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Abstract 

The formation of soot precursors during combustion of three positional isomers of 

methylcyclohexene was investigated in flow reactor experiments and through density functional 

theory simulations. As evidenced by a recently published structure-property model, the sooting 

tendencies of these compounds differ from those of structurally similar molecules – suggesting 

new or unusual reaction chemistry. It was demonstrated that 1-methyