperature range of 525-712.5 °C, at a pressure of ~0.8 atm with the residence time of ~5 sec. 

2-C4H8 was found to produce comparable amounts of CH4 and C3H6 as observed for 1-C4H8, and 

multiple MWG species were quantified. The associated modeling study indicated that more work 

is needed regarding the characterization of the MWG chemistry. Zhang et al.15 studied the 

pyrolysis of 2-C4H8 as well as the other two butene isomers from 900 to 1900 K at low pressure 

(3-11 Torr) with residence time 1.25-1.33 ms. Using synchrotron vacuum ultraviolet (VUV) 

photoionization mass spectrometry with molecular-beam sampling, Zhang et al. was able to 

identify and measure the important intermediate radicals and isomeric species; however very 

limited MWG were characterized. Schenk et al.16 performed detailed mass spectrometric and 
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modeling study of low pressure (P=40 mbar) laminar premixed flames of trans-2-C4H8 (as well as 

1-C4H8 and iso-C4H8) under fuel rich conditions (φ =1.7). They found that the H-induced 

breakdown towards propene is the dominating consumption pathway for 2-C4H8. Schenk et al. 

identified multiple C5 growth species by using a combination of molecular-beam mass 

spectrometry (MBMS) and gas chromatography (GC); however the developed model only 

provides a qualitative descriptions of these products. Recently, Fenard et al.17, 18 conducted 

experimental and kinetic modeling study of cis- and trans-2-butene oxidation in a jet-stirred reactor 

and a combustion bomb. Major stable species concentration profiles were measured during the 

oxidation of the fuel at atmospheric pressure, over a range of equivalence ratios (0.5≤ ϕ ≤2), and 

temperatures (900–1450 K).  

The objective of this chapter is to extend the kinetic model to characterize the MWG 

kinetics in 2-butene pyrolysis. The previous studies on propene and 1-butene pyrolysis indicate 

that resonantly-stabilized radicals are produced and accumulate to very high concentrations. The 

reaction kinetics involving stabilized radicals, including recombination, addition, and H-

abstraction reactions play an important role for the fuel decomposition and formation of MWG 

species. 2-butene is expected to have lower reactivity than 1-butene, since it does not have β C-C 

bond; the initiation of 2-butene has to break a much stronger C-H bond. However, it is more 

reactive than propene, primary due to the β-scission of 1-methyl-allyl (C=CC•C/CC=CC• , 

forming H + 1,3-butadiene). This channel requires lower energy than that of allyl (C=CC•, forming 

H + allene). The energies for the above discussed reactions are shown below. Together, the 

systematic study for the pyrolysis of 1-butene, 2-butene and propene can be used as model 

compounds for the larger linear alkenes. 

CC=CC � CC=CC• + H    ∆H298K = ~88 kcal/mol 
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CC=CC• � C=CC=C + H    ∆H298K = ~45 kcal/mol 

Comparing C=CCC � C=CC• + CH3  ∆H298K = ~76 kcal/mol 

                                C=CC � C=CC• + H                              ∆H298K = ~88 kcal/mol 

       C=CC• � C=C=C + H   ∆H298K = ~58 kcal/mol 

9.2 Experiment Specifications 

A summary of the experimental conditions is shown in Table 9.1. Flow reactor 2-C4H8 

pyrolysis experiments were performed at an absolute pressure of ∼0.83 atm, where the temperature 

changes from 575°C to 787.5°C, and extent of inert gas dilution (50% and 5% mole fuel in N2) 

and residence time was varied (∼1, ∼1.5, ∼2.5 and ∼5 sec). The fuel conversion ranges from 

virtually no reaction to ∼90%. Light species including H2 and C1-C4 hydrocarbons are quantified; 

a significant number of MWG species (C5 and above) are identified and quantitatively 

characterized. The measured mole fractions exhibit consistently good carbon and hydrogen mass 

balances. It worth noting that the 2-butene include both the cis- and trans-isomers, with the trans-

isomer is slightly more reactive; the model lumps both isomers.  

Table 9.1 Summary of 2-Butene Pyrolysis Experiments (Varying Temperature, Inert Gas 
Dilution, and Residence Time under Atmospheric Pressure ~0.83 atm). 

 

9.3 Measured Products in 2-Butene Pyrolysis 

The experimental data are listed in Tables 9.2-9.6. For each data point, typically three 

measurements were made and the average is reported. Methane and some C2 species are measured 

~5 ~2.5 ~1.5 ~1

~ 5% Fuel 650-750°C 650-787.5°C

~50% Fuel 575-725°C 600-750°C 625-775°C

Initial input 

(diluted in N2)

Residence time (seconds)
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by both TCD and FID. The sum of the measured mole fractions as well as calculated carbon and 

hydrogen balances are also reported in the tables.  

Table 9.2 Experimental Data Obtained from 2-Butene Pyrolysis (τ= ~5 sec, initial N2/2-butene = 
~50/50%). 

 

Average experimental observed mole %

Species 575 600 625 650 675 687.5 700 712.5 725

N2 49.0 49.4 49.4 47.9 45.9 44.2 41.8 40.0 38.2

H2 0.49 1.42 2.26 3.30 4.39 5.43

CH4 FID 0.038 0.15 0.49 1.73 5.50 8.91 13.02 17.15 20.67

CH4 TCD 5.57 9.01 13.02 17.12 20.71

CH4 Trace 0.033 0.13 0.44 1.60 5.16 8.32 12.36 16.31 19.86

C2H4 FID 0.0009 0.0037 0.018 0.091 0.53 1.19 2.31 4.24 6.41

C2H4 TCD 3.47 5.27

C2H4 Trace 0.0010 0.006 0.027 0.13 0.59 1.21 2.31 3.75 5.39

C2H6 Trace 0.004 0.017 0.079 0.15 0.26 0.37 0.47

C3H6 0.024 0.096 0.34 1.20 3.67 5.54 7.46 8.47 8.55

C3H8 0.01 0.03 0.05 0.07 0.08

C3H4 (C≡CC) 0.0024 0.014 0.053 0.16 0.22 0.26 0.24 0.21

C3H4 (C=C=C) 0.0056 0.012 0.021 0.028 0.033

1-C4H8 0.10 0.16 0.26 0.54 0.99 1.14 1.18 1.05 0.84

1,3-C4H6 0.060 0.17 0.54 1.75 4.48 6.08 7.20 7.15 6.31

n-C4H10 0.023 0.023 0.023 0.025 0.027 0.028 0.030 0.019 0.013

trans-2-C4H8 30.83 30.54 29.51 26.49 19.62 14.86 9.73 6.07 3.22

cis-2-C4H8 19.67 19.96 19.80 18.93 14.83 11.36 7.40 4.84 2.57

2-C4H8 50.50 50.50 49.32 45.42 34.45 26.22 17.14 10.91 5.79

1-Pentene (C=CCCC) 0.0072 0.015 0.025 0.030 0.029

2-Butyne (CC≡CC) 0.0010 0.0043 0.0069 0.010 0.011 0.011

2-Methyl-2-Butene (C2C=CC) 0.0045 0.021 0.071 0.098 0.102 0.075 0.042

tran-2-Pentene (CC=CCC) 0.0031 0.0021 0.0056 0.010 0.013 0.012

2-Methyl-1-Butene (C=C2CC) 0.0011 0.0034 0.0071 0.0095 0.0095

cis-2-Pentene (CC=CCC) 0.001 0.006 0.031 0.14 0.24 0.34 0.33 0.27

3-Methyl-1-Butene (C=CCC2) 0.003 0.018 0.075 0.12 0.14 0.12 0.07

1,4-Pentadiene (C=CCC=C) 0.003 0.011 0.032 0.043 0.049 0.043 0.031

2-Methyl-1,3-Butadiene(C=CC2=C) 0.0020 0.0088 0.037 0.16 0.29 0.43 0.49 0.43

1,3-pentadiene (C=CC=CC) 0.0009 0.0048 0.020 0.09 0.16 0.24 0.27 0.23

CycloPentadiene (cyC5H6) 0.0035 0.025 0.15 0.32 0.60 0.86 1.02

CycloPentene (cyC5H8) 0.0011 0.011 0.024 0.039 0.049 0.050

C6H10 (10.59) 0.0011 0.0052 0.0081 0.0101 0.0093 0.0073

3-Methyl-1-Pentene (C6H12) 0.0033 0.0063 0.0080 0.0070 0.0047

Methyl-Cyclopentene C6H10 (10.98) 0.0008 0.0054 0.010 0.014 0.013 0.010

Methyl-Cyclopentene C6H10 (11.04) 0.0053 0.010 0.014 0.014 0.011

Methyl-Cyclopentene C6H10 (11.09) 0.0019 0.0040 0.0070 0.0080 0.0069

Methyl-Cyclopentene (sum) 0 0 0 0.00081 0.013 0.024 0.034 0.035 0.028

Cyclohexene (C6H10) 0.0054 0.011 0.020 0.025 0.026

Methyl-CycloPentadiene (C6H8) 0.0016 0.017 0.090 0.16 0.26 0.31 0.30

C6H10 (11.6) 0.0007 0.0024 0.0059 0.0081 0.010 0.010 0.0074

Benzene (C6H6) 0.001 0.017 0.17 0.43 1.01 1.80 2.70

Cyclohexadiene (C6H8) 0.0018 0.0060 0.012 0.021 0.061 0.094 0.13 0.14 0.13
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Table 9.2 Continued. 

 

 

  

Ethyl-Cyclopentene C7H12 (12.2) 0.0031 0.0064 0.014 0.018 0.020

Ethyl-Cyclopentene C7H12 (12.55) 0.0076 0.016 0.018 0.020 0.014 0.008

Ethyl-Cyclopentene C7H12 (12.82) 0.0010 0.0036 0.0071 0.018 0.005 0.002

Ethyl-Cyclopentene (sum) 0 0 0.0010 0.011 0.026 0.042 0.039 0.034 0.028

Methyl-CycloHexadiene C7H10 (12.98) 0.0007 0.0039 0.012 0.041 0.019 0.018 0.0088

Methyl-CycloHexadiene C7H10 (13.03) 0.0010 0.0020 0.0051 0.013 0.020 0.025

Methyl-CycloHexadiene C7H10 (13.14) 0.025 0.019

Methyl-CycloHexadiene (sum) 0.0010 0.0027 0.0090 0.027 0.064 0.049 0.048 0.033

Toluene (C7H8) 0.0005 0.0028 0.018 0.12 0.26 0.52 0.78 1.03

1,3-Cycloheptadiene (C7H10) 0.0011 0.0059 0.020 0.028 0.029 0.022

C7H10 (13.66) 0.0018 0.0035 0.0051 0.0054 0.0048

1,3,5-CycloHeptatriene (C7H8) 0.0004 0.0009 0.0024 0.0066 0.010 0.012 0.012 0.011

Other undetermined C7H10 0.0011 0.0035 0.0064 0.0066 0.0050 0.0020 0.0016

4-Ethenyl-Cyclohexene (C8H12) 0.0030 0.014 0.023 0.026 0.022 0.016

EthylBenzene (C8H12) 0.0005 0.0046 0.011 0.023 0.035 0.047

o-Xylene (C8H10) 0.0005 0.0055 0.014 0.031 0.048 0.063

Styrene (C8H8) 0.003 0.012 0.042 0.10 0.18

p-Xylene (C8H10) 0.004 0.010 0.021 0.031 0.037

Indane (C9H10) 0.0024 0.0057 0.0090

Other undetermined C9H10 0.0006 0.0041 0.014 0.029 0.043

C9H10 (16.84) 0.0014 0.0056 0.012 0.019

2-Propenyl-Benzene (C9H10) 0.0011 0.0055 0.019 0.039 0.055

Indene (C9H8) 0.0019 0.0078 0.034 0.073 0.12

1/2-Methyl-Indene (C10H10) 0.0058 0.0088

1/2-Methyl-Indene (C10H10) 0.0013 0.0065 0.013 0.019

C10H10 (20.6) 0.016 0.024

1,4-Dihydro-Naphthalene (C10H10) 0.0045 0.010 0.016

Naphthalene (C10H8) 0.0013 0.0100 0.037 0.090

1/2-Methyl-Naphthalene (C11H10) 0.0061 0.013

1/2-Methyl-Naphthalene (C11H10) 0.0065 0.010

Sum 99.7 100.4 100.4 99.4 98.4 98.1 97.8 98.9 98.5

Cout/Cin 1.02 1.02 1.01 1.02 0.99 0.99 0.99 1.01 0.99

Hout/Hin 1.02 1.01 1.01 1.02 0.99 0.99 0.99 1.01 1.00

Conditions: τ=~1s, initial N2/2-C4H8/n-C4H10=49.6%/50.4%/0.024%
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Table 9.3 Experimental Data Obtained from 2-Butene Pyrolysis (τ= ~2.5 sec, initial N2/2-butene 
= ~50/50%). 

 

 

 

Average experimental observed mole %

Species 600 625 650 675 700 725 737.5 750

N2 50.2 49.9 49.6 49.4 47.0 43.0 40.7 39.2

H2 0.64 1.69 3.53 4.59 5.66

CH4 FID 0.056 0.19 0.63 2.17 6.08 12.87 16.40 19.51

CH4 TCD 2.21 6.22 13.01 16.61 20.05

CH4 Trace 0.052 0.19 0.63 2.20 6.19 13.22 17.00 20.25

C2H4 FID 0.0017 0.0071 0.029 0.16 0.72 2.74 4.58 6.51

C2H4 TCD 2.19 3.18 4.73

C2H4 Trace 0.0019 0.010 0.042 0.19 0.79 2.71 4.27 6.01

C2H6 Trace 0.0039 0.020 0.079 0.23 0.32 0.41

C3H6 0.039 0.14 0.48 1.69 4.43 7.99 8.89 8.84

C3H8 0.0017 0.012 0.039 0.053 0.062

C3H4 (C≡CC) 0.0008 0.0044 0.021 0.081 0.22 0.32 0.32 0.27

C3H4 (C=C=C) 0.0016 0.010 0.032 0.044 0.052

1-C4H8 0.11 0.15 0.27 0.58 0.97 1.11 1.01 0.82

1,3-C4H6 0.079 0.25 0.77 2.49 5.72 8.54 8.54 7.59

n-C4H10 0.024 0.024 0.024 0.026 0.030 0.021 0.015

trans-2-C4H8 30.38 29.81 28.47 24.86 17.98 8.40 4.37 1.65

cis-2-C4H8 19.63 19.58 19.45 18.09 13.72 6.39 3.17 1.00

2-C4H8 (sum) 50.01 49.39 47.93 42.95 31.69 14.79 7.53 2.65

iso-C4H10 0.0020 0.0073 0.014 0.016 0.016

1-Pentene (C=CCCC) 0.0010 0.0054 0.017 0.031 0.033 0.031

2-Butyne (CC≡CC) 0.0091 0.027 0.033 0.032

2-Methyl-2-Butene (C2C=CC) 0.0015 0.0070 0.031 0.080 0.093 0.067 0.038

tran-2-Pentene (CC=CCC) 0.0024 0.0092 0.011 0.011

2-Methyl-1-Butene (C=C2CC) 0.0014 0.0070 0.0090 0.0093

cis-2-Pentene (CC=CCC) 0.0016 0.0082 0.046 0.17 0.33 0.33 0.27

3-Methyl-1-Butene (C=CCC2) 0.0008 0.0050 0.027 0.087 0.13 0.11 0.07

1,4-Pentadiene (C=CCC=C) 0.0007 0.0042 0.016 0.037 0.049 0.041 0.029

2-Methyl-1,3-Butadiene(C=CC2=C) 0.0008 0.0030 0.012 0.052 0.19 0.46 0.51 0.46

1,3-pentadiene (C=CC=CC) 0.0016 0.0062 0.029 0.11 0.26 0.28 0.25

CycloPentadiene (cyC5H6) 0.0045 0.031 0.17 0.60 0.88 1.08

CycloPentene (cyC5H8) 0.0013 0.011 0.035 0.044 0.046

C6H10 (10.59) 0.0017 0.0066 0.011 0.011 0.008

3-Methyl-1-Pentene (C6H12) 0.0035 0.0067 0.0060 0.0040

Methyl-Cyclopentene C6H10 (10.98) 0.0009 0.0054 0.011 0.011 0.008

Methyl-Cyclopentene C6H10 (11.04) 0.0008 0.0056 0.012 0.012 0.010

Methyl-Cyclopentene C6H10 (11.09) 0.0024 0.0066 0.0073 0.0069

Methyl-Cyclopentene (sum) 0 0 0 0.0017 0.013 0.029 0.030 0.025

Cyclohexene (C6H10) 0.0008 0.0067 0.021 0.028 0.030
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Table 9.3 Continued. 

 

  

Methyl-CycloPentadiene (C6H8) 0.0028 0.021 0.092 0.24 0.30 0.31

C6H10 (11.5) 0.00065 0.0037 0.0048 0.0054

C6H10 (11.6) 0.00083 0.0028 0.0060 0.0093 0.0089 0.0081

Benzene (C6H6) 0.024 0.18 0.94 1.68 2.54

Cyclohexadiene (C6H8) 0.023 0.061 0.13 0.15 0.13

Ethyl-Cyclopentene  C7H12 (12.2) 0.0029 0.012 0.016 0.017

Ethyl-Cyclopentene  C7H12 (12.55) 0.0084 0.015 0.017 0.012 0.0074

Ethyl-Cyclopentene (sum) 0 0 0 0.0084 0.018 0.029 0.028 0.025

Methyl-CycloHexadiene C7H10 (12.98) 0.0007 0.0039 0.012 0.016 0.016 0.013

Methyl-CycloHexadiene C7H10 (13.03) 0.0061 0.0071 0.0066

Methyl-CycloHexadiene C7H10 (13.14) 0.0048 0.012 0.021 0.020 0.016

Methyl-CycloHexadiene (sum) 0 0 0.0007 0.009 0.024 0.043 0.044 0.036

Toluene (C7H8) 0.0006 0.0029 0.021 0.12 0.45 0.68 0.90

1,3-Cycloheptadiene (C7H10) 0.0066 0.0187 0.0238 0.0187

C7H10 (13.66) 0.0004 0.0009 0.0027 0.0070 0.013 0.014

4-Ethenyl-Cyclohexene (C8H12) 0.0036 0.014 0.022 0.020 0.014

EthylBenzene (C8H12) 0.0005 0.0045 0.021 0.034 0.045

o-Xylene (C8H10) 0.00049 0.0054 0.025 0.040 0.054

Styrene (C8H8) 0.0038 0.043 0.10 0.18

p-Xylene (C8H10) 0.0006 0.0042 0.018 0.027 0.033

Indane (C9H10) 0.0024 0.0058 0.010

C9H10 (16.44) 0.0009 0.012 0.025 0.040

C9H10 (16.84) 0.0047 0.011 0.018

2-Propenyl-Benzene (C9H10) 0.0015 0.016 0.034 0.052

Indene (C9H8) 0.0024 0.030 0.068 0.12

1/2-Methyl-Indene (C10H10) 0.0049 0.0084

1/2-Methyl-Indene (C10H10) 0.0047 0.012 0.015

C10H10 (20.6) 0.0058 0.014 0.024

1,4-Dihydro-Naphthalene (C10H10) 0.0042 0.011 0.017

Naphthalene (C10H8) 0.0088 0.033 0.086

1/2-Methyl-Naphthalene (C11H10) 0.013

1/2-Methyl-Naphthalene (C11H10) 0.012

Sum 100.5 100.1 99.9 100.6 100.4 99.9 99.2 99.0

Cout/Cin 1.02 1.02 1.02 1.02 1.01 1.00 1.00 0.98

Hout/Hin 1.02 1.02 1.02 1.02 1.01 1.00 1.00 0.99

Conditions: τ=~2.5s, initial N2/2-C4H8/n-C4H10=50.5%49.5%/0.025%
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Table 9.4 Experimental Data Obtained from 2-Butene Pyrolysis (τ= ~1 sec, initial N2/2-butene = 
~50 /50%). 

 

Average experimental observed mole %

Species 625 650 700 725 750 762.5 775

N2 50.81 50.80 49.65 48.09 44.55 42.49 40.76

H2 0.58 1.49 3.15 4.09 5.10

CH4 FID 0.059 0.19 1.79 4.87 10.33 13.47 16.42

CH4 TCD 2.01 4.90 10.40 13.56 16.53

CH4 Trace 0.061 0.20 1.94 5.22 11.07 14.48 17.65

C2H4 FID 0.0024 0.0075 0.12 0.45 1.49 3.10 5.40

C2H4 TCD 2.29 3.74

C2H4 Trace 0.0030 0.012 0.17 0.66 2.19 3.54 5.19

C2H6 Trace 0.0008 0.013 0.050 0.15 0.23 0.31

C3H6 0.045 0.16 1.46 3.88 7.32 8.60 9.10

C3H8 0.0016 0.0068 0.023 0.033 0.042

C3H4 (C≡CC) 0.0065 0.080 0.22 0.38 0.41 0.40

C3H4 (C=C=C) 0.010 0.037 0.057 0.073

1-C4H8 0.094 0.14 0.46 0.80 1.04 1.04 0.93

1,3-C4H6 0.087 0.28 2.26 5.34 8.92 9.70 9.43

n-C4H10 0.024 0.024 0.025 0.030 0.020 0.015

trans-2-C4H8 30.1 29.3 25.2 19.6 11.0 6.8 3.5

cis-2-C4H8 19.5 19.4 18.3 15.0 8.5 5.2 2.5

2-C4H8 49.6 48.7 43.4 34.6 19.5 12.0 6.0

iso-C4H10 0.0022 0.0080 0.018 0.022 0.024

1-Pentene (C=CCCC) 0.0051 0.017 0.035 0.041 0.042

2-Butyne (CC≡CC) 0.0058 0.023 0.032 0.037

2-Methyl-2-Butene (C2C=CC) 0.0016 0.026 0.066 0.089 0.074 0.050

tran-2-Pentene (CC=CCC) 0.0056 0.0082 0.0093

2-Methyl-1-Butene (C=C2CC) 0.0050 0.0079 0.010

cis-2-Pentene (CC=CCC) 0.0016 0.035 0.13 0.28 0.32 0.30

3-Methyl-1-Butene (C=CCC2) 0.0010 0.021 0.069 0.12 0.11 0.08

1,4-Pentadiene (C=CCC=C) 0.0011 0.013 0.034 0.050 0.047 0.037

2-Methyl-1,3-Butadiene(C=CC2=C) 0.0007 0.0030 0.038 0.14 0.38 0.49 0.52

1,3-pentadiene (C=CC=CC) 0.0014 0.021 0.082 0.22 0.28 0.29

CycloPentadiene (cyC5H6) 0.017 0.10 0.40 0.67 0.93

CycloPentene (cyC5H8) 0.0050 0.022 0.033 0.040

C6H10 (10.59) 0.0012 0.0052 0.011 0.012 0.012

3-Methyl-1-Pentene (C6H12) 0.0020 0.0051 0.0054 0.0045

Methyl-Cyclopentene C6H10 (10.98) 0.0022 0.0073 0.0085 0.0082

Methyl-Cyclopentene C6H10 (11.04) 0.0032 0.0085 0.0098 0.0092

Methyl-Cyclopentene C6H10 (11.09) 0.0013 0.0049 0.0066 0.0071

Methyl-Cyclopentene (sum) 0 0 0 0.0066 0.021 0.025 0.024
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Table 9.4 Continued. 

 

 

  

Cyclohexene (C6H10) 0.0041 0.016 0.026 0.032

Methyl-CycloPentadiene (C6H8) 0.0080 0.053 0.17 0.19 0.29

C6H10 (11.5) 0.0034 0.0052 0.0063

C6H10 (11.6) 0.0018 0.0044 0.0078 0.0084 0.0079

Benzene (C6H6) 0.011 0.092 0.52 1.00 1.67

Cyclohexadiene (C6H8) 0.0016 0.0035 0.012 0.039 0.10 0.14 0.15

Ethyl-Cyclopentene C7H12 (12.2) 0.0017 0.0075 0.011 0.014

Ethyl-Cyclopentene C7H12 (12.55) 0.00056 0.0026 0.0055 0.0055 0.0045

Ethyl-Cyclopentene (sum) 0 0 0.0006 0.0043 0.013 0.017 0.018

Methyl-CycloHexadiene C7H10 (12.98) 0.0011 0.0055 0.010 0.015 0.012 0.009

Methyl-CycloHexadiene C7H10 (13.03) 0.0016 0.0060 0.011 0.014 0.014

Methyl-CycloHexadiene C7H10 (13.14) 0.00042 0.00069 0.0026 0.0069 0.014 0.016 0.015

Methyl-CycloHexadiene (sum) 0.00042 0.0018 0.010 0.023 0.040 0.043 0.038

Toluene (C7H8) 0.00056 0.010 0.060 0.25 0.42 0.61

1,3-Cycloheptadiene (C7H10) 0.0034 0.011 0.018 0.018 0.016

C7H10 (13.66) 0.00037 0.0016 0.0046 0.011 0.014 0.015

4-Ethenyl-Cyclohexene (C8H12) 0.0016 0.0072 0.016 0.017 0.015

EthylBenzene (C8H12) 0.0018 0.012 0.023 0.035

o-Xylene (C8H10) 0.0021 0.013 0.024 0.036

Styrene (C8H8) 0.0017 0.022 0.056 0.11

p-Xylene (C8H10) 0.0019 0.010 0.018 0.024

C9H10 (16.84) 0.0018 0.0053 0.011

2-Propenyl-Benzene (C9H10) 0.0070 0.017 0.031

Indene (C9H8) 0.0006 0.013 0.036 0.072

1/2-Methyl-Indene (C10H10) 0.0019 0.0059 0.012

C10H10 (20.6) 0.0017 0.0072 0.015

1,4-Dihydro-Naphthalene (C10H10) 0.0016 0.0055 0.012

Naphthalene (C10H8) 0.0026 0.013 0.040

Sum 100.7 100.3 100.3 101.4 101.4 101.0 100.8

Cout/Cin 1.00 0.99 0.99 1.00 1.00 0.99 0.99

Hout/Hin 1.00 0.99 0.99 1.00 1.00 1.00 0.99

Conditions: τ=~1s, initial N2/2-C4H8/n-C2H10=49.6%50.7%/0.025%
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Table 9.5 Experimental Data Obtained from 2-Butene Pyrolysis (τ= ~1.5 sec, initial N2/2-butene 
= ~95/5%). 

 

  

Average experimental observed mole %

Species 650 675 700 725 750 762.5 775 787.5

N2 94.3 94.0 94.2 93.1 92.8 91.7 92.0 91.5

H2 0.51 0.60 0.79 0.96

CH4 FID 0.034 0.094 0.26 0.61 1.21 1.57 1.95 2.33

CH4 TCD 1.94 2.28

CH4 Trace 0.034 0.10 0.26 0.63 1.27 1.66 2.07 2.46

C2H4 FID 0.0014 0.0045 0.016 0.055 0.19 0.33 0.53 0.78

C2H4 Trace 0.0021 0.0075 0.026 0.088 0.28 0.46 0.72 1.04

C2H6 Trace 0.0009 0.0045 0.015 0.023 0.033 0.043

C3H6 0.027 0.076 0.21 0.49 0.89 1.08 1.18 1.19

C3H8 0.0013   

C3H4 (C≡CC) 0.0006 0.0030 0.011 0.030 0.056 0.068 0.077 0.083

C3H4 (C=C=C) 0.0025 0.011 0.017 0.025 0.032

1-C4H8 0.014 0.022 0.041 0.074 0.11 0.12 0.11 0.09

1,3-C4H6 0.056 0.14 0.35 0.79 1.36 1.57 1.64 1.56

n-C4H10 0.0028 0.015 0.024 0.034 0.044

trans-2-C4H8 3.82 3.64 3.24 2.60 1.68 0.95 0.61 0.35

cis-2-C4H8 2.49 2.48 2.39 2.03 1.33 0.76 0.48 0.27

2-C4H8 4.97 4.80 4.38 3.49 2.06 1.29 0.61 0.10

tran-2-Pentene (CC=CCC) 0.0007 0.0024 0.0055 0.0073 0.0085 0.0090

cis-2-Pentene (CC=CCC) 0.0007 0.0032 0.0092 0.017 0.020 0.022 0.022

2-Methyl-1,3-Butadiene(C=CC2=C) 0.0010 0.0043 0.015 0.040 0.053 0.060 0.057

1,3-pentadiene (C=CC=CC) 0.00045 0.0024 0.0086 0.023 0.030 0.034 0.031

CycloPentadiene (cyC5H6) 0.0009 0.0063 0.032 0.061 0.10 0.14

Methyl-CycloPentadiene (C6H8) 0.0025 0.012 0.022 0.032 0.038

Benzene (C6H6) 0.00067 0.0059 0.036 0.076 0.14 0.23

Cyclohexadiene (C6H8) 0.0020 0.0070 0.010 0.012 0.012

Toluene (C7H8) 0.0020 0.010 0.020 0.035 0.053

4-Ethenyl-Cyclohexene (C8H12) 0.00027 0.00028

EthylBenzene (C8H12) 0.00083 0.0020 0.0036 0.0052

Styrene (C8H8) 0.0011 0.0033 0.0078 0.016

Indene (C9H8) 0.0004 0.0017 0.0047 0.010

Naphthalene (C10H8) 0.0019 0.0064

Sum 99.4 99.2 99.5 98.7 99.6 99.0 99.8 99.8

Cout/Cin 1.00 1.00 1.00 1.01 1.00 1.01 1.00 1.00

Hout/Hin 1.00 1.00 0.99 1.00 1.01 1.02 1.01 1.01

Conditions: τ=~1.5s, initial 2-C4H8/N2=5.04%/90.20%
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Table 9.6 Experimental Data Obtained from 2-Butene Pyrolysis (τ= ~5 sec, initial N2/2-butene = 
~95/5%). 

 

Average experimental observed mole %

Species 650 675 700 725 737.5 750

N2 93.0 92.8 91.3 89.9 89.3 88.8

H2 0.75 0.97 1.19

CH4 FID 0.18 0.50 1.21 2.25 2.80 3.33

CH4 TCD 2.20 2.78 3.28

CH4 Trace 0.16 0.47 1.15 2.13 2.66 3.17

C2H4 FID 0.0083 0.037 0.15 0.50 0.70 1.20

C2H4 Trace 0.013 0.049 0.19 0.59 0.92 1.31

C2H6 Trace 0.0017 0.0083 0.023 0.033 0.043

C3H6 0.13 0.37 0.84 1.30 1.39 1.32

C3H8 0.0015 0.0022 0.0025

C3H4 (C≡CC) 0.0050 0.019 0.045 0.065 0.067 0.066

C3H4 (C=C=C) 0.0009 0.0049 0.013 0.018 0.021

1-C4H8 0.041 0.063 0.10 0.12 0.11 0.09

1,3-C4H6 0.25 0.60 1.24 1.71 1.69 1.48

n-C4H10 0.0047 0.016 0.021 0.024

trans-2-C4H8 2.92 2.41 1.52 0.75 0.43 0.21

cis-2-C4H8 1.90 1.69 1.07 0.59 0.34 0.16

2-C4H8 5.39 4.68 3.17 1.22 0.48 0.12

2-Methyl-2-Butene (C2C=CC) 0.00091 0.0029 0.0056 0.0052 0.0038 0.0020

tran-2-Pentene (CC=CCC) 0.0013 0.0040 0.0070 0.0077 0.0075

cis-2-Pentene (CC=CCC) 0.0018 0.0072 0.019 0.029 0.030 0.027

3-Methyl-1-Butene (C=CCC2) 0.0010 0.0037 0.0079 0.0070 0.0046 0.0023

2-Methyl-1,3-Butadiene(C=CC2=C) 0.0025 0.010 0.035 0.067 0.071 0.060

1,3-pentadiene (C=CC=CC) 0.0011 0.0053 0.019 0.037 0.038 0.032

CycloPentadiene (cyC5H6) 0.0039 0.025 0.094 0.15 0.19

Methyl-CycloPentadiene (C6H8) 0.0015 0.010 0.032 0.042 0.044

Benzene (C6H6) 0.00054 0.0041 0.031 0.15 0.26 0.41

Cyclohexadiene (C6H8) 0.0013 0.0068 0.014 0.015 0.013

Toluene (C7H8) 0.0019 0.011 0.041 0.069 0.098

4-Ethenyl-Cyclohexene (C8H12) 0.00050 0.00092 0.00083 0.00058

EthylBenzene (C8H12) 0.00041 0.0030 0.0054 0.0068

Styrene (C8H8) 0.00069 0.0068 0.015 0.029

2-Propenyl-Benzene (C9H10) 0.0045 0.0072

Indene (C9H8) 0.010 0.019

Naphthalene (C10H8) 0.0052 0.016

Sum 99.0 99.1 98.2 98.4 98.4 98.6

Cout/Cin 1.01 1.01 1.02 1.01 1.02 1.04

Hout/Hin 1.00 1.00 1.00 1.02 1.02 1.05

Conditions: τ=~5s, initial 2-C4H8/N2=5.77%/93.14%
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In all cases, the measured mole fractions sum to ~100% within the expected experimental 

error. Any species with very long retention times that might not have been detected by the methods 

are on the order of 1% or less. A qualification to this statement is that some species might be 

hidden under larger peaks, for instance acetylene is hidden under ethylene, isobutene is hidden 

under 1-butene, and methyl-2,4-cyclopentadiene is indistinguishable from its isomers, methyl-1,3-

cyclopentadiene and methyl-1,4-cyclopentadiene; however, in each of these cases, their similar 

FID response factors would lead to a similar total C2, C4, or C6 sum. The measured carbon and 

hydrogen balances are approximately unity over most of the temperature range. 

9.4 Comparison to the Pyrolysis of Propene and 1-Butene 

The initiation reactions of 2-butene and propylene are similar in that they both involve 

breaking an allylic C-H bond. However, due to the different reactivity of the produced radicals (1-

methyl-allyl vs. allyl), the subsequent decomposition for 2-butene and propene are significantly 

different. Figure 9.1 shows a comparison of the observed conversion of 2-butene and propylene as 

a function of temperature. It is evident that the two fuels start reacting at the same temperature, but 

2-butene has a higher rate of decomposition as temperature increases. The initiation reaction of 1-

butene involves breaking an allylic C-C bond which is much weaker; thus it is more reactive than 

2-butene. Interestingly, the trend of fuel conversion for 2-butene appears to be more close to that 

of 1-butene than propene, as shown in Figure 9.1.  

There are several pathways for 2-butene decomposition that enable it to be more reactive 

than propene: (1) Molecular isomerization of to 1-butene, i.e., CC=CC � C=CCC, with Ea= ~63 

kcal/mol. Several pervious measurement determined the rate constant for this reaction. (2) 

Elimination of H2 forming 1,3-butadiene, i.e., CC=CC � C=CC=C + H2, with Ea = ~67 kcal/mol. 

The barrier for this reaction was determined to be much lower than a similar reaction for propene, 



286 
 

i.e., C=CC � C=C=C + H2, with Ea = ~100 kcal/mol. (3) Subsequent H-assistant reactions turn 2-

butene into the more reactive 1-butene, e.g., H + CC=CC � [CCC•C]* � H + C=CCC, and 

CC=CC• + CC=CC � CC=CC• + C=CCC, while propene lacks such reaction pathways. (4) 

Decomposition of 1-methyl-allyl requires ~13 kcal/mol less energy (forming H + C=CC=C) than 

that of allyl (forming H + C=C=C). All these factors together make 2-butene more reactive than 

propene and more resemble the kinetics of 1-butene. 

 

Figure 9.1 Comparison of the observed conversion of 2-butene to these of propylene and 1-
butene as a function of temperature. Filled symbol—Al Shoaibi 2008; Open symbol—This work. 
Operating conditions: initially ~50% fuel, P= 0.83atm, τ= ~5s. 
 
9.5 Measured Product Distribution of 2-Butene Pyrolysis 

Figure 9.2 displays the effect of temperature on fuel conversion and the production of 

various products, under the condition of ~50% fuel input and 5s. Methane (CH4) is determined as 

the most abundant product, followed by 1,3-butadiene (1,3-C4H6), propene (C3H6), ethene (C2H4) 

and hydrogen (H2). 1-butene (C4H8), ethane (C2H6), propyne (C≡CC, pC3H4), 2-butyne (CC≡CC), 

propane (C3H8), allene (C=C=C, aC3H4), and n-butane (n-C4H10) are the minor products.  

C5 species start forming in the early stages of fuel conversion. The detected C5 species, in 

order of decreasing mole fraction, includes cyclopentadiene (CY13PD, C5H6), 2-methyl-1,3-
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butadiene (C=C2C=C, C5H8), cis-2-pentene (CC=CCC, C5H10), 1,3-pentediene (C=CC=CC, 

C5H8), 3-methyl-1-butene (C=CCC2, C5H10), Cyclopentene (CYC5H8, C5H8), 2-Methyl-2-butene 

(CC=C2C, C5H10), 1,4-pentadiene (C=CCC=C, C5H8), 1-pentene (C=CCCC, C5H10), and 2-

Methyl-1-butene (C=C2CC, C5H10). Schenka et al.16 measured multiple C5 growth species in a 2-

butene premixed flame. They determined the four most important C5 species that were 

cyclopentadiene, trans-2-pentene, trans-1, 3-pentadiene and isoprene (2-methyl-1,3-butadiene), in 

agreement with our measurements. They were unable to quantify two C5H8 signals and one C5H10 

signal due the very low concentrations. In our work, we identified two other C5H10 species, 3-

methyl-1-butene (C=CCC2, C5H10) and 2-methyl-1-butene (C=C2CC, C5H10), and another two 

C5H8 species, 1, 4-pentadiene (C=CCC=C, C5H8) and cyclopentene (CYC5H8, C5H8) that are 

shown in Figure 9.2. 

The most abundant C6 species are: benzene (C6H6), three methyl-cyclopentadiene isomers 

(methyl-cyclo-1,3-pentadiene, ME-CY13PD, methyl-cyclo-1,4-pentadiene, ME-CY14PD and 

methyl-cyclo-2,4-pentadiene, ME-CY24PD, C6H8), and two cyclohexadiene isomers (cyclo-1,3-

hexadiene, CHD13 and cyclo-1,4-hexadiene, CHD14, C6H8), and 3-Methyl-Cyclopentene (Me3-

CPENE, C6H8). 3-Methyl-1-pentene (C=CC2CC, C6H12), 1,5-hexdiene (C=CCCC=C, C6H10), and 

Cyclohexene (CYC6H10, C6H10) are detected as the minor C6 products. The most C7 species is 

toluene (CYC6CH3, C7H8), with another two also in significant amount: 3-Ethyl-Cyclopentene 

(Et3-CPENE, C7H10) and methyl-cyclohexadiene isomers (Me-CHD13, Me-CHD14, C7H10). 

Styrene (CYC6C=C, C8H8) and ethyl-benzene (CYC6C2H5, C8H10), indene (C9H8), and 

naphthalene (a2, C10H8) are the primary C8 to C10 species. In addition to these major MWG 

products listed in the figure, multiple minor products are also identified. These include several C7 

species, 1,3-cycloheptadiene (CHPDE, C7H10), and 1,3,5-cycloheptatriene (CHPTE, C7H8). We 
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also identified xylene isomers (C8H10), ethenyl-cyclohexene (C8H12), indane (C9H10), propenyl-

benzene (C9H10), methyl-indene (C10H10), 1,4-dihydro-naphthalene (C10H10), and methyl-

naphthalene (C11H10) as minor C8 to C11 species. Some very small peaks are not unambiguously 

identified, due to their very low concentrations. For these cases, only the chemical formulas with 

their retention time are provided in the tables. 

 

Figure 9.2 Experimental product distribution in the pyrolysis of ~50/50% 2-Butene/N2 mixtures 
at P= 0.83 atm, τ= ~5 s. See text and Tables 9.2-9.6 for details. The lines are used to guide eye. 
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It is worthy noting that the C5 species start forming at very low fuel conversion (600°C), 

while C6-C10 products appear at higher fuel conversion (625°C or 650°C). The formation of C6-

C10 species was enhanced by increasing temperature, while most of the C5 species yields, except 

cyclopentadiene (cf. Figure 9.2), exhibited a maximum at 700°C or 725°C. The non-aromatic C6 

and C7 species also show or begin to show a maximum at 700°C or a higher temperature. Similar 

observations are also found for another pyrolysis condition with initial fuel diluted by 10 times 

(i.e., initially ~5% fuel diluted in N2) with 5 sec residence time, except that different concentrations 

of the products are detected (cf. Table 9.6).  

9.6 Detailed Kinetic Modeling 

The kinetic model, which was used for the description of propene and 1-butene pyrolysis 

(Chapter 7 and Chapter 8 respectively), was used to predict 2-C4H8 pyrolysis data under a wide 

range of conditions to assess its validity, especially for the description of the MWG kinetics. The 

experimental results are grouped into two categories, depending on the initial concentration of 2-

butene diluted in nitrogen (N2). One group dataset is with ∼50% fuel diluted in N2 under the 

varying residence times of ∼1, ∼2.5, and ∼5 sec. Another group is with ∼5% fuel under residence 

time of ∼1.5 and 5 sec.  

9.6.1 Initial ~50% Fuel Diluted in N2 

Figure 9.3 compares the 2-butene pyrolysis with higher initial fuel concentration (∼50% 

fuel diluted in N2), under temperature of 575-775 °C, with residence time that varying from ∼1, to 

2.5, to 5 sec. The model provides excellent predictions for the fuel conversion (panel a in Figure 

9.3) and for the formation of the five major products, methane (b), propylene (c), 1,3-butadiene 

(d), ethylene (e), and hydrogen (f) over the investigated conditions.  
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Figure 9.3 Comparison of experimental species mole fractions (in percent) with modeling 
predictions. Symbols--experimental data; solid lines--modeling results (Operating conditions: P= 
0.83 atm, initially N2/1-C4H8= ~50/50%, τ= ~1s, 2.5s, and 5s). 
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Figure 9.3 Continued. Comparison of experimental species mole fractions (in percent) with 
modeling predictions. Symbols--experimental data; solid lines--modeling results (Operating 
conditions: P= 0.83 atm, initially N2/1-C4H8= ~50/50%, τ= ~1s, 2.5s, and 5s). 
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The predictions are quite good in capturing both the temperature and residence time 

dependence for the MWG species. The formation trend of 1-butene is well captured, though the 

absolute amount is over-predicted. The good descriptions for benzene, toluene, cyclopentadiene, 

naphthalene, styrene and indene are particularly encouraging. The profiles for the intermediate 

MWG species (e.g., C5 and C6 species) generally show a strong temperature dependence in that 

the observed mole fractions reach maxima and then decrease at higher temperatures. In most cases, 

the model is able to predict the observed temperature and residence time dependencies. 

9.6.2 Initial ~5% Fuel Diluted in N2 

Figure 9.4 compares the modeling to the pyrolysis experiment with lower initial fuel 

concentration (∼5% 2-butene), over the temperature range 650-800 °C, with residence time 

varying from ∼1.5 to 5 sec. Again, the model provides excellent predictions for the fuel conversion 

(a) and formation of the major products, methane (b), 1,3-butadiene (c), propylene (d), ethylene 

(e), and hydrogen (f). Overall, the predictions are also quite good in capturing both temperature 

and residence time dependence for the MWG species. The biggest deviations from the experiment 

come from styrene and indene. 

The inert gas dilution tends to alter the relative amount of products in 2-butene pyrolysis. 

For the ~5% fuel diluted in N2, the formation of 1,3-butadiene exceeds that of propene, becoming 

the second most important major species. This may due to that the unimolecular reactions are 

becoming more important for diluted fuel systems. Specifically, the initially formed 1-methyl-allyl 

(CC=CC• or C=CC•C) from the parent 2-butene, is more likely to undergo unimolecular reaction 

forming 1,3-butadiene, via: C=CC•C � H + C=CC=C, than any bimolecular reactions. Another 

example is that cyclopentadiene surpass toluene, becoming the second most important cyclic 

MWG product. Nevertheless, the model accurately captures this difference. 
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Figure 9.4 Comparison of experimental species mole fractions (in percent) with modeling 
predictions. Symbols--experimental data; solid lines--modeling results (Operating conditions: P= 
0.83 atm, initially N2/1-C4H8= ~5/95%, τ= ~1.5s and ~5s). 
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Figure 9.4 Continued. Comparison of experimental species mole fractions (in percent) with 
modeling predictions. Symbols--experimental data; solid lines--modeling results (Operating 
conditions: P= 0.83 atm, initially N2/1-C4H8= ~5/95%, τ= ~1.5s and ~5s). 
 

Overall, the comparison between the experiment and modeling results indicate that 

although the pyrolysis conditions vary substantially, the model is able to capture the fuel 

conversion and predicted well the formation of various products.  
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9.7 Sensitivity and Rate of Production Analysis 

The results of the sensitivity analysis obtained with CHEMKIN PRO, performed for the 

condition of ∼50% fuel with ∼5sec residence time and 725°C at the end of the reactor. The results 

are shown in Table 9.7; this temperature was selected to focus on the reactions most important for 

MWG. Entries are only included if the normalized sensitivity coefficient is greater than 0.25. It is 

evident that a small number of reactions dominate the kinetics− 96 out of ∼11100 reactions (all 

reactions are decoupled in forward and reverse reactions) can account for most of the variation in 

concentrations of all the species predicted by the mechanism. 

9.7.1 Fuel Decomposition 

9 out of the 96 most sensitive reactions exhibit significant sensitivity for the major species, 

2-butene, hydrogen, methane, ethylene, propene and 1,3-butadiene, which are accurately predicted 

by the model: 

C=CCC � CC=CC                      R9.1 

C=CCC (+M) � C=CC• + CH3 (+M)    R9.2 

CC=CC + CH3 � CC=CC• + CH4    R9.3 

CC=CC + C=CC• � CC=CC• + C=CC   R9.4 

CC=CC + CC=CC• � CC=CC• + C=CCC   R9.5 

CC=CC• (+M) � C=CC=C + H (+M)   R9.6 

CC=CC + H (+M) � C=CC + CH3 (+M)    R9.7 

CC=CC + H (+M) � C=CC + CH3 (+M)    R9.8 

CC=CC + H � CC=CC• + H2    R9.9 

 

 



296 
 

Table 9.7 Normalized Sensitivity Coefficients Calculated at The End of the Reactor at 725°C for All the Pyrolysis Products. 

# Rxns 2-C4H8 CH4 C3H6 1,3-C4H6 C2H4 H2 C2H6 pC3H4 aC3H4 C3H8 1-C4H8 C4H10 CC#CC 1,3-Pentadiene 1,4-Pentadiene C=CC2=C C2C=CC 3-Methyl-1-Butene 2-Pentene CYC5H8 C=CC2CC CYC6H10 ME3-CPENE ME4-CPENE MECY13PD MECY14PD CHD13 CHD14 Benzene Et3-CPENE Et4-CPENE ME1-CHD13 ME1-CHD14 ME3-CHD14 ME5-CHD13 ME2-CHD13 Toluene Ethy-Benz Styrene Indene a2

Most important rxns

(1) CC*CC=>C*CCC -0.27

(2) C*CCC(+M)=>C*CC.+CH3(+M) -0.56 0.13 -0.62 0.32 -0.78 -0.80 -0.27 -0.35 0.21 0.56 0.62

(3) CC*CC+CH3=>CC*CC.+CH4 -0.69 0.11 0.16 -0.42 -0.29 -0.57 -0.32 -0.25 -0.31 0.36 0.44 0.50

(4) C*CC.+CC*CC=>C*CC+CC*CC. -0.17

(5) CC*CC+CC*CC.=>C*CCC+CC*CC. -0.43 0.27 0.29 0.36

(6) CC*CC.(+M)=>C*CC*C+H(+M) -0.35 0.27 -0.27 -0.41 -0.43 -0.44 -0.59 -0.37 0.25 -0.77 -0.77 -0.29 -0.34

(7) CC*CC+H(+M)=>C*CC+CH3(+M) -0.23 0.12

(8) CC*CC+H(+M)=>C*CC+CH3(+M) -0.25 0.13

(9) CC*CC+H=>CC*CC.+H2 0.27

H-abstraction rxns

(10) CC*CC+H=>CC.*CC+H2 0.30

(11) CC*CC+CH3=>CC.*CC+CH4 0.34

(12) C2H5+CC*CC=>C2H6+CC*CC. 0.34

(13) CC*CC+CC.C=>CC*CC.+CCC 0.36

(14) CC*CC+CCC.C=>CC*CC.+CCCC 0.37

(15) CH3+CHD14=>CH4+CYC6H7 -0.26

(16) CH3+CY13PD=>CH4+CY13PD5. 0.25

(17) CH3+ME1-CHD14=>CH4+ME1-CHD14-6. -0.25

(18) C*CC+CYC6CH2<=>C*CC.+CYC6CH3 -0.58

(19) CHD13+CY13PD5.=>CY13PD+CYC6H7 -0.31

(20) CY13PD+CYPENE3.=>CY13PD5.+CYC5H8 0.26

(21) CY13PD5.+ME2-CHD13=>CY13PD+ME2-CHD13-6. -0.26

(22) CY13PD5.+ME3-CHD14=>CY13PD+ME3-CHD14-3. -0.34

(23) C*C*C+MECY24PD=>C*CC.+MEC24PD1. -0.34

Addition rxns

(24) C2H4+H(+M)=>C2H5(+M) 0.39

(25) C2H5(+M)=>C2H4+H(+M) -0.34 -0.29

(26) C*CC+H(+M)=>CC.C(+M) 0.52

(27) CC.C(+M)=>C*CC+H(+M) -0.70

(28) C*CC*C+H(+M)=>CC*CC.(+M) 0.30 0.44 0.42

(29) CC*CC.(+M)=>C2H3+C2H4(+M) 0.23 -0.26

(30) CCC.C(+M)=>C*CC+CH3(+M) -0.78

(31) C*CC+CH3(+M)=>CCC.C(+M) 0.33

(32) CC*CC+CH3(+M)=>C2C*CC+H(+M) 0.29

(33) CYPENE3.(+M)=>CY13PD+H(+M) -0.39

(34) CY13PD+H(+M)=>CYPENE3.(+M) 0.43

(35) C*CC2*C+C2H3(+M)=>C*CCC*C2C.(+M) 0.42 0.54

(36) C*CCC*C2C.(+M)=>C*CC2*C+C2H3(+M) -0.27 -0.36

(37) C*CC*C+CH3(+M)=>C*CC*CC+H(+M) 0.30

(38) C*CC+C2H3(+M)=>C*CCC*C+H(+M) 0.48

(39) C*CC*C+CH3(+M)=>C*CC2*C+H(+M) 0.46 0.26

(40) C*CC+C*CC.(+M)=>H+ME4-CPENE(+M) 0.28

(41) C*CCC*C2C.(+M)=>ME1-CHEXE4.(+M) 0.54

(42) ME1-CHEXE4.(+M)=>C*CCC*C2C.(+M) -0.38

(43) C*CCC*C2C.(+M)=>H+ME5-CHD13(+M) 0.34

(44) C*CCC.C*C(+M)=>CHD13+H(+M) 0.25

(45) C*CC+CC*CC.(+M)=>CC*CCCC.C(+M) 0.30

(46) C*CC+CC*CC.(+M)=>CH3+ME3-CPENE(+M) 0.36

(47) C*C2CC*CC.(+M)=>H+ME1-CHD14(+M) -0.27

(48) C*C2CC*CC.(+M)=>H+ME1-CHD13(+M) 0.32

(49) H+ME1-CHD14(+M)=>C*C2CC*CC.(+M) 0.27

(50) H+ME1-CHD13(+M)=>CH3+CHD13(+M) -0.49

(51) C*CCC+CC*CC.(+M)=>CC*CCCC.CC(+M) 0.35

(52) C*CCC+CC*CC.(+M)=>CH3+Et3-CPENE(+M) 0.39

(53) CC*CCCC.CC(+M)=>CH3+Et3-CPENE(+M) 0.29

(54) C*CCC+CC*CC.(+M)=>CH3+Et4-CPENE(+M) 0.82

(55) C*CC*C+CC*CC.(+M)=>CC*CCCC*CC.(+M) 0.55

(56) CC*CCCC*CC.(+M)=>C*CC*C+CC*CC.(+M) -0.49

(57) CC*CCCC*CC.(+M)=>CC*CCC*CC.C(+M) 0.46

(58) C*CC*C+CC*CC.(+M)=>C*CC2CC*CC.(+M) 0.42

(59) C*CC*C+CC*CC.(+M)=>CC*CCC2*CC.(+M) 0.26

(60) C*CC2CC*CC.(+M)=>C*CC*C+CC*CC.(+M) -0.39

(61) C*CC2CC*CC.(+M)=>CC*CCC2*CC.(+M) 0.37

(62) C*CCC2*CC.(+M)=>ME1-CHEXE4.(+M) -0.26

(63) ME1-CHEXE4.(+M)=>C*CCC2*CC.(+M) 0.27

(64) C*CCC2*CC.(+M)=>H+ME2-CHD13(+M) 0.29

(65) CY13PD+CY13PD5.=>CH3+INDENE 0.89

Recombination rxns

(66) CC*CC.+CH3=>C*CCC2 0.30 0.90

(67) C*CCC2=>CC*CC.+CH3 -0.75

(68) CC*CC.+CH3=>CC*CCC 0.91

(69) CC*CCC=>CC*CC.+CH3 -0.57

(70) C2H5+CC*CC.=>C*CC2CC 0.92

(71)  C*CC2CC=>C2H5+CC*CC. -0.93

(72) CH3+CYC6CH2=>CYC6C2H5 0.92

(73) Et3-CPENE=>C2H5+CYPENE3. -0.37

(74) CH3+CY13PD5.(+M)=>MECY24PD(+M) -0.28

(75) MECY24PD(+M)=>CH3+CY13PD5.(+M) 0.25

(76) CH3+CY13PD5.(+M)=>MECY14PD(+M) -0.34

(77) MECY14PD(+M)=>CH3+CY13PD5.(+M) 0.32

(78) MECY24PD(+M)=>MECY13PD(+M) 0.68 0.37

(79) MECY13PD(+M)=>MECY24PD(+M) -0.68 -0.37

(80) MECY24PD(+M)=>MECY14PD(+M) 0.37

(81) MECY14PD(+M)=>MECY24PD(+M) -0.37

(82) MECY14PD(+M)=>MECY13PD(+M) -0.46

(83) MECY13PD(+M)=>MECY14PD(+M) 0.46

(84) C*CC.+CY13PD5.=>C5H5CC*C 0.54

(85) C5H5CC*C=>C*CC.+CY13PD5. -0.54

(86) 2CY13PD5.(+M)=>C5H5C5H5(+M) 0.37

(87) 2CY13PD5.(+M)=>C5H5C5H4+H(+M) 0.29

(88) C5H5C5H5(+M)=>2CY13PD5.(+M) -0.41

(89) C5H5C5H5(+M)=>C5H5C5H4+H(+M) 0.41

Ene and Retro-Ene

(91) C*CC*C=>CC#CC 0.64

(92) C*CC*C+C2H4(+M)=>CYC6H10(+M) 0.98

(93) CYC6H10(+M)=>C*CC*C+C2H4(+M) -0.44

(94) CYC5H8=>CY13PD+H2 -0.32

(95) ME4-CPENE<=>MECY24PD+H2 -0.32

(96) Et4-CPENE=>Et3-CPD+H2 -0.49



297 
 

The high sensitivity of these reactions depicts the general destruction pathways of 2-butene. 

The initial reaction is started by the rearrangement to the more reactive 1-butene (R9.1), which 

then dissociates to radicals (i.e., methyl and allyl, R9.2) that can then abstract from the parent 

(R9.3 and R9.4), forming 1-methyl-allyl radicals (and methane and propene respectively). 1-

Methyl-allyl can abstract from 2-butene forming 1-butene (R9.5), or undergo β-scission to form 

1,3-butadiene and H atoms (R9.6). 1,3-Butadiene is an important precursor for formation of MWG 

species, while the H atoms can attack the parent fuel 2-butene to form a chemically activated 

adduct that dissociates into propene and methyl radicals (duplicate reactions R9.7 and R9.8), or 

abstract from the parent forming hydrogen (R9.9). The produced methyl radicals can then continue 

the reaction chain (repeat R9.3-R9.9), converting 2-butene to the major products: methane, 

propene, 1,3-butadiene, ethene, hydrogen, and 1-butene. Subsequent reactions of these products 

will lead to the generation of other light and MWG species. 

9.7.2 Formation of Light Species 

The other observed light species (C4 and below) include ethane, propyne, 2-butyne, 

propane, allene, and n-butane. The alkane products, ethane, propane, and n-butane are formed by 

the H-abstraction reaction of 2-butene by ethyl, n-/iso-propyl and butanyl radicals respectively, 

which are in turn formed by the H-atom addition to ethylene, propylene and 2-butene. 2-Butyne is 

primarily formed by the isomerization from 1,3-butadiene. The rate expression for this 

isomerization step is from Hidaka et al.19 for describing the isomerization and decomposition of 

2-butyne shock tube. Propyne is primarily formed by the dissociation of CC=C•C radicals 

(CC=C•C � C≡CC + CH3), which is primarily formed by the H-abstraction of 2-butene by H-

atoms and methyl. The reaction occurs via the C4H7 PES, which has been described previously.7 
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Allene is primarily generated from the isomerization of allene (C≡CC � C=C=C), via a cyclic-

C3H4 intermediate.20     

9.7.3 Formation of MWG species 

The formation of MWG species exhibit a strong sequential temperature dependence with 

C5 species at 600°C, and followed by the formation of C6 and C7 products at 625°C, the C8-C10 

species being forming when temperatures at 675°C or higher. 

Formation of C5 Species 

The noncyclic C5 species include 2-methyl-1,3-butadiene, 2-pentene, 1,3-pentadiene, 3-

methyl-1-butene, 2-methyl-2-butene, 1,4-pentadiene, and 1-pentene. The three noncyclic C5 olefin 

product are produced via the recombination between allylic and alkyl radicals (R9.10, R9.11, and 

R9.12, respectively).  

C=CC•C + CH3� C=CCC2    R9.10 

CC=CC• + CH3 � CC=CCC    R9.11 

C=CC• + C2H5 � C=CCCC    R9.12 

2-Methyl-2-butene is produced by the addition of methyl to 2-butene; the pathway is shown 

by the reaction Scheme 1. The associated surface for the branched C6H11 PES has been described 

in Chapter 8 for the 1-butene pyrolsyis. 

 

Scheme 1: Formation of 2-methyl-2-butene and 1-methyl-1-butene from the addition of methyl 
to 2-butene. 
 

The three diolefin products, 2-methyl-1,3-butadiene, 1,3-pentadiene, and 1,4-pentadiene 

are formed via the linear and branched C5H9 PES. 
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Scheme 2: Formation of 1,3-pentadiene, 1,4-pentadiene, and cyclopentene, as well as their 
subsequent reactions to cyclopentadiene formation. 
 

2-methyl-1,3-butadiene is primarily formed via the nonterminal addition of vinyl to 

propene and methyl to 1,3-butadiene (reaction Scheme 3). These reactions form part of the 

branched C5H9 PES; the simplified version of this surface is shown in Chapter 8.  

 

Scheme 3: Formation of 2-methyl-1,3-butadiene from the addition of vinyl to propene, and 
methyl to 1,3-butadiene. 
 

Two important cyclic C5 species are cyclopentene and cyclopentadiene. The addition of 

allyl to ethene primarily produces cyclopentene (reaction Scheme 3). There are several pathways 

leading to the formation of cyclopentadiene: (1) The methyl-cyclopentene isomers formed from 

allyl addition to propene produces cyclopentadiene, after H-abstraction and subsequent β-scission 

of methyl group (reaction Scheme 4); (2) The recombination of two allyl radicals, and vinyl 

addition to 1,3-butadiene also produce cyclopentadiene. The reaction pathway is shown by the 

reaction Scheme 4; the associated C6H9 PES that describes the energetics of each species and 

reaction channels has been discussed previously;7, 21 (3) The reactions of cyclopentene also provide 

a minor route to cyclopetadiene formation, either by the elimination of hydrogen molecule (the 

rate constant of this reaction is from the experiment measurement by Liews et al.22), or via H-

abstraction followed by β-scission of H atoms (Reaction Scheme 2 above).   
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Scheme 4: Formation of cyclopentadiene and benzene from the recombination of two allyl 
radicals, and addition of vinyl to 1,3-butadiene. 
 
Formation of C6 Species 

C6 species start to form shortly after the formation of C5 species. The detected C6 species 

with significant amount include: 3-methyl-1-pentene, methyl-cyclopentene isomers (3-methyl-

cyclopentene and 4-methyl-cyclopentene), methyl-cyclopentadiene isomers (methyl-1,3-

cyclopentadiene, methyl-1,4-cyclopentadiene, and methyl-2,4-cyclopentadiene), cyclohexene, 

cyclohexadiene isomers, and benzene. The noncyclic C6 species is formed via recombination 

reactions. 

C=CC•C + C2H5 � C=CC(C)CC    R9.13 

Allyl and methyl-allyl addition to propene leading to the formation of the methyl-

cyclopentene isomers. The allyl addition to propene is shown by reaction Scheme 1 above and the 

corresponding surface has been discussed in Chapter 8. The methyl-allyl addition to propene is 

shown by reaction Scheme 4. 

Methyl addition to cyclopentadienyl forms the methyl-cyclopentadiene isomers. They can 

also isomerize. The ene reaction between 1,3-butandiene and ethene primarily forms hexane. 

Detailed discussion are provided in Chapter 8. 

The cyclohexadiene isomers are primarily formed from the addition of allyl to 1,3-

butandiene (reaction Scheme 6). A more detailed surface describing this addition reactions can be 

found previously.21 Another source is from the recombination of two allyl radicals or vinyl addition 

to 1,3-butadiene forming the C6H9 PES (reaction Scheme 3 above).  
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Scheme 6: Formation of cyclohexadiene from the addition of allyl and 1,3-butadiene 
 

Both methyl-cyclopentadiene isomers and cyclohexadiene isomers are critical precursors 

for the benzene formation. After H-abstraction, these isomers will ultimately generate benzene via 

the C6H7 PES, which is obtained by CBS-QB3 calculation and detailed discussion is provided in 

Chapter 7 for the propene pyrolysis.  

Formation of C7 Species 

The C7 species include ethyl-cyclopentene isomers (3-ethyl-cyclopentene and 4-ethyl-

cyclopentene), methyl-cyclohexadiene isomers (1-methyl-cyclo-1,4-hexadiene, 3-methyl-cyclo-

1,4-hexadiene, 1-methyl-cyclo-1,3-hexadiene, 2-methyl-cyclo-1,3-hexadiene, and 5-methyl-

cyclo-1,3-hexadiene), and toluene. The two ethyl-cyclopentene isomers are primarily formed by 

the addition of methyl-allyl to 1-butene (shown by reaction Scheme 5 above). The methyl-

cyclohexadiene isomers are important precursors for aromatic species; they will ultimately turn 

into toluene, after H-abstraction. 

The methyl-cyclohexadiene isomers are formed by three pathways: (1) The first and most 

important pathway is the addition of methyl-allyl (CC=CC• or C=CC•C) to 1,3-butadiene, which 

is shown by reaction Scheme 8. The surface is obtained from CBS-QB3 calculations, and two 

surfaces are considered due to two different resonant structures of methyl-allyl. (2) The second 

formation source is the addition of allyl to 1,3-butadiene, which is shown by the reaction Scheme 

6 above. (3) A third source forming methyl-cyclohexadiene is the addition of vinyl to 2-methyl-

1,3-butadiene (described in Chapter 8).  
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Scheme 8: Formation of methyl-cyclohexadiene isomers from the addition of methyl-allyl and 
1,3-butadiene 
 
Formation of C8 - C10 Species 

The heaviest MWG species observed are: ethyl-benzene, styrene, indene, and naphthalene. 

Formation of ethyl-benzene is primarily from the recombination between methyl and benzyl (CH3 

+ Benzyl � Ethyl-Benzene). 

The addition of cyclopentadienyl to the parent 2-butene also lead to formation of styrene 

(reaction Scheme 9). The recombination between allyl and cyclopentadienyl forms styrene, after 

subsequent H-abstraction and isomerization. Sharma et al.23 studied a similar recombination for 

propargyl and cyclopentadienyl forming styrene, which are also considered in this work. The 

addition of phenyl to ethene provides a minor pathway forming styrene. 

+ CC=CC

+ CH3
- H+ R

.

 

Scheme 9: Formation of styrene from the addition of cyclopentadienyl to 2-butene 
 

The addition of cyclopentadienyl radical and cyclopentadiene accounts for most of indene 

formation. The rate constant is from the calculation by Cavallotti and Polino.24 The addition of 

benzyl to the acetylene provides a minor contribution for indene formation. The recombination of 

two cyclopentadienyl radicals is critical for the formation of naphthalene.25 Detailed discussion is 

referred to Chapter 8. 
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9.8 Impact of the “Thermoneutral” H-abstraction Reactions 

Most of the hydrogen abstraction reactions only affect the formation of a single species. 

The rate constants for the most sensitive H-abstraction reactions are either obtained from CBS-

QB3 calculation or by the estimation rate rules developed from the systematic calculations. It is 

worth noting that all these H-abstraction reactions involve an olefin or diolefin and a resonantly 

stabilized radical participating in the reactant, or product, or both. Due to the very high 

concentrations, the resonantly stabilized radicals are expected to play a more important role than 

previous estimates.21  

Similar to the treatment of 1-butene that was described in Chapter 8, the “reduced” model 

is used to examine the impact on the intermediate species and final product distribution. As shown 

in Figure 9.6, the concentrations for most stabilized radicals are altered by 2- to 8-fold between 

the full and “reduced” model, where the “thermoneutral” reactions are all excluded.  

 

Figure 9.6 Comparison of predicted mole fractions of dominate radicals along the reactor at 725 
°C (Solid lines— full model; Dashed lines— “reduced” model. Most H atoms in the species 
names are omitted for clarity.) 
 

Figure 9.7 presents the predictions from the “reduced” model (shown by the black dashed 

lines), as well as from the full model (shown by the red solid lines) for the fuel conversion and the 
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most important light and MWG species. Recall that in Chapters 7 and 8, the “reduced” model 

accurately predicts the fuel conversion and formation of the major species during the propene and 

1-butene pyrolysis. However, the predictions shown in Figure 9.7 from the “reduced” model starts 

to deviate from the experiment for the fuel conversion and formation of major species. This may 

due to the fact that two “thermoneutral” H-abstraction reactions (R4 and R5 in the above section 

9.6.1) are among the nine most sensitive reactions that are responsible for the fuel conversion. 

Consequently, the predictions of the “reduced” model for the major species are also changed.  

The predictions from the “reduced” model also deviates noticeably from the full model for 

the MWG species. While the full model generally predicts well the formation of these species 

(except the 1-butene formation), the “reduced” model tends to deviate significantly from the 

experiment observations. The most significant deviation are from the predictions of 1-butene, 

cyclohexadiene, and benzene. The reason is due to several “thermoneutral” H-abstractions:  

CC=CC• + CC=CC (2-butene) ↔ C=CCC (1-butene) + CC=CC•   R9.14 

C=CC• + CC=CC (2-butene) ↔ C=CC (propene) + CC=CC•   R9.15 

Cyclohexadiene + C=CC• ↔ Cyclohexadienyl + C=CC    R9.16 

Cyclohexadiene + CC=CC• ↔ Cyclohexadienyl + CC=CC    R9.17 

R9.14 and R 9.15 provides consumption pathways for the decomposition of 2-butene. The 

prediction of the “reduced” model by excluding these two reactions results in more 2-butene. 

R9.14 is also one of the major pathways forming 1-butene; the prediction of the “reduced” model 

thus predicts less 1-butene formation. While R9.15 provides formation pathway for propene, as 

well as the consumption of allyl. When allyl is not consumed, more cyclohexadiene will be 

produced via the scheme 6 discussed above. R9.16 and R9.17 are important pathways for the 

consumption of cyclohexadiene that forms cyclohexadienyl, which readily turn into benzene 
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formation. Excluding R9.16 and R9.17 lead to lower formation of cyclohexadienyl and thus less 

benzene formation, as observed in Figure 9.7. The comparisons in Figure 9.7 from another aspect 

highlight the important roles that the “thermoneutral” H-abstraction reactions play during the 

olefin pyrolysis.  

 
Figure 9.7 Comparison of experimental species mole fractions (in percent) with modeling 
predictions (Note: the “reduced” model excludes all the “thermoneutral” hydrogen abstraction 
reactions). Symbols, experimental data; Red solid lines— full model, black dashed lines— 
“reduced” model (Operating conditions: τ= ~5 sec, initially N2/2-C4H8= ~50/50%). 
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9.9 Comparison of Predictions to Literature Data 

Figure 9.8 shows the comparison of prediction of the fuel conversion to published 2-butene 

pyrolysis data that were measured under much different operating conditions.15 The pressure is 

much lower (~3-11 Torr), residence times much shorter (~1.3 ms), and temperatures much higher 

(900 –1900 K), and C4 olefin more highly dilute (4% fuel in argon).  
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Figure 9.8 Comparison of data to predictions of fuel conversion for a published data15 (P= 3-11 
Torr, τ= ~1.25-1.33 ms, initial 4% fuel diluted in Ar). 
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Nevertheless, the unadjusted mechanism captures the fuel conversion very well; it also 

provides excellent predictions for the formation of methane, propyne, allene, vinyl-acetylene, 

vinyl-ethylene, propene, and benzene. The predictions for hydrogen, methyl, ethylene, ethane, 

allyl, and 1,3-butadiene are also reasonable, sepecially under the lower temperatures up to 1600 K. 

The largest deviation is the over-prediction of acetylene, and under-predictions of propargyl and 

cyclopetadiene under the higher temperature ranges (above 1600 K). 

9.10 Summary 

Multiple MWG species were detected and quantitatively characterized for 2-butene 

pyrolysis in a laminar flow reactor. The influence of varying temperature (575°C-775°C), 

residence time (~1, 1.5, 2.5, and 5 s), and initial fuel composition (~50% and ~5% fuel diluted in 

N2) under ambient pressure (~0.83 atm) on the product distributions were measured. Literature 

pyrolysis data that were collected under significantly different operating conditions (4% fuel 

diluted in Ar in temperature of 900-1900K at P ~0.01 atm with residence time of ~1.3 ms) was 

also used to validate the model. Predictions using the updated mechanism are generally in quite 

good agreement with both 2-butene pyrolysis datasets.  

The sensitivity and rate of production analysis confirm the important role that stabilized 

radicals play in fuel conversion and formation of light products, as well as the formation of MWG 

species. The “thermoneutral” H-abstraction reactions appears to be much more important for the 

2-butene pyrolysis than the propene and 1-butene pyrolysis (which are discussed in Chapters 7 and 

8 respectively). Two such type reactions are found among the nine sensitive reactions that are most 

responsible for the fuel decomposition. Consequently, the formation of major species as well as 

other light species and MWG products are also affected by this type reaction. 
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The pyrolysis of 2-butene is expected to be similar to that of propylene pyrolysis; the 

initiation reactions for both systems are similar in that they both involve breaking an allylic C-H 

bond. Both 2-butene and propene are less reactive than 1-butene, where the initiation reaction 

involves the breaking of the weaker allylic C-C bond. However, subsequent reactions of the 

radicals formed in 2-butene led to greater reactivity than propene. These subtleties are captured by 

the kinetic model. 
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CHAPTER 10 

ISOBUTENE PYROLYSIS: EXPERIMENT AND DETAILED KINETIC MODELING  

10.1 Introduction 

Recent investigations on the combustion of butanol isomers,1-9 tert-butanol,5, 8 and 

isobutanol8, 9 specifically, have demonstrated the importance of the reaction subset of isobutene. 

Isobutene is also an important intermediate of the pyrolysis and oxidation of branched alkanes 

such as isobutane10-12 and isooctane.13, 14 The pyrolysis and oxidation of ethyl tert-butyl ether 

(ETBE) and methyl tert-butyl ether (MTBE), which are used as the octane enhancers and antiknock 

components worldwide nowadays, also produces significant amount of isobutene.15, 16 For these 

reasons, there are more studies addressing the pyrolysis,17-22 oxidation,23-26 and combustion27-31 of 

the branched isobutene, comparing to the investigations of another two linear butene isomers (i.e., 

1-butene and 2-butene).  

The oxidation and combustion of isobutene has been investigated by Brezinsky and Dryer21 

in a flow reactor at atmospheric pressure. Recently, Curran et al.24, 25 studied the ignition of 

isobutene-oxygen-argon mixtures in a shock-tube at ~ 2 to 4.6 bar and from ~ 200 to 2000K; they 

proposed a kinetic model derived from a previous computational study23 to represent the ignition 

data. Dagaut et al.26 investigated the oxidation of isobutene in a jet-stirred reactor at high 

temperature (~800-1230K) and at 1, 5 and 10atm. Bauge et al.27 studied the low temperature 

oxidation of iso-butene in a continuous-flow stirred-tank reactor operated at constant temperature 

(from 833 to 913K) and 100 kPa pressure. More recently, Al Shoaibi12 studied the pyrolysis of 

isobutene in a flow reactor over the temperature range of ∼550-750°C at a pressure of ∼0.8 atm at 

a residence time of ∼5 s. The study has shown that the pyrolysis chemistry of isobutene differs 

substantially from 1-butene and 2-butene. The isobutene data stand in stark contrast to that of the 
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linear C4 alkenes. In particular, isobutene starts to discompose at a higher temperature. The 

pyrolysis of isobutene makes less 1,3-butadiene, but more C7 species than 1-butene and 2-butene 

at a given fuel conversion. Yasunaga et al.28 studied the pyrolysis and oxidation of isobutene 

behind reflected shock waves in the temperature range 1000-1800 K at total pressures between 1.0 

and 2.7 atm. The results were compared to the prediction of a kinetic model. Dias and Vandooren29 

have recently studied a very lean premixed isobutene flame at low pressure; they also developed a 

kinetic mechanism to interpreting the experimental measurement. Zhang et al.30 have investigated 

the pyrolysis of all three isomers including isobutene. Their study provides isomer-selective 

speciation of the pyrolysis products of 1-, 2-, and isobutene in the temperature regime between 

900 and 1900 K and has developed a respective kinetic mechanism. Schenk et al.31 studied the 

premixed low-pressure (40 mbar) flat argon-diluted (25%) flames of the three butene isomers (1-

butene, 2-butene and isobutene) under fuel-rich conditions.  

Most of these prior studies focused on low levels of fuel conversions, and only a few were 

able to characterize the MWG chemistry during isobutene pyrolysis, oxidation, or combustion. 

Dagaut et al.26 measured the concentration profiles for several C4-C6 MWG species obtained by 

probe sampling with GC analysis during the oxidation of isobutene. The proposed reaction 

mechanism in this study delineated two routes for the formation of benzene: the addition of 

propargyl radicals to allene, and the recombination of propargyl radicals. However, the model 

under predicted the several C5 products formation. Al Shoaibi12 detected multiple MWG species, 

yet the characterization was considered as semi-quantitative since there was no direct calibration 

for these heavy species. The associated modeling study indicated that more work was needed 

regarding the characterization of the MWG chemistry. Yasunaga et al.28 measured the production 

profile of 1,3-C4H6 and benzene with temperature during the pyrolysis of isobutene. The authors 
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incorporated the addition of isobutenyl (isoC4H7) radical to propyne (pC3H4) in their mechanism 

to account for the formation of benzene using one global reaction step, i.e., isoC4H7 + pC3H4=C6H6 

+ H2 + CH3. Zhang et al.30 measured the production profile of 1,3-butadiene, cyclopentadiene and 

benzene with temperature during the pyrolysis of isobutene. The modeling efforts in that study 

indicated more work for the characterization of MWG species. Schenk et al.31 conducted detailed 

mass spectrometric and modeling study of laminar premixed flames of isobutene. Multiple C5 

growth species were identified and measured, but the model only provided qualitative descriptions 

of these products. 

Similar to the pyrolysis of other olefins, resonantly-stabilized radicals will be present in 

relatively high concentrations. In particular, isoC4H7 is formed from the dissociation and H-

abstraction from the parent. The unimolecular dissociation of isoC4H7 results in methyl and allene, 

which readily isomerizes to propyne. IsoC4H7 can recombine with each other or other stabilized 

radicals, and a subsequent H-abstraction reaction followed by cyclization and β-scission can lead 

to the formation of MWG species. It can also add to double bonds of the product olefins and dienes, 

or triple bonds in alkynes. Yasunaga et al.28 included the addition of isoC4H7 to propyne (pC3H4) 

in their mechanism to explain the formation of benzene, although only one overall reaction step 

provided based on assumption. Some researchers20, 21, 30 suggested that isoC4H7 isomerizes to one 

of its linear isomers, methyl allyl, that then dissociates to 1,3-butadiene, which is an important 

precursor for the formation of MWG species. A study by Merchant et al.9 of the combustion and 

pyrolysis of isobutanol under conditions from 900 to 1100 K at 1.72 atm found that the soot 

precursors (e.g., benzene, toluene and 1,3-cyclopentadiene) depends strongly on pressure 

dependent reactions involving the resonantly stabilized isoC4H7 radical. Unlike the kinetics for the 

combustion conditions, under which the recombination or addition involving propargyl or 
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acetylene plays important role for the formation, the pyrolysis of isobutene at low to intermediate 

temperature (~1000K) produces less propargyl and acetylene, but more isoC4H7 radical.  

The objective of this chapter is to extend the developed model to describe the MWG 

kinetics during isobutene pyrolysis. Flow reactor experiments were performed at an absolute 

pressure of ~0.83 atm, where the temperature ranges from 600°C to 850°C, and extent of inert gas 

dilution varies by ~95%, 90%, and 50%, and residence time ranged from ~1 sec, to ~2.5 sec, to 

~5sec. The fuel conversion ranged from virtually no reaction to ~90%. The measured mole 

fractions exhibit consistently good carbon and hydrogen mass balances. The model was able to 

capture the fuel conversion, and major/minor species production as well as to describe most of the 

MWG kinetics up to C10. We also applied the model to isobutene pyrolysis data that were collected 

under different conditions.30 

10.2 Experiment Specifications 

A known flow of nitrogen (General Air, 99.998%) and isobutene (Matheson TriGas, 99.5%) 

were fed into a heated tubular quartz reactor. The initial isobutene mole percent was 5%, 10%, or 

50% diluted in nitrogen buffer gas. For the high concentration with initial ~50% fuel, impurities 

of ~0.02% mole isobutane was measured and accounted for during the kinetic modeling efforts. A 

summary of the experimental conditions is shown in Table 10.1. 

Table 10.1 Summary of Isobutene Pyrolysis Experiments (Varying Temperature, Inert Gas 
Dilution, and Residence Time under Atmospheric Pressure ~0.83 atm). 

 

~ 5 ~ 2.5 ~ 1

~ 5%
600ºC, 625ºC, 650ºC, 675ºC, 700ºC, 

725ºC, 750ºC, 775ºC, 785.5ºC
850ºC

~10% 825ºC

~50%
600ºC, 650ºC, 675ºC, 700ºC, 725ºC, 

750ºC
700ºC, 725ºC, 750ºC, 

775ºC
725ºC, 750ºC, 775ºC, 

800ºC 

Initial inputs 

(diluted in N2)

Residence time (seconds)
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10.3 Experimental Characterization 

The experimental data are listed in Tables 10.2-10.8; Tables 10.7-10.8 are based on limited 

range of conditions. For each temperature, typically three measurements were made and the 

average is reported. Within the experimental errors, the measured mole fractions sum to unity, and 

the carbon and hydrogen balance are also unity. This means the reaction products are correctly 

measured. The major products are methane (CH4), hydrogen (H2), ethylene (C2H4), and propylene 

(C3H6). Other light species include ethane (C2H6), allene (C3H4), propyne (C3H4), propane (C3H4), 

isobutane (C4H10), 1,3-butadiene (1,3-C4H6), and 2-butene (2-C4H8).  

Compared to the pyrolysis of propene and the linear butene isomers, the MWG species 

produced by the isobutene pyrolysis contains more C7 species. Generally the C7 species starts 

forming when the fuel conversion in very low, as shown in Figure 10.1. For 2-butene pyrolysis, 

the formation of C5, C6, and C7 species all start forming at a similar low fuel conversion, whereas 

in 1-butene pyrolysis C5 species are formed first, starting at low fuel conversion, and C6-C10 

products are only generated at higher fuel conversion. The formation of MWG species generally 

show temperature sequencial.  

 

Figure 10.1 Temperature dependence of MWG products (τ= ~5sec, initial ~50% fuel). 
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Table 10.2 Experimental Data Obtained from isobutene Pyrolysis (τ= ~5sec, initial N2/isoC4H8 = 
~50/50%, data Set 1). 

 

Averaged experimentally observed mole %

Species 600°C 650°C 675°C 700°C 725°C 750°C

N2 48.79 48.69 48.39 47.80 44.92 41.14

H2 0 0 0.35 1.46 4.32 7.56

CH4 FID 0.021 0.25 0.96 3.60 10.41 20.35

CH4 TCD 0 0 0 3.55 10.35 20.08

CH4 Trace 0.019 0.25 0.98 3.47 10.06 20.11

C2H4 FID 0.0019 0.016 0.058 0.24 0.97 2.68

C2H4 TCD 0 0 0 0 0 2.70

C2H4 Trace 0.0029 0.031 0.10 0.35 1.27 3.28

C2H6 Trace 0 0.0024 0.0086 0.032 0.11 0.27

C3H6 0.02 0.16 0.53 1.63 3.68 4.95

C3H8 0.0023 0.0041 0.0067 0.0081 0.033 0.050

Propyne (pC3H4) 0 0.008 0.041 0.14 0.29 0.44

Allene (aC3H4) 0.0020 0.064 0.21 0.39 0.51 0.51

isoC4H10 0.020 0.037 0.065 0.12 0.15 0.09

isoC4H8 50.13 49.78 47.98 40.27 27.75 13.35

1,3-C4H6 0 0 0.02 0.07 0.19 0.35

cis-2-C4H8 0.001 0.0075 0.021 0.048 0.078 0.086

trans-2-C4H8 0.002 0.0092 0.027 0.048 0.068 0.067

2-Methy-1-Butene (C=C2CC, C5H10) 0.001 0.031 0.146 0.485 0.755 0.484

2-Mthyl-1,3-Butadiene (C=C2C=C, C5H8) 0.005 0.045 0.121 0.293 0.550 0.580

2-Methyl-2-Butene (CC2=CC, C5H10) 0 0.013 0.050 0.145 0.234 0.178

1,3-Pentadiene (C5H8) 0 0 0 0.003 0.012 0.023

Cyclopentadiene (C5H6) 0 0 0.006 0.051 0.184 0.330

Cyclopentene (C5H8) 0 0 0.001 0.005 0.012 0.013

Methyl-Cyclopentene (C6H10) 0 0.0046 0.012 0.025 0.034 0.026

C6H10 (11.3) 0 0.0029 0.0063 0.011 0.015 0.014

Cyclohexene 0 0.0030 0.012 0.033 0.048 0.044

1-Methyl-Cyclopentadiene (C6H8) 0 0.006 0.036 0.14 0.27 0.28

C6H10 (11.55) 0 0 0.0020 0.0087 0.015 0.015

C6H10 (11.69) 0 0.012 0.036 0.072 0.076 0.055

Benzene (C6H6) 0 0.003 0.036 0.315 1.42 3.65

1,3&1,4-Cyclohexadiene (C6H8) 0 0 0.0039 0.021 0.047 0.052

Ethyl-Cyclopentene C7H10 (12.55) 0 0 0 0.010 0.015 0.010

Ethyl-Cyclopentene (C7H10) (12.78) 0 0 0.018 0.033 0.032 0.020

Methyl-Cyclohexadiene C7H10 (12.91) 0.009 0.053 0.025 0.017 0.011 0.0031

1,4-Dimethyl-Cyclopentadiene (C7H10) 0 0.022 0.102 0.115 0.066 0.021

Methyl-CH2=Cyclopentene (C7H10) 0 0 0.115 0.325 0.361 0.212

C7H10 (13.21) 0.003 0.027 0.020 0.041 0.047 0.029

2,4-Dimethyl-Cyclopentadiene (C7H10) 0.008 0.054 0.070 0.112 0.086 0.036

Toluene (C7H8) 0 0.0015 0.15 0.58 1.70 2.92

C7H10 (13.61) 0 0 0.012 0.028 0.023 0.013

1,3-Cycloheptadiene (C7H10) 0 0 0.012 0.017 0.014 0

C7H10 (14.65) 0 0 0.012 0.013 0.011 0.005

Ethyl-Benzene (C8H12) 0 0 0.0013 0.0063 0.024 0.052

o/p-Xylene (C8H10) 0 0 0.010 0.054 0.16 0.25

Styrene (C8H8) 0 0 0 0.0059 0.042 0.14

o/p-Xylene (C8H10) 0 0 0.0019 0.015 0.049 0.086

1-Mthenyl-3-Methyl-Benzene (C9H10) 0 0 0 0.0058 0.030 0.060

C9H10 (16.72) 0 0 0 0.0028 0.014 0.074

C9H10 (17.32) 0 0 0.00 0.013 0.034 0.037

Indene (C9H8) 0 0 0 0.010 0.056 0.13

Methyl-Indene (C10H10) 0 0 0 0.0058 0.020 0.026

Methyl-Indene (C10H10) 0 0 0 0.0028 0.013 0.023

1,4-Dihydronaphthalene (C10H10) 0 0 0 0.0043 0.023 0.037

Naphthalene (C10H8) 0 0 0 0.0017 0.027 0.106

1-Methyl-Naphthalene (C11H10) 0 0 0 0 0.0088 0.025

2-Methyl-Naphthalene (C11H10) 0 0 0 0 0.0046 0.014

Total 99.0 99.3 99.8 98.9 100.0 102.3

Cout/Cin 1.01 1.02 1.02 0.98 0.99 0.99

Hout/Hin 1.01 1.02 1.02 0.98 0.99 0.99

Conditions: τ=~5sec, initial: N2/isoC4H8/isoC4H10=49.4/50.4/0.02% mole
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Table 10.3 Experimental Data Obtained from isobutene Pyrolysis (τ= ~5sec, initial N2/isoC4H8 = 
~50/50%, data Set 2). 

 

Averaged experimentally observed mole %

Species 600°C* 650°C* 675°C* 700°C** 725°C** 750°C**

N2 52.1 51.3 51.1 49.7 47.7 42.6

H2 1.37 4.06 7.34

CH4 FID 0.023 0.25 0.95 3.48 10.08 20.11

CH4 TCD 3.49 10.18 20.40

CH4 Trace 0.019 0.23 0.91 3.38 9.72 19.65

C2H4 FID 0.0021 0.018 0.061 0.26 1.01 2.65

C2H4 TCD 2.70

C2H4 Trace 0.0027 0.026 0.088 0.32 1.17 3.04

C2H6 Trace 0.0069 0.028 0.10 0.25

C3H6 0.02 0.14 0.46 1.48 3.41 4.61

C3H8 0.0029 0.0055 0.013 0.030 0.046

Propyne (pC3H4) 0.007 0.037 0.12 0.27 0.40

Allene (pC3H4) 0.055 0.18 0.37 0.47 0.48

isoC4H10 0.018 0.031 0.056 0.10 0.13 0.080

isoC4H8 48.34 47.17 45.94 40.49 28.43 14.02

1,3-C4H6 0.012 0.026 0.069 0.18 0.32

cis-2-C4H8 0.005 0.017 0.041 0.069 0.075

trans-2-C4H8 0.022 0.042 0.060 0.059

2-Methy-1-Butene (C=C2CC, C5H10) 0.027 0.13 0.43 0.69 0.43

2-Mthyl-1,3-Butadiene (C=C2C=C, C5H8) 0.0048 0.039 0.11 0.26 0.50 0.53

2-Methyl-2-Butene (CC2=CC, C5H10) 0.011 0.041 0.12 0.21 0.15

1,3-Pentadiene (C5H8) 0.0023 0.011 0.021

Cyclopentadiene (C5H6) 0.0052 0.044 0.17 0.31

Cyclopentene (C5H8) 0.0037 0.010 0.021 0.0017 0.020

Methyl-Cyclopentene (C6H10) 0.0020 0.0052 0.0087 0.012 0.011

Cyclohexene (C6H10) 0.0021 0.011 0.031 0.050 0.042

1-Methyl-Cyclopentadiene (C6H8) 0.0022 0.024 0.12 0.21 0.20

C6H10 (11.55) 0.0014 0.0077 0.014 0.013

C6H10 (11.69) 0.010 0.032 0.062 0.066 0.044

Benzene (C6H6) 0.0022 0.034 0.28 1.30 3.27

1,3&1,4-Cyclohexadiene (C6H8) 0.0024 0.0061 0.0084 0.078 0.090

Ethyl-Cyclopentene C7H10 (12.55) 0.0070 0.0044 0.0015

Ethyl-Cyclopentene (C7H10) (12.78) 0.010 0.011 0.0050

Methyl-Cyclohexadiene C7H10 (12.91) 0.008 0.006 0.016

1,4-Dimethyl-Cyclopentadiene (C7H10) 0.0089 0.047 0.090 0.102 0.054 0.012

Methyl-CH2=Cyclopentene (C7H10) 0.020 0.10 0.27 0.32 0.17

C7H10 (13.21) 0.003 0.008 0.016 0.031 0.037 0.020

2,4-Dimethyl-Cyclopentadiene (C7H10) 0.0026 0.024 0.062 0.100 0.076 0.026

Toluene (C7H8) 0.01 0.05 0.14 0.52 1.58 2.62

C7H10 (13.55) 0.0033 0.019 0.016 0.0072

C7H10 (13.61) 0.0047 0.014 0.013 0.051 0.010

1,3-Cycloheptadiene (C7H10) 0.0021 0.0087 0.012 0.005

C7H10 (14.65) 0.0015 0.0026 0.0080 0.013 0.007 0.003

C7H10 (14.9) 0.0069 0.010 0.010 0.0078 0.0016

Ethyl-Benzene (C8H12) 0.004 0.021 0.046

o/p-Xylene (C8H10) 0.0089 0.048 0.15 0.23

Styrene (C8H8) 0.0043 0.037 0.13

o/p-Xylene (C8H10) 0.0014 0.012 0.045 0.076

1-Mthenyl-3-Methyl-Benzene (C9H10) 0.0066 0.013 0.027

C9H10 (16.72) 0.021 0.036

C9H10 (17.32) 0.012 0.021 0.030

Indene (C9H8) 0.010 0.051 0.105

Methyl-Indene (C10H10) 0.0069 0.018 0.023

Methyl-Indene (C10H10) 0.0028 0.011 0.018

1,4-Dihydronaphthalene (C10H10) 0.0041 0.021 0.031

Naphthalene (C10H8) 0.0017 0.025 0.103

1-Methyl-Naphthalene (C11H10) 0.0090 0.029

2-Methyl-Naphthalene (C11H10) 0.0043 0.016

Total 100.6 99.3 99.7 100.1 101.7 101.9

Cout/Cin 99.9 100.4 101.5 100.4 98.6 98.5

Hout/Hin 99.9 100.2 101.1 100.0 98.4 99.6

Conditions: τ=~5sec, initial: * N2/isoC4H8/isoC4H10=52/48.4/0.02% mole, ** N2/isoC4H8/isoC4H10=51.6/49.1/0.02% mole
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Table 10.4 Experimental Data Obtained from isobutene Pyrolysis (τ= ~2.5sec, initial N2/isoC4H8 

= ~50/50%). 

 

 

  

Averaged experimentally observed mole %

Species 700°C* 725°C 750°C 775°C Species 700°C* 725°C 750°C 775°C

N2 49.52 48.84 45.60 40.10 Benzene (C6H6) 0.02 0.28 1.33 3.29

H2 0.35 1.44 4.26 7.69 1,3&1,4-Cyclohexadiene (C6H8) 0.003 0.024 0.059 0.065

CH4 FID 1.12 3.81 10.67 20.68 Ethyl-Cyclopentene C7H10 (12.55) 0.004 0.010 0.012 0.006

CH4 TCD 3.73 10.41 20.40 Ethyl-Cyclopentene (C7H10) (12.78) 0.027 0.031 0.015

CH4 Trace 1.11 3.93 11.17 21.87 Methyl-Cyclohexadiene C7H10 (12.88) 0.075 0.071 0.006

C2H4 FID 0.06 0.22 0.95 2.66 1,4-Dimethyl-Cyclopentadiene (C7H10) 0.074 0.039 0.009

C2H4 Trace 0.09 0.27 1.07 2.85 Methyl-CH2=Cyclopentene (C7H10) 0.046 0.32 0.37 0.18

C2H6 Trace 0.006 0.020 0.082 0.21 2,4-Dimethyl-Cyclopentadiene (C7H10) 0.050 0.032 0.042 0.024

C3H6 0.47 1.32 3.08 4.11 C7H10 (13.21) 0.077 0.061 0.024

C3H8 0.0047 0.0083 0.020 0.031 Toluene (C7H8) 0.12 0.45 1.41 2.37

Propyne (pC3H4) 0.19 0.42 0.60 4-Ethenyl-Cyclohexene (C8H12) 0.013 0.025 0.023 0.011

Allene (aC3H4) 0.11 0.54 0.68 0.64 C7H10 (13.49) 0.014 0.008

isoC4H10 0.071 0.069 0.087 0.051 C7H10 (13.53) 0.013 0.010 0.013 0.002

isoC4H8 45.75 41.79 28.40 13.20 1,3-Cycloheptadiene (C7H10) 0.010 0.012 0.007

1,3-C4H6 0.026 0.064 0.19 0.36 Ethyl-Benzene (C8H12) 0.010 0.005 0.022 0.052

cis-2-C4H8 0.023 0.050 0.078 0.080 o/p-Xylene (C8H10) 0.033 0.11 0.19

trans-2-C4H8 0.026 0.050 0.066 0.061 Styrene (C8H8) 0.005 0.039 0.15

1-Butyne (C4H6) 0.0020 0.0070 0.011 o/p-Xylene (C8H10) 0.010 0.040 0.072

2-Butyne (C4H6) 0.0011 0.0061 0.011 1-Mthenyl-3-Methyl-Benzene (C9H10) 0.0048 0.027 0.056

2-Methy-1-Butene (C=C2CC, C5H10) 0.16 0.45 0.71 0.41 C9H10 (16.72) 0.0064 0.013 0.068

2-Mthyl-1,3-Butadiene (C=C2C=C, C5H8) 0.090 0.24 0.49 0.52 C9H10 (17.32) 0.010 0.031 0.034

2-Methyl-2-Butene (CC2=CC, C5H10) 0.055 0.13 0.21 0.15 Indene (C9H8) 0.008 0.053 0.13

1,3-Pentadiene (C5H8) 0.011 0.023 Methyl-Indene (C10H10) 0.0042 0.0169 0.0246

Cyclopentadiene (C5H6) 0.0039 0.045 0.17 0.32 Methyl-Indene (C10H10) 0.0022 0.0137 0.0264

Cyclopentene (C5H8) 0.0041 0.011 0.012 1,4-Dihydronaphthalene (C10H10) 0.0032 0.0198 0.0390

Methyl-Cyclopentene (C6H10) 0.0082 0.019 0.028 0.021 Naphthalene (C10H8) 0.001 0.026 0.145

C6H10 (11.3) 0.0047 0.0072 0.011 0.012 Methyl-Naphthalene (C11H10) 0.008 0.037

Cyclohexene (C6H10) 0.0068 0.033 0.050 0.044 Methyl-Naphthalene (C11H10) 0.004 0.023

Methyl-Cyclopentadiene (C6H8) 0.028 0.11 0.22 0.25 Total 98.4 101.1 101.1 100.7

C6H10 (11.55) 0.010 0.018 0.017 Cout/Cin 1.00 1.01 1.01 1.04

C6H10 (11.69) 0.047 0.058 0.060 0.036 Hout/Hin 1.00 1.01 1.00 1.02

Conditions: τ=~2.5sec, initial: N2/isoC4H8/isoC4H10=50.6/50.1/0.02% mole, *initial: N2/isoC4H8/isoC4H10=50.4/48.9/0.02% mole
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Table 10.5 Experimental Data Obtained from isobutene Pyrolysis (τ= ~1 sec, initial N2/isoC4H8 

= ~50/50%). 

 

  

Averaged experimentally observed mole %

Species 725°C* 750°C* 775°C 800°C Species 725°C* 750°C* 775°C 800°C

N2 49.68 49.82 45.56 41.55 C6H10 (11.69) 0.023 0.050 0.069 0.046

H2 0.89 3.31 6.96 Benzene (C6H6) 0.023 0.17 0.99 2.92

CH4 FID 0.89 2.91 8.56 17.96 1,3&1,4-Cyclohexadiene (C6H8) 0.005 0.028 0.025 0.046

CH4 TCD 2.87 8.87 18.57 Ethyl-Cyclopentene C7H10 (12.47) 0.001 0.002 0.011 0.007

CH4 Trace 0.98 3.23 8.49 18.08 Ethyl-Cyclopentene (C7H10) (12.66) 0.009 0.023 0.024 0.010

C2H4 FID 0.038 0.13 0.63 2.05 Methyl-Cyclohexadiene C7H10 (12.78) 0.002 0.005 0.010

C2H4 Trace 0.047 0.17 0.73 2.26 Methyl-Cyclohexadiene C7H10 (12.91) 0.043 0.053 0.037 0.009

C2H6 FID 0.0009 0.0008 0.059 0.19 1,4-Dimethyl-Cyclopentadiene (C7H10) 0.087 0.29 0.26 0.18

C2H6 Trace 0.0022 0.0105 0.062 0.18 Methyl-CH2=Cyclopentene (C7H10) 0.009 0.022 0.105 0.060

C3H6 0.30 0.92 2.61 4.16 2,4-Dimethyl-Cyclopentadiene (C7H10) 0.032 0.055 0.092 0.040

C3H8 0.0023 0.0043 0.017 0.027 Toluene (C7H8) 0.080 0.26 1.04 2.15

Propyne (pC3H4) 0.06 0.22 0.24 0.63 C7H10 (13.49) 0.023 0.031 0.022

Allene (aC3H4) 0.36 0.77 0.58 0.68 1,3-Cycloheptadiene (C7H10) 0.009 0.016 0.022 0.020

isoC4H10 0.026 0.041 0.101 0.059 4-Ethenyl-Cyclohexene (C8H12) 0.004 0.005 0.008 0.064

isoC4H8 47.79 43.56 31.53 16.61 Ethyl-Benzene (C8H12) 0.002 0.021 0.066

1,3-C4H6 0.013 0.047 0.15 0.35 o/p-Xylene (C8H10) 0.002 0.014 0.073 0.15

cis-2-C4H8 0.022 0.054 0.094 0.11 Styrene (C8H8) 0.002 0.021 0.10

trans-2-C4H8 0.030 0.056 0.081 0.081 o/p-Xylene (C8H10) 0.000 0.004 0.026 0.06

1-Butyne (C4H6) 0.0016 0.0050 0.0120 1-Mthenyl-3-Methyl-Benzene (C9H10) 0.002 0.017 0.045

2-Butyne (C4H6) 0.007 0.016 C9H10 (16.72) 0.004 0.019

2-Methy-1-Butene (C=C2CC, C5H10) 0.13 0.40 0.75 0.57 C9H10 (16.84) 0.001 0.011 0.027

2-Mthyl-1,3-Butadiene (C=C2C=C, C5H8) 0.044 0.16 0.35 0.51 C9H10 (17.32) 0.000 0.005 0.021 0.036

2-Methyl-2-Butene (CC2=CC, C5H10) 0.039 0.11 0.26 0.23 Indene (C9H8) 0.003 0.033 0.098

1,3-Pentadiene (C5H8) 0.0010 0.0071 0.021 Methyl-Indene (C10H10) 0.022 0.026

Cyclopentadiene (C5H6) 0.0035 0.027 0.11 0.27 1,4-Dihydronaphthalene (C10H10) 0.001 0.013 0.032

Cyclopentene (C5H8) 0.0025 0.0073 0.012 Naphthalene (C10H8) 0.033 0.098

Methyl-Cyclopentene (C6H10) 0.021 0.020 1-Methyl-Naphthalene (C11H10) 0.013 0.025

C6H10 (11.3) 0.0025 0.0047 0.012 0.014 2-Methyl-Naphthalene (C11H10) 0.007 0.015

Cyclohexene (C6H10) 0.008 0.029 0.020 0.032 Total 99.9 101.7 98.5 100.2

Methyl-Cyclopentadiene (C6H8) 0.017 0.070 0.25 0.29 Cout/Cin 1.02 1.00 0.99 0.99

C6H10 (11.55) 0.0013 0.0080 0.0068 0.011 Hout/Hin 1.02 1.00 1.00 1.01

Conditions: τ=~2.5sec, initial: N2/isoC4H8/isoC4H10=50.4/49.9/0.02% mole, *initial: N2/isoC4H8/isoC4H10=51.0/50.0/0.02% mole
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Table 10.6 Experimental Data Obtained from isobutene Pyrolysis (τ= ~5 sec, initial N2/isoC4H8 

= ~95/5%). 

 

Table 10.7 Experimental Data Obtained from isobutene Pyrolysis (τ= ~1 sec, initial N2/isoC4H8 

= ~95/5%). 

 

Averaged experimentally observed mole %

Species 600°C 625°C 650°C 675°C 700°C 725°C 750°C 775°C 785.5°C

N2 95.09 94.53 94.30 94.17 93.59 93.01 91.37 90.34 89.88

H2 0.46 0.95 1.03

CH4 FID 0.004 0.011 0.030 0.079 0.23 0.73 2.15 4.06 4.80

CH4 TCD 2.18 4.07 4.13

CH4 Trace 0.003 0.009 0.015 0.072 0.21 0.71 2.13 3.87 4.58

C2H4 FID 0.0003 0.0007 0.0026 0.014 0.094 0.32 0.45

C2H4 Trace 0.0008 0.0017 0.0052 0.026 0.17 0.53 0.73

C2H6 Trace 0.0015 0.012 0.033 0.041

C3H6 0.0014 0.0029 0.0062 0.014 0.038 0.13 0.36 0.46 0.42

Propyne (pC3H4) 0.0007 0.0038 0.019 0.084 0.24 0.30 0.27

Allene (aC3H4) 0.001 0.005 0.016 0.042 0.104 0.21 0.28 0.20 0.15

isoC4H8 5.47 5.45 5.40 5.31 5.06 4.21 2.38 1.06 0.66

1,3-C4H6 0.0004 0.0012 0.0025 0.010 0.043 0.084 0.090

cis-2-C4H8 0.001 0.001 0.001 0.002 0.005 0.011 0.015 0.012 0.009

trans-2-C4H8 0.001 0.002 0.005 0.009 0.012 0.009 0.007

2-Methy-1-Butene (C=C2CC, C5H10) 0.0011 0.0040 0.0101 0.026 0.063 0.082 0.028 0.011

2-Mthyl-1,3-Butadiene (C=C2C=C, C5H8) 0.0011 0.0022 0.0053 0.018 0.055 0.050 0.034

2-Methyl-2-Butene (CC2=CC, C5H10) 0.0009 0.0030 0.0083 0.021 0.030 0.016 0.008

Cyclopentadiene (C5H6) 0.000 0.004 0.024 0.055 0.065

Methyl-Cyclopentadiene (C6H8) 0.0023 0.013 0.046 0.044 0.032

Benzene (C6H6) 0.0010 0.0057 0.040 0.25 0.58 0.72

1,3&1,4-Cyclohexadiene (C6H8) 0.001 0.003 0.012 0.037 0.048 0.018 0.008

Toluene (C7H8) 0.0020 0.0019 0.0017 0.0022 0.0058 0.029 0.15 0.24 0.25

Ethyl-Benzene (C8H10) 0.001 0.008 0.015 0.017

Styrene (C8H8) 0.007 0.029 0.044

Indene (C9H8) 0.000 0.007 0.021 0.030

Naphthalene (C10H8) 0.004 0.021 0.038

Total 100.6 100.0 99.7 99.6 99.1 98.6 98.2 99.0 99.1

Cout/Cin 1.00 1.01 1.01 1.00 1.00 0.96 0.94 0.98 0.99

Hout/Hin 1.00 1.01 1.02 1.00 1.00 0.96 0.95 1.02 1.04

Conditions: τ=~5sec, initial: N2/isoC4H8=95.3/5.5% mole

Averaged experimentally observed mole %

Species 850°C Species 850°C

N2 91.28 trans-2-C4H8 0.012

H2 1.10 2-Methy-1-Butene (C=C2CC, C5H10) 0.023

CH4 FID 4.03 2-Mthyl-1,3-Butadiene (C=C2C=C, C5H8) 0.008

CH4 TCD 4.05 Cyclopentadiene (C5H6) 0.038

CH4 Trace 4.01 Methyl-Cyclopentadiene (C6H8) 0.011

C2H4 FID 0.40 Benzene (C6H6) 0.62

C2H4 Trace 0.55 Toluene (C7H8) 0.18

C2H6 FID 0.074 Ethyl-Benzene (C8H12) 0.013

C2H6 Trace 0.073 Styrene (C8H8) 0.037

C3H6 0.38 Indene (C9H8) 0.013

Propyne (pC3H4) 0.32 Naphthalene (C10H8) 0.038

Allene (pC3H4) 0.17 Total 99.7

isoC4H8 0.65 Cout/Cin 0.96

1,3-C4H6 0.11 Hout/Hin 1.04

cis-2-C4H8 0.019

Conditions: τ=~1sec, initial: N2/isoC4H8=95.3/4.8% mole
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Table 10.8 Experimental Data Obtained from isobutene Pyrolysis (τ= ~1 sec, initial N2/isoC4H8= 
~90/10%). 

 

The detected C5 species includes cyclopentadiene (CY13PD, C5H6), 2-methyl-1, 3-

butadiene (C=C2C=C, C5H8), 2-methyl-1-butene (C=C2CC, C5H10), 2-methyl-2-butene (C2=CCC, 

C5H10). Schenk et al.31 measured multiple C5 growth species in an isobutene premixed flame. They 

determined that the two most important C5 species that were cyclopentadiene, and isoprene (2-

methyl-1, 3-butadiene). They failed to quantify two C5H8 signals and one C5H10 signal due the 

very low concentrations. In our work, we determined two other C5H10 species, 2-methyl-1-butene 

(C=C2CC) and 2-methyl-1-butene (C=C2CC), and another two C5H8 species, 1, 4-pentadiene 

(C=CCC=C) and cyclopentene (CYC5H8). But we did not detect 2-pentene (CC=CCC) which was 

reported by a prior study.31  

The measured C6-C10 products are all cyclic or aromatic species. The C6 species include 

benzene (C6H6), methyl-cyclopentadiene (ME-CY13PD, C6H8) and cyclohexadiene (CHD, C6H8). 

Averaged experimentally observed mole %

Species 825°C Species 825°C

N2 86.06 Cyclopentene (C5H8) 0.014

H2 1.70 Methyl-Cyclopentadiene (C6H8) 0.051

CH4 FID 5.83 Benzene (C6H6) 0.92

CH4 TCD 5.95 1,3&1,4-Cyclohexadiene (C6H8) 0.018

CH4 Trace 5.80 Toluene (C7H8) 0.38

C2H4 FID 0.54 1,3-Cycloheptadiene (C7H10) 0.021

C2H4 Trace 0.66 C7H8 (13.82) 0.12

C2H6 FID 0.076 Methyl-Cyclohexadiene (C7H10) 0.037

C2H6 Trace 0.077 DiMethyl-Benzene (C8H12) 0.022

C3H6 0.80 o/p-Xylene (C8H10) 0.064

Propyne (pC3H4) 0.43 Ethyl-Benzene (C8H12) 0.034

Allene (pC3H4) 0.32 o/p-Xylene (C8H10) 0.055

isoC4H8 2.42 Styrene (C8H8) 0.039

1,3-C4H6 0.14 o/p-Xylene (C8H10) 0.013

cis-2-C4H8 0.032 Indene (C9H8) 0.025

trans-2-C4H8 0.024 Naphthalene (C10H8) 0.051

2-Methy-1-Butene (C=C2CC, C5H10) 0.049 Total 100.6

2-Mthyl-1,3-Butadiene (C=C2C=C, C5H8) 0.076 Cout/Cin 0.98

2-Methyl-2-Butene (CC2=CC, C5H10) 0.038 Hout/Hin 1.00

Cyclopentadiene (C5H6) 0.067

Conditions: τ=~1.0sec, initial: N2/isoC4H8=90.3/9.9% mole
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Toluene (C7H8) and methyl-cyclohexadiene (ME-CHD, C7H10), styrene (C8H8), xylene (C8H10) 

and ethyl-benzene (C8H10), indene (C9H8), and naphthalene (C10H8) are determined as the major 

C7 to C10 species, respectively. 

 
Figure 10.2 Effect of temperature on the molecular weight growth products for current isoC4H8 
pyrolysis (τ= ~5sec, initial ~50% fuel). 
 

Figure 10.2 displays the effect of temperature on fuel conversion and the production of 

light species from C0-C4, and major MWG species (mole fraction > 0.1%) from C5-C10, under the 

conditions where most MWG were produced (i.e., τ= ~5sec, initial ~50% fuel). Figure 10.2 
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indicates the formation of C6-C10 species was enhanced by increasing temperature, while most of 

the C5 species yields, except cyclopentediene, exhibited a maximum at around 725°C. 

10.4 Comparison to Earlier Data of Isobutene Pyrolysis 

With the pyrolysis condition of initial ~50% fuel diluted in nitrogen under residence time 

of ~5s, the isobutene data collected in this work (Data Set I) deviate somewhat from the previous 

measurement by Al-Shoaibi.12 The comparison of the fuel conversion is included in Figure 10.3.  
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Figure 10.3 The comparison of fuel conversion of isobutene pyrolysis observed in this work 
with that by Al Shoaibi12 (Operating conditions: τ= ~5s, P= ~0.8 atm, initial ~50% fuel in N2). 
 

As shown by Figure 10.3, there seems a small temperature shift (~12.5oC) between these 

two datasets. Another two data sets (date Set 2 and Set 3) at 700 ºC were collected by this work to 

confirm the repeatability and these results are shown in Figure 10.4. The date Set 2 is more 

complete (while the data Set 3 was only conducted at 700ºC, and is included in Figure 10.3). The 

observed mole fractions for both the gas phase products and major heavier MWG species are listed. 

The comparison shows good agreement among the three sets of measurements, indicating good 

repeatability of the experiments. Another indication of reliable data is that the consistent results 

were obtained for CH4 and C2H4 measurements using two GCs, as shown by FID, TCD and Trace 

(cf. Tables 10.2 and 10.3).  
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Figure 10.4 Comparison of different datasets for isobutene pyrolysis at 700ºC by this work. 
 

10.5 Comparison to the Pyrolysis of Linear C3-C4 Olefins 

The initiation reactions of isobutene pyrolysis are similar to these of 2-butene and 

propylene, which all involve breaking allylic C-H bonds. However, due to the different reactivity 

of the produced radicals (2-methyl-allyl, 1-methyl-allyl, and allyl, respectively), the subsequent 

decomposition for these fuels are significantly different. Figure 10.5 shows a comparison of the 

observed conversion of isobutene, 2-butene, propylene, as well as 1-butene as a function of 

temperature. It is evident that the isobutene pyrolysis resembles that of propene at low temperature, 

but it has a higher rate of decomposition as the temperature increases. 

Isobutene: C2C=C � C2•C=C + H            ∆H298K = ~88 kcal/mol 

                  C2•C=C � C=C=C + CH3        ∆H298K = ~49 kcal/mol 

2-Butene: CC=CC � CC=CC• + H    ∆H298K = ~88 kcal/mol 

     CC=CC• � C=CC=C + H   ∆H298K = ~45 kcal/mol 

Propene: C=CC � C=CC• + H                   ∆H298K = ~88 kcal/mol 

   C=CC• � C=C=C + H    ∆H298K = ~58 kcal/mol 

1-Butene: C=CCC � C=CC• + CH3    ∆H298K = ~76 kcal/mol 
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                              � CC=CC• + H    ∆H298K = ~88 kcal/mol 
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Figure 10.5 The experimentally-observed fuel conversion of isobutene and the other three linear 
olefins (Note: The open symbols—This work; the crossed symbols—Al-Shoaibi 200812. The 
lines are used to guide the eye.) 
 
10.6 Kinetic Modeling 

The following part presents the comparison between experiment and modeling. 

10.6.1 Modeling Initial 50% Fuel 

Figure 10.6 shows the prediction for the initial concentration of ~50% mole in N2, with 

residence times of ~1, ~2.5, and ~5 s. The predictions for the fuel conversion and production of 

the three major species, H2, CH4, and C3H6 are compared for a wide range of conditions. The 

model is then applied to the predictions of the minor species, including C2H6, C3H4 (allene and 

propyne), 2-C4H8, 1,3-C4H6, and iso C4H10. The mechanism captures the temperature dependence 

for the formation of these species. The C3H4 are overpredicted, although the formation trends are 

well captured. Figure 10.6 also shows a comparison for the MWG products. The model provides 

excellent predictions for the most important MWG species, benzene and toluene. Other species are 

also reasonably captured; the largest deviation is from the indene formation.  
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Figure 10.6 Comparison between experiment and prediction of isobutene pyrolysis at the 
condition of τ ~5sec. (Note: Symbols—Expt., Solid lines—Model). 
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Figure 10.6 Continued. Comparison between experiment and prediction of isobutene pyrolysis 
at the condition of τ ~5sec. (Note: Symbols—Expt., Solid lines—Model). 
 
10.6.2 Modeling Initial 5% Fuel 

Figure 10.7 presents the comparison for the conditions when the initial fuel composition is 

~5% mole diluted in N2 and residence time ~5s. The pyrolysis temperature was pushed to as high 

as 787.5ºC (while the modeling predictions at the highest temperature is 800ºC). Interestingly, the 

formation of ethylene exceeds that of propylene, becoming the third most important product. Again, 

the model provides excellent predictions for the fuel conversion and formation of the 5 major 

species, including, mathene, hydrogene, ethylene, benzene and propylene. The following group 
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species are in the range of 0.08-0.6%; the model provides good predictions for these products. The 

last group species ranges 0.02-0.06%, most of which are well predicted. However, deviation exist 

for several species in this group, with the biggest discrepancies from cyclohexadiene, methyl-

cyclopentadiene, and indene. 

 
Figure 10.7 Comparison between experiment and prediction of isobutene pyrolysis at the 
condition of τ ~5sec. (Note: Symbols—Expt., Solid lines—Model). 
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Figure 10.7 Continued. Comparison between experiment and prediction of isobutene pyrolysis 
at the condition of τ ~5sec. (Note: Symbols—Expt., Solid lines—Model). 
 

10.6.3 Modeling Initial 5% and 10% Fuel 

Tables 10.9 and 10.10 present the predictions for the ~1s residence time data where the 

initial compositions were ~5% and 10% respectively. Note that the pyrolysis temperatures (850ºC 

and 825ºC) are also higher than the data of longer residence times discussed above. For both cases, 

again the model provide excellent predictions for the fuel conversion and formation of the major 

species, hydrogen, methane, and propene. Again, for this high dilution case at higher temperature, 

the formation of ethylene exceeds that of propene (cf. Table 10.9). The model provides predictions 

for the most light species, including ethane, allene, and 1,3-butadiene, but deviate from experiment 

for propyne and 2-butene. The model also provide good predictions for most MWG species, such 

as 2-methyl-1-butene, cyclopentadiene, benzene, toluene, ethyl-benzene, styrene, and 
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naphthalene. The largest discrepancy occur with formation of 2-methyl-1,3-butadiene, 

cyclopentene, and indene. 

Table 10.9 Comparison of Experimental Data to Predictions (P= ~0.83atm, T=850°C, τ= ~1sec, 
initial: N2/isoC4H8=95.3/4.8% mole). 

 
 

Table 10.10 Comparison of Experimental Data to Predictions (P= ~0.83atm, T=825°C, τ= ~1sec, 
initial: N2/isoC4H8= 90.3/9.9%mole). 

 
 
  

Species Expt. Modeling Species Expt. Modeling

H2 1.10 0.96 cis-2-C4H8 0.019

CH4 FID 4.03 trans-2-C4H8 0.012 0.00

CH4 TCD 4.05 2-Methy-1-Butene (C=C2CC, C5H10) 0.023 0.02

CH4 Trace 4.01 3.07 2-Mthyl-1,3-Butadiene (C=C2C=C, C5H8) 0.008 0.06

C2H4 FID 0.40 0.23 Cyclopentadiene (C5H6) 0.038 0.03

C2H4 Trace 0.55 0.40 Methyl-Cyclopentadiene (C6H8) 0.011 0.01

C2H6 FID 0.074 Benzene (C6H6) 0.62 0.49

C2H6 Trace 0.073 0.08 Toluene (C7H8) 0.18 0.09

C3H6 0.38 0.39 Ethyl-Benzene (C8H12) 0.013 0.01

Allene (aC3H4) 0.32 0.30 Styrene (C8H8) 0.037 0.02

Propyne (pC3H4) 0.17 0.75 Indene (C9H8) 0.013 0.00

isoC4H8 0.65 0.77 Naphthalene (C10H8) 0.038 0.03

1,3-C4H6 0.11 0.17

850ºC 850ºC

Species Expt. Modeling Species Expt. Modeling

H2 1.70 1.52 Cyclopentadiene (C5H6) 0.067 0.05

CH4 FID 5.83 Cyclopentene (C5H8) 0.014 0.0002

CH4 TCD 5.95 Methyl-Cyclopentadiene (C6H8) 0.051 0.02

CH4 Trace 5.80 5.02 Benzene (C6H6) 0.92 0.74

C2H4 FID 0.54 0.20 1,3&1,4-Cyclohexadiene (C6H8) 0.018 0.00

C2H4 Trace 0.66 0.48 Toluene (C7H8) 0.38 0.24

C2H6 FID 0.076 1,3-Cycloheptadiene (C7H10) 0.021

C2H6 Trace 0.077 0.09 C7H8 (13.82) 0.12 0.03

C3H6 0.80 0.88 Methyl-Cyclohexadiene (C7H10) 0.037

Allene (aC3H4) 0.43 0.59 DiMethyl-Benzene (C8H12) 0.022

Propyne (pC3H4) 0.32 1.09 o/p-Xylene (C8H10) 0.064 0.002

isoC4H8 2.42 2.77 Ethyl-Benzene (C8H12) 0.034 0.02

1,3-C4H6 0.14 0.25 o/p-Xylene (C8H10) 0.055

cis-2-C4H8 0.032 Styrene (C8H8) 0.039 0.03

trans-2-C4H8 0.024 0.01 o/p-Xylene (C8H10) 0.013

2-Methy-1-Butene (C=C2CC, C5H10) 0.049 0.05 Indene (C9H8) 0.025 0.001

2-Mthyl-1,3-Butadiene (C=C2C=C, C5H8) 0.076 0.16 Naphthalene (C10H8) 0.051 0.03

2-Methyl-2-Butene (CC2=CC, C5H10) 0.038 0.06

825ºC 825ºC
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10.6.4 Fuel Decomposition of Isobutene 

A sensitivity analysis at 750°C for the case of ~50% fuel with ~5s residence time was 

performed to identify the most important reactions in isobutene pyrolysis. It is evident that a small 

number of reactions dominate the kinetics. Note that only 8 reactions exhibit significant sensitivity 

for the major species, isobutene, hydrogen, methane, ethylene, and propene that are accurately 

predicted by the model: 

C2C=C (+M)  � C2•C=C + H (+M)     R10.1 

C2C=C + H (+M) � C=CC + CH3 (+M)     R10.2 

C2C=C + H � C2•C=C + H2      R10.3 

C2•C=C (+M) � C=C=C + CH3 (+M)    R10.4 

C2C=C + CH3 � C2•C=C + CH4     R10.5 

C2C=C + CH3 (+M) � C=C2CC + H (+M)     R10.6 

C2C=C + C=CC• � C2•C=C + C=CC    R10.7 

C2•C=C + C=CC• � C2C=C + C=CC    R10.8 

The high sensitivity of these 8 reactions depicts the general destruction pathways of 

isobutene. The initial reaction is started by R10.1, forming H atoms and 2-methyl-allyl radical 

(C2•C=C, isoC4H7). The initially-generated H atoms can add to the parent fuel, forming an activated 

adduct that can dissociate forming propene and methyl radical (R10.2), or it can abstract from the 

parent fuel (R10.3), forming isoC4H7 and H2. The generated isoC4H7 from R1 and R3 undergo β-

scission to form allene and methyl (R10.4), which can again abstract from the parent fuel via R10.5 

or add to the parent fuel leading to the formation of MWG species 2-methyl-1-butene and H-atom 

(R10.6). Allyl, produced by H abstraction from propene, can abstract from the parent fuel via R7 

or with isoC4H7 (disproportionation reaction) via R10.8. 
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10.6.5 Formation of Light Species 

The formation of hydrogen and methane are primarily formed via the H-abstraction 

reactions of R10.3 and R10.5. Their rate constants are based on CBS-QB3 electronic structure 

calculations. The rate constant at 1000 K for R10.3 agrees with that estimated by Tsang and 

Walker.32 The rate constant of R10.8 is compared to the measurements reported in the literatures 

in Figure 10.8. The formation of propene is primarily from the attack of H-atoms on the parent 

fuel via R10.2. The subsequent reaction of propene (primarily H + C=CC � C2H4 + CH3) forms 

ethylene (and methyl).  
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Figure 10.8 Comparison of the rate constant calculated in this study with the reported data.33-36 
 

The formation of allene is primarily due to the dissociation of isoC4H7 via R10.4, which 

can isomerize to propyne. The formation of ethane and propane is primarily from the H-abstraction 

of isobutene by ethyl and propyl radicals. 1-Butene is primarily formed via the recombination 

between methyl and allyl. 2-Butene is formed via the H-abstraction reaction: CC=CC• + C2C=C 

� CC=CC + C2•C=C. The formation of 1,3-butadiene is primarily due to the following scheme.  
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Scheme 1: the formation of 1,3-butadiene from the parent isobutene 

10.6.6 Pathways to MWG Species 

The reactions involving resonantly-stabilized radicals, specifically the recombination and 

addition reactions are playing critical role for the formation of MWG species.37 The most important 

recombination reactions generally have been analyzed in Chapter 4 and Chapters 7-9 for the linear 

olefins. These include the recombination between alky radicals and stabilized radicals, such as 

methyl recombining with allyl, methyl-allyl radicals (include 1-methyl-allyl and 2-methyl-allyl), 

cyclopentadienyl, and benzyl. Other recombination reactions occur between two stabilized radicals, 

such as cyclopentadienyl recombining with allyl, propargyl, and cyclopentadienyl that lead to the 

formation of styrene and naphthalene.  

There are multiple reactions from several important PESs, including C3H7, C4H7, C4H9, 

and C6H9 are found important for the isobutene pyrolysis. More detailed discussion for these PESs 

can be found in our previous study.38 The addition of cyclopentadienyl to cyclopentadiene is 

important for the formation of several heavy species:39 toluene, ethyl-benzene, indene, and 

naphthalene. For the isobutene pyrolysis system, the most important radical is isoC4H7. Many 

reactions involving this radical has been shown to be important; the following section will discuss 

three critical reaction systems. 

Potential Energy Surface for C7H11 (C2••••C=C + C3H4) 

Multiple reactions from the PES involving C2•C=C + pC3H4 exhibit high sensitivity for the 

formation of MWG species, including methyl-cyclopentadiene, benzene, styrene, indene, and 

naphthalene. Figure 10.9 presents a simplified version of C7H11 PES containing 6 wells; a more 
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complete version contains 17 wells, which is shown in Figure 10.10. As shown by both figures, 

there are multiple lower energy exit channels in this PES that favor the formation of MWG species.   

 

Figure 10.9 Simplified PES for the addition reaction of C2•C=C + pC3H4 calculated at the CBS-
QB3 level of theory, showing enthalpies in kcal/mol at 298 K (Note: Solid lines—Terminal 
addition, Dashed lines—Non-terminal addition). 

 

Figure 10.10 A more complete PES for the addition reaction of C2•C=C + pC3H4 calculated at 
the CBS-QB3 level of theory, showing enthalpies in kcal/mol at 298 K. 
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As shown by Figure 10.10, the PES can be accessed by multiple channels. Here we are 

interested in the addition of isoC4H7 to propyne (including both terminal and non-terminal 

addition), and isoC4H7 (non-terminal addition), and 1-methyl-allyl (CC=CC•) to allene (non-

terminal addition). Figure 10.11 presents the apparent rate constants for these four cases at 1 atm.  

 

 
Figure 10.11 The predicted apparent rate constants for the C7H11 entranced by different 
channels: (a). The terminal addition of 2-methyl-allyl to propyne; (b). The non-terminal addition 
of 2-methyl-allyl to propyne; (c). The non-terminal addition of 2-methyl-allyl to allene; (d). The 
non-terminal addition of 1-methyl-allyl to allene. (cf. Figure 10.10 for species structures) 
  
Potential Energy Surface for C6H9 (C2••••C=C + C2H2) 

The addition of C2•C=C to C2H2 is part of C6H9 PES; a simplified version that is based on 

the CBS-QB3 calculation is shown in Figure 10.12. Another potential important entrance channels 

include the terminal and non-terminal addition of allyl to allene.  
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Figure 10.12 Simplified PES for the addition reaction of C2•C=C + C2H2 calculated at the CBS-
QB3 level of theory, showing enthalpies in kcal/mol at 298 K. 
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Figure 10.13 Predicted apparent rate constants for the addition of 2-methyl-allyl to acetylene at 
1 atm in N2. (cf. Figure 10.12 for species structures)  

 



337 
 

1E+02

1E+04

1E+06

1E+08

1E+10

1E+12

0.5 0.8 1.0 1.3 1.5 1.8 2.0

k
[c

m
3
/m

o
l-

s]

1000 K/T

C=CC•••• + C=C=C 

(terminal addition)
kinf

ktotal

(V)

(5)

(I)

(4)

(IV)

(III)

(1)

(3)

(C2.C=C+C2H2)
1 atm

(2)

1E+02

1E+04

1E+06

1E+08

1E+10

1E+12

0.5 0.8 1.0 1.3 1.5 1.8 2.0

k
[c

m
3
/m

o
l-

s]

1000 K/T

C=CC•••• + C=C=C 

(inner addition)kinf

ktotal

(V)

(5)

(IV)

(4)

(IV)

(III)

(II)

(1)
(2)

(C2.C=C+C2H2)1 atm

(3)

 
Figure 10.14 Predicted apparent rate constants for the addition of allyl to allene (left: terminal 
addition; right: non-terminal addition) at 1 atm in N2. (cf. Figure 10.12 for species structures)  

 
The addition reaction of C2•C=C to C2H2 lead to the formation of methyl-cyclopantadiene; 

the associated PES is shown in Figure 10.12. This is also confirmed by the apparent rate constants 

calculated at 1 atm, which is shown in Figure 10.13. The formation of methyl-cyclopentadiene + 

H is most favored channel. The PES can be also accessed by the addition of allyl to allene (Figure 

10.12). The formation of methylene-cyclopentene isomers (+ H), i.e., (III) and (IV), would be most 

favored by this entrance, as shown in Figures 10.14. 

Potential Energy Surface for C8H15 (C2••••C=C + C2C=C) 

The reactions on the PES of isoC4H7 + isoC4H8 also impact many products, including 

isobutene, ethene, and ethane, and some MWG species including 2-methyl-1,3-butadiene (C5H8), 

2-methyl-2-butene (C5H10), cyclo-hexadiene (C6H10), benzene (C6H6), toluene (C7H8), styrene 

(C8H10), ethyl-benzene (C8H12), and indene (C9H10). The PES was obtained from the CBS-QB3 

calculations, with the simplified version shown in Figure 10.15. The predicted apparent rate 

constants for the reactions at 1 atm are provided in Figure 10.16.  
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Figure 10.15 PES for the addition reaction of C2•C=C + C2C=C calculated at the CBS-QB3 
level of theory, showing enthalpies in kcal/mol at 298 K (Note: Solid lines—Terminal addition, 
Dashed lines—Non-terminal addition). 
 

 

Figure 10.16 Predicted apparent rate constants for the addition of 2-methyl-allyl to isobutene at 
1 atm in N2. (Above: terminal addition; Bottom: nonterminal addition. Cf. Figure 10.15 for the 
structure.). (cf. Figure 10.15 for species structures)  

 
10.6.7 Impact of “Thermoneutral” H-abstraction Reactions  

Similar to the results of 1-butene and 2-butene pyrolysis, all the important H-abstraction 

reactions for the isobutene pyrolysis involve at least one stabilized radical, in the reactant, or 
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product, or both. As discussed in Chapter 3, the “thermoneutral” H-abstraction reactions (i.e., 

abstraction by stabilized radical form an olefin or diene to form another stabilized radical and 

olefin) can shift the radical populations, thus impacting the final products distribution. Once again, 

the “reduced” model that was created for the 1-butene and 2-butene pyrolysis is used to examine 

the impact of the “thermoneutral” H-shift reactions on the intermediate species and final product 

distribution in the isobutene pyrolysis. As shown in Figure 10.17, the concentrations for most 

stabilized radicals are altered by 2- to 20-fold between the full and “reduced” model, where the 

“thermoneutral” reactions are all excluded.  
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Figure 10.20 Comparison of predicted mole fractions of dominate radicals along the reactor at 
750 °C (Solid lines— full model; Dashed lines— “reduced” model. Most H atoms in the species 
names are omitted for clarity.) 
 

Figure 10.21 compares the predictions from the “reduced” model as well as the full model 

for the fuel conversion and the major products observed. The predictions by both models show 

negligible differences for the fuel conversion and production of the three major species (hydrogen, 

methane, and ethylene).  
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Figure 10.21 Comparison of experimental species mole fractions (in percent) with modeling 
predictions (Note: the “reduced” model excludes all the “thermoneutral” hydrogen abstraction 
reactions). Symbols, experimental data; Red solid lines— full model, black dashed lines— 
“reduced” model (Operating conditions: τ= ~5 sec, initially N2/isoC4H8= ~50/50%). 
 

However, noticeable difference appear for the propene formation and MWG products for 

the “reduced” model, with the largest discrepancy for the formation of cyclopentadiene and 

naphthalene. The decrease in propene is primarily due to the exclusion of the following 

“thermonuetral” H-abstraction reaction: 

C=CC• + C=C(C)C (isobutene) � C=CC (propene) + C=C(C)C•   R10.9 

The formation of cyclopentadiene is determined by the competition among the H-

abstraction (R10.10) and recombination reactions involving two cyclopentadienyl radicals 
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(R10.11 and R10.12). Apparently the recombination reactions are much faster than the H-

abstraction. Thus there is less cyclopentadiene and more naphthalene and styrene are formed from 

the “reduced” model. 

cyC5H5 (cyclopentadienyl) + C=C(C)C � cyC5H6 (cyclopentadiene) + C=C(C)C• R10.10 

2 cyC5H5 (cyclopentadienyl) � C10H10 � C10H8 (naphthalene)    R10.11 

cyC5H5 (cyclopentadienyl) + C=CC• � C8H10 � C8H8 (styrene)    R10.12 

10.7 Comparison of Predictions to Literature Data 

Figure 10.22 shows the comparison of predictions of the fuel conversion to a published 

isobutene pyrolysis data.30  
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Figure 10.22 Prediction to fuel conversion and selected products for a literature data.30 
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This data were also collected using a laminar flow reactor, however, the pyrolysis 

conditions were much different from these described above. The pressure is in the range of ~3-11 

Torr with residence time of 1.25-1.33 ms, and temperature range from ~900 K to 1900 K. The fuel 

initially was diluted in argon by 96%. Despite significant different pyrolysis conditions, the 

unadjusted mechanism provide excellent predictions for fuel conversion and formation of 

acetylene, ethane, allene, and propene (Figure 10.22). The model also provide reasonable 

predictions for hydrogen, methyl, methane, ethene, propyne, the three C4 species, and benzene. 

The largest deviation are from the predictions of propargyl, allyl, and cyclopentadiene. 

10.8 Summary 

Multiple MWG species were detected and quantitatively characterized for isobutene 

pyrolysis in a laminar flow reactor. An extensive series of CBS-QB3 calculations were performed 

for reactions involving the isobutenyl radical (isoC4H7), to describe the formation of MWG during 

isobutene pyrolysis. These calculations include: (1) the unimolecular dissociation of isoC4H7 to 

methyl and allene that readily isomerize into propyne; (2) the C7H11 PES with isoC4H7 addition 

two C3H4 (allene and propyne), which lead to the formation of 5-, 6-, and 7-member ring cyclic 

species; (3) the addition of isoC4H7 to the parent olefin isobutene and products alkyne acetylene 

for the MWG formation. The model was able to capture the fuel conversion and major species 

production under variety conditions; the model also provides good predictions for the three most 

important MWG species, 2-methyl-1-butene, benzene, and toluene. The prediction are also 

reasonable for other MWG species. The sensitivity analysis shows that eight reactions are most 

responsible for the fuel conversion and formation of the major species. It also demonstrates the 

importance of reactions of resonantly-stabilized radicals in the formation of MWG species. The 
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updated mechanism also provides good predictions of fuel conversion for a published data under 

very different operation conditions. 
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CHAPER 11  

APPLICATION OF THE MODEL TO THERMAL DECOMPOSITION OF C2-C6 ALKANES  

11.1 Introduction 

Fossil fuels have long been the world's dominant source of energy. This dependence on oil 

and other fossil fuel resources presents many difficulties, including resource depletion, 

accelerating global warming, escalating cost of oil, and national security issues. One way to 

address this problem is to employ more efficient energy conversion devices such as fuel cells. 

Solid-oxide fuel cells (SOFCs) in particular are promising because they have the potential to 

operate directly on hydrocarbons. Typical operating temperatures for SOFCs range from 600°C to 

800°C. Because of these high operating temperatures, thermal decomposition of the hydrocarbon 

fuel within the anode channel is significant and is likely to influence SOFC operation. A particular 

concern is the potential for deposit formation within the anode channel. Such deposits can be 

formed via gas phase reactions as well as catalytic surface chemistry mechanisms. In the gas phase, 

MWG reactions can lead to polyaromatic hydrocarbon (PAH) formation that might condense on 

the catalyst within the anode. Characterization of such reactions can provide guidance as to the 

combinations of temperature, time and fuel composition that might promote such MWG chemistry, 

thereby suggesting operating conditions to avoid. Alternatively, this knowledge might suggest 

approaches to mitigate such deposit formation by interrupting the MWG reaction sequence.  

Previous efforts in the Dean group have been dedicated to the pyrolysis of C2-C6 alkane 

fuels.1, 2, 3 A detailed kinetic model was developed, especially for the ethane pyrolysis, with 

particular emphasis upon characterization of the reactions that lead to formation of MWG species. 

The fuel conversion, formation of light species as well as the important MWG species up to C6 in 

the ethane pyrolysis were described well by this earlier model.3 However, the model had 
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deficiencies: (1) most of the olefin products are over-predicted, and (2) the chemistry higher than 

C6 is missing (while the experimental observations were up to C12). The model also provided good 

predictions for other light alkanes regarding the fuel conversion and formation of major products 

as well.1, 2 However, the poor predictions for the observed MWG species can be attributed to an 

overprediction of intermediate olefin species.   

  With the demonstrated improvements in the descriptions of olefin pyrolysis, we now use 

the model developed in this work to predict the kinetics of a series of alkanes (i.e., ethane, 

propane, n-butane, isobutene, and n-hexane). 

11.2 Ethane Pyrolysis  

Flow reactor experiments were performed with ∼50/50 mole % ethane/nitrogen mixtures 

with temperatures ranging from 550 to 850 °C at an absolute pressure of ∼0.8 atm and a residence 

time of ∼5 s. These conditions result in ethane conversions ranging from virtually no reaction 

to∼90%. More detailed description of the experimental methods and results is referred to the 

earlier studies.3 Figure 11.1 compares the overserved pyrolysis products to the prediction by both 

the earlier model and the updated one developed in this work. Both models provide good prediction 

for the fuel conversion of ethane and the formation of the two most abundant products, hydrogen 

and ethene. The updated model improved the predictions for methane, another abundant product, 

at high temperatures. The earlier model significantly overpredicted most of the unsaturated 

products, including acetylene, allene, propyne, 1-butene and 2-butene, while the updated model 

reasonably captures the formation of these species. Both models capture the formation of propene 

and 1,3-butadiene. Considering the very low concentration of propane and n-butane, the 

experimental uncertainties are significant, but both models under-predict the experimental 

observations.  
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Figure 11.1 Ethane (C2H6) pyrolysis (initial ~50% fuel, τ= ~5s): Comparison of measured mole 
fractions3 to those predicted with the updated mechanism (solid blue lines) and to those obtained 
using the earlier model (dashed black lines). 
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For the description of MWG kinetics, the earlier model over-predicted the formation of 

cyclopentadiene, and significantly under-predicted the formation of 1-pentene. The updated model 

reasonably captures the formation of both species, as well as the predictions for another two species, 

cyclopentene and cyclohexadiene. However, the updated model over-predicts the benzene 

formation. The updated model extends the description of MWG species up to C12 and provides 

good prediction for the formation toluene, styrene, indene, naphthalene, and acenaphthalene. 

11.3 Propane Pyrolysis 

There are two datasets for the propane pyrolysis spanning several years. The older one is 

from Al Shoaibi at 2008,2 a newer one was collected three years later by Xu and Dean.4 The newer 

dataset was analyzed with the updated experimental devices, with MWG species are quantified 

(Table 11.1).  

The comparison between the experiment results from both datasets and prediction by the 

updated model is shown in Figure 11.2. The figure shows that the two datasets are consistent with 

each other; the slight difference may be ascribed to the difference in the initial propane 

concentrations. The updated model provides excellent prediction for the fuel conversion and 

formation of the four major products, hydrogen, methane, ethene, and propene. The model also 

predicts well the minor olefin products, including 1,3-butandiene,  1-butene, and 2-butene. The 

formation of ethane, allene and propyne are slightly under-predicted; however, the trends are well 

captured. The formation of n-butane and isobutane are under-predicted and over-predicted, 

respectively, however, the difference between the experiment and prediction are small considering 

the small amounts of these two species. 

The model provides good prediction for benzene formation. The overall qualitative 

predictions of the linear C5 species, which includes 1,3-pentadiene, 1,4-pentadiene, 1-pentene, 2-
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pentene, 3-methyl-1-butene, and 2-methyl-1,3-butadiene, are reasonably good. The prediction of 

cyclopentadiene and cyclopentene are reasonable at low temperatures, but are slightly off at higher 

temperatures. The formation of the three heaviest species, toluene, indene, and styrene, show 

strong temperature dependence. Although the predictions for these species are slightly off at the 

highest temperature, the trend is well captured. 

Table 11.1 Experimental Data Obtained from Propane Pyrolysis4 (initial ~50% fuel, τ= ~5s) 

 

 

Species 500 ˚C 525 ˚C 550 ˚C 600 ˚C 650 ˚C 700 ˚C 725 ˚C 750 ˚C 775 ˚C 800 ˚C

H2 0.10 0.19 0.38 1.04 3.05 6.80 8.73 10.36 11.64 12.77

N2 49.9 49.8 49.9 48.6 46.1 41.5 38.7 36.2 33.5 32.1

CH4 0.08 0.14 0.27 0.85 3.06 8.66 12.92 17.40 21.95 25.80

C2H4 0.08 0.13 0.23 0.80 2.85 7.99 11.84 15.64 18.95 20.82

C2H6 0 0 0 0.02 0.13 0.50 0.85 1.18 1.43 1.50

C3H6 0.05 0.16 0.29 0.95 2.99 6.15 7.42 7.19 5.37 2.93

C3H8 50.4 50.2 49.9 48.0 41.7 27.7 18.7 10.7 4.3 1.2

Allene 0 0 0 0 0 0.01 0.03 0.06 0.09 0.10

Propyne 0 0 0 0 0 0.01 0.02 0.03 0.04 0.04

1,3-C4H6 0 0 0 0 0.00 0.06 0.18 0.36 0.53 0.62

i-C4H10 0 0 0 0 0.00 0.01 0.01 0.01 0.00 0

n-C4H10 0 0 0 0 0 0.00 0.00 0.00 0.00 0

1-C4H8 0 0 0 0.00 0.03 0.15 0.23 0.24 0.15 0.07

2-C4H8 0 0 0 0 0.00 0.03 0.05 0.07 0.06 0.04

Cyclopentadiene 0 0 0 0 0 0.06 0.09 0.22 0.30 0.50

Cyclopentene 0 0 0 0.00 0.01 0.11 0.10 0.13 0.11 0.10

Cyclohexadiene 0 0 0 0 0 0 0 0.03 0.03 0.05

Benzene 0 0 0 0 0 0.03 0.03 0.10 0.23 1.19

Toluene 0 0 0 0 0 0.01 0.01 0.02 0.05 0.26

Ethylbenzene 0 0 0 0 0 0 0 0.00 0.00 0.006

Xylenes 0 0 0 0 0 0 0 0 0.00 0.007

Styrene 0 0 0 0 0 0 0 0.00 0.01 0.036

Total 1.01 1.01 1.01 1.00 1.00 1.00 1.00 1.00 0.99 1.00

Cout/Cin 1.00 1.01 1.00 1.02 1.03 1.03 1.02 1.01 0.98 1.02

Hout/Hin 1.00 1.01 1.00 1.02 1.03 1.03 1.03 1.02 1.01 1.03

Initial: C 3 H 8 /N 2 =50.53/50.13%

Average experimentally observed mole %
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Figure 11.2 Propane (C3H8) pyrolysis (initial ~50% fuel, τ= ~5s): Comparison of measured mole 
fractions (Black crossed symbols: Al Shoaibi2; Red open symbols: Xu and Dean4) to those 
predicted in propane pyrolysis with the updated mechanism. 
 



353 
 

11.4 N-butane Pyrolysis 

The n-butane pyrolysis was conducted with ∼50% mole fuel diluted in N2 at residence time 

of ∼5s.2 The comparison between the experiment and modeling is shown in Figure 11.3  

 

Figure 11.3 N-Butane (nC4H10) pyrolysis (initial ~50% fuel, τ= ~5s). Comparison of measured 
mole fractions (Black crossed symbols: Expt. by Al Shoaibi2) to those predicted in n-butane 
pyrolysis with the updated mechanism. 



354 
 

The predictions of the fuel conversion, and formation of the three major species, methane, 

ethylene, and propylene, in the n-butane pyrolysis are excellent. The model accurately captures 

the formation trends of hydrogen and ethane at the low temperature ranges, and slightly 

underpredicts the formation at highest temperatures. The predictions of two C3H4 species (allene 

+ propyne), and 1,3-butadiene are also excellent. The model over-predicts propane and 1-butene, 

and underpredicts 2-butene, but captures well the formation trends. 

The formation of a series of linear C5 species are qualitatively characterized. These include 

1,3-pentadiene, 1,4-pentadiene, 1-pentene, 2-pentene, 3-methyl-1-butene, and 2-methyl-1,3-

butadiene. The prediction captures the formation trend of these species, though slightly over-

predict the amount of these species. The model accurately predicts most the observed MWG 

species in the n-butane pyrolysis, including cyclopentene, cyclopentadiene, cyclohexadiene, and 

benzene. The prediction for the formation of methyl-cyclopentene isomers (including 3- and 4-

methyl-cyclopentene) and three metyl-cyclopentadiene isomers (including methyl-1,3- 

cyclopentadiene, methyl-1,4-cyclopentadiene, and methyl-2,4-cyclopentadiene) are reasonable. 

The formation of toluene and styrene shows a strong temperature dependence, the trends of which 

are well captured, though the amounts are slightly off at high temperature. 

11.5 Isobutane Pyrolysis 

The isobutane pyrolysis was conducted with similar operating conditions as that of n-

butane pyrolysis,2 i.e., initially ~50% fuel in N2 and τ= ~5s. Multiple MWG products was detected, 

however, only quantitative measurements were provided, especially for C5-C7 products. The 

predictions of the isobutane pyrolysis are shown in Figure 11.4. The model accurately predicts the 

fuel conversion, and formation of the four major species, methane, ethylene, propylene, and 

isobutene. The model also accurately captures the formation trends of hydrogen and ethane at the 
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low temperature ranges, and slightly underpredicts the formation at highest temperatures. The 

prediction of two C3H4 species (allene + propyne) is excellent. The experiment provides an overall 

characterization of the C4 species, which include 1,3-butadiene, 2-butene, and n-butane. The model 

provides good prediction for the sum of these species. 

 

Figure 11.4 Iso-Butane (isoC4H10) pyrolysis (initially ~50% fuel in N2, τ= ~5s): Comparison of 
measured mole fractions (Red open symbols — Expt. by Al Shoaibi2) to those predicted in 
isobutane pyrolysis with the updated mechanism. 
 

The experiment also characterized the MWG chemistry, however, only overall qualitative 

measurements for C5-C7 species are provided. Overall, the model provides good predictions for 

these species. The model captures the formation trend well, accurately predicts the C6 species 

formation, and overall good prediction of C7 species.  
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The model accurately predicts the sum of the C5, C6 and C7 species. The model indicates 

that the most important linear C5 specie including: 2-methyl-1,3-butadiene, 2-methyl-2-butene, 

1,3-pentadiene, 2-pentene, 1,4-pentadiene, 3-methyl-1-butene, and 1,4-pentadiene. The two most 

important cyclic C5 species are cyclopentene and cyclopentadiene. The most C6 species is benzene, 

following by the metyl-cyclopentadiene isomers (including methyl-1,3- cyclopentadiene, methyl-

1,4- cyclopentadiene, and methyl-2,4-cyclopentadiene) and cyclohexadiene isomers (cyclo-1,3-

hexadiene, and cyclo-1,4-hexadiene). The minor C6 species include 1,5-hexadiene and 

cyclohexene. The most important C7 products is toluene; the other C7 products include dimethyl-

cyclopentene, and dimethyl-cyclopentadiene.  

An important and unique kinetic feature of isobutane pyrolysis is the significant production 

of isobutene, the subsequent chemistry of which has significant impact on the products distribution 

as well as the MWG kinetics. Therefore, isobutane produces more C3H4 species (allene + propyne), 

and correspondingly more C7 species than that of n-butane. The accurate description of isobutene 

that has been discussed in Chapter 10 enable the improved description of the isobutane pyrolysis.  

11.6 N-hexane Pyrolysis 

The pyrolysis of n-hexane is different from the above analyzed alkane pyrolysis in that it 

is a liquid fuel. Thus it has to be vaporized before mixing with N2 and introduce into the reactor.1, 

5 The initial fuel composition was determined to be ∼50% mole (diluted in N2) and residentce times 

was ∼5s. Multiple MWG species up C8 were detected, however this earlier experiment setup only 

provided qualitative analysis. Figure 11.5 compares the experimental and modeling prediction of 

n-hexane pyrolysis at temperature of 550-675°C, which result in fuel conversion of ∼6% to 82%. 

The fuel conversion of n-hexane and the measured four major species, hydrogen, methane, 

ethylene, and ethane, are well predicted by the updated model.  
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Figure 11.5 N-Hexane (n-C6H14) pyrolysis (initial ~50% fuel in N2, τ= ~5s): Comparison of 
measured mole fractions1, 5 (Red open symbols — Expt. by Ahmed Al Shoaibi) to those 
predicted in n-hexane pyrolysis with the updated mechanism. 

 
The experimental provide an overall characterization of the species higher than 3 carbon 

atoms. The model slightly under-predicts the C3 species sum. The modeling results indicate that 

the most important C3 products is propylene, followed by propane, and then the C3H4 isomers 

(allene and propyne). The C4 species are well predicted by the model, with 1-butene and 1,3-

butadiene the most amount and then 2-butene. The formation of n-butane and vinyl-acetylene also 

contribute the C4 species sum. The model over-predicts the formation of C5 species, though the 

trend is well captured. The most abundant linear C5 species to the least include 1-pentene, 2-

pentene, 1,3-pentadiene, 2-methyl-1,3-butadiene, 1,4-pentadiene, 2-methyl-2-butene, and 3-

methyl-1-butene. The two most important cyclic C5 species are cyclopentene and cyclopentadiene. 
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The prediction for the C6 species sum (including the parent fuel n-hexane) are excellent.  The most 

abudant C6 species products are 2-hexene, 3-hexene, and benzene. Other important C6 species 

contains 1-hexene, 1,5-hexadiene, 3-methyl-1-pentene, and the three methyl-cyclopentadiene 

isomers and two cyclohexadiene isomers (cyclo-1,3-hexadiene, and cyclo-1,4-hexadiene). The 

predictions for the sum of the C7 and C8 species are quite good. The C7 species was identified as 

toluene during the experiment. The C8 species include mostly three species, styrene, ethyl-benzene, 

and vinyl-cyclo-hexene. 

11.7 Summary 

The CSM master mechanism improved by this study is applied to several C2-C6 alkane 

pyrolysis systems: ethane, propane, n-butane, iso-butane, and n-hexane. The updated model based 

on improved understanding of the pyrolysis of olefin fuels (Chapters 7-10) predicts the fuel 

conversion of each fuel and formation of light species. The most significant improvement is the 

prediction for the MWG species observed during the pyrolysis of the C2-C6 alkane fuels. These 

alkane systems provided the primary sources for the validation of the mechanism developed in this 

work.  
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CHAPTER 12 

SUMMARY AND FUTURE WORK 

12.1 Summary 

While the thermal decomposition of saturated hydrocarbons is relatively well understood, 

the low-temperature gas-phase pyrolysis chemistry of olefins is much less well-characterized. The 

current literature mechanisms cannot even describe the temperature dependence for propene 

pyrolysis. Given that olefin reactions play a pivotal role in the generation of molecular weight 

growth (MWG) species that ultimately forms deposits, any advances in our understanding of olefin 

pyrolysis will have a significant impact. The research described in this thesis addresses this issue 

by a combined experimental and computation approach with the goal of developing a 

fundamentally-based mechanism to describe olefin pyrolysis. This approach had four components:  

(1) CBS-QB3 electronic structure calculations and transition state theory were used to create 

a systematic series of high-pressure rate rules for H-atom shift reactions of alkyl radicals 

and cycloaddition reactions (including endo- and exo-reactions) of alkenyl radicals. The 

trends in the activation energies and pre-exponential factors were interpreted in the context 

of the Benson-type model. The structure-reactivity relationships that were developed to 

provide a straightforward means to assign rate constants and to quickly assess the validity 

of proposed rate constants. The impact of the resonance structure on the kinetics of these 

two types of reactions was then examined. Multiple reaction schemes were proposed and 

analyzed based on the location of the partially-formed resonance structure in the cyclic 

transition state.1, 2 

(2) Various reactions, including self/cross-recombination, addition, and abstraction from 

olefins of resonantly-stabilized free radicals (RSFR) were investigated, by using high-level 

electronic structure calculations.3 Recombination reactions will lead to formation of higher 
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MWG species. Addition of stabilized radicals to double bonds in olefins or conjugated 

dienes, or triple bonds in alkynes lead to linear adducts that can then cyclize and beta-

scission to form stable cyclic MWG species. The relative concentrations of various 

stabilized radicals might be redistributed by hydrogen abstractions of one stabilized radical 

from an olefin (leading to form another stabilized radical and another olefin). This work 

shows that the rate for this type hydrogen abstraction is much faster than the previous 

estimate at higher temperatures, enabling a quicker radical distribution and more profound 

impact on the MWG pathways. The modeling predictions (shown in Chapters 7-10) 

confirmed this finding.  

(3) The results of this improved understanding of various types of elementary reactions were 

used to develop an improved fundamentally-based chemical kinetic mechanism. It contains 

9422 reactions and 541 species.  

(4) Improvements were made to an existing tabular flow reactor to acquire the olefin pyrolysis 

data. Substantial updates to the experimental setup enabled quantitative measurements of 

the fuel conversion, formation of major products as well as the MWG species up to C12 

during the pyrolysis of propene, 1-butene, 2-butene and isobutene. Various operating 

conditions were examined at atmospheric pressure (~0.83 atm), over a range of 

temperatures, residence times, and extend of reactant dilution. 

 

This resulting kinetic model provided excellent predictions for fuel conversion, formation 

of major light species as well as the most important MWG products that were observed during the 

pyrolysis of C3 and C4 olefin pyrolysis. The predictions are quite reasonable for the minor light 

species and other MWG products up to C10. The unadjusted model also provided good predictions 
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for the reported olefin pyrolysis data in the literature that were collected over a wide range of 

conditions (e.g., higher temperatures/pressures, much lower pressures, much shorter residence 

time, and much different extent of dilution).4-6 The updated model also provided a better 

description for the pyrolysis of several C2-C6 alkane fuels that had been measured earlier in the 

group. The observed good agreement between experiment and model predictions suggests that this 

effort has lead to a significantly improved understanding not only of olefin pyrolysis, but also the 

impact of those reactions on alkane pyrolysis.  

12.2 Future Work 

This section discusses proposed extensions of this research.  

12.2.1 Experiments 

One of the most important findings in this work is that an improved understanding of the 

reactions of resonantly-stabilized radicals dramatically improved the kinetic model's predictive 

capability. It would be good to have experimental measurements of important radicals, such as 

allyl, methyl-allyl, and cyclopentadienyl.  

There are some intermediate MWG species, especially for C5-C7 isomers that were detected 

but not identified. The ability to identify these MWG species will provide additional validation 

data.  

Pyrolysis of toluene at ~1000K is of intestrest. A digression in this work (Chapter 7) was 

that several previously proposed pathways were found not to be important for the formation of 

toluene. Alternative pathways were thus proposed to account for the toluene formation observed 

in the four olefin systems. Generally, these pathways are similar to those forming benzene. A 

critical step is the formation of the intermediate methyl-cyclohexadiene isomers, which undergo 

H-abstraction reactions to form the stabilized radical that leads to toluene. Thus it would be 
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interesting to perform toluene pyrolysis experiment under similar conditions to see whether these 

reactions are important for the destruction of toluene as well.  

12.2.2 Kinetic Modeling 

Since the four olefins examined in this work are important intermediates for the butanol 

isomers, the olefin kinetics described in this work might be expected to have substantial impact on 

butanol kinetics. It would be interesting to expand the application of the model developed in this 

work to this and other oxygenated fuels by incorporating our pyrolysis subset with existing 

oxidation subsets to create an “incorporate” model, especially on the formation of MWG kinetics. 

Such an approach would be quite feasible, given that there are multiple such oxidation models and 

many experimental datasets available in the literature. For example, Green and co-workers7, 8 

detected and identified multiple MWG species ranging C5-C10 with significant amount during the 

pyrolysis of 1-butanol7 and isobutanol8, by using the on-line comprehensive 2D gas chromatograph 

(GC ͯ GC) equipped with a flame ionization detector (FID) and a Time-of-Flight Mass 

Spectrometer (TOF-MS). The developed model in that study were able to predict three major ones, 

cyclopentadiene, benzene, and toluene. Such study provides good opportunity to examine the 

predictive capability of the “incorporated” model for these major MWG species as well as the 

other products with less amount that their model was not able to describe.  

The thermodynamic parameters for the cyclic species and poly-ring cyclic species require 

additional research. The RMG thermo database developed by the Green group at MIT9 appears not 

to consider the ring strain corrections when the species contains two or more cyclic rings, though 

it does consider them for the single-ring species. The THERM10 developed by Ritter and Bozzelli 

applies the ring strain corrections for both single- and multiple-ring cyclic species. However, the 

resulting enthalpies are significantly different from the CBS-QB3 calculations. One significant 
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example that deserves mention is that there are still substantial discrepancies regarding the 

enthalpy and entropy of cyclopentadiene and its associated stabilized radical cyclopentadienyl. 

Given its importance for the formation of the second ring species, such as indene, naphthalene, 

more research is needed to improve the accuracy.  

This work focused primarily on the reactions involving allylic type stabilized radicals, such 

as allyl, methyl-allyl (including both resonant forms 1-methyl-allyl and 2-methyl-allyl). Some 

reactions involving cyclopentadienyl radicals were also examined, although not at the level of 

detail as those of allylic radicals. Given the fact that this type cyclic radical is expected to be at 

comparable concentrations with allylic radicals, more work needed to characterize its role in 

forming heavier MWG species. Also there are multiple other allylic radicals (such as 1,3-

pentadeninyl, C=CC•=C, etc.) or other stabilized radicals (such as mehyl-cyclopentadienyl, 

cyclohexadienyl, benzyl, indenyl, or naphthenyl) that should be considered. Reactions of these 

radicals may help to improve the predictions for the C7+ species. In a broader context, this analysis 

could extend to the biomass species that are known to have similar types of stabilized radicals. For 

example, the initial dissociation of anisole11, a lignin model compound, produces phenoxy radical, 

with four resonant structures. The subsequent reactions of these different isomers are expected to 

have a significant impact on the product distributions, and could substantially shift the product 

distribution of the MWG species.  
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APPENDIX A 

A.1 Pyrolysis Master Mechanism 

The unadjusted pyrolysis master mechanism is provided in the Supplementary Materials. 

The file is titled “CSM pyrolysis master mechanism.mec”. This mechanism is compatible with 

Chemkin. 

A.2 NASA Thermodynamic Data 

The thermodynamic data for the species in NASA format are provided in the 

Supplementary Materials with the file named “CSM thermo.dat”. This file is compatible with 

Chemkin. 

 

 


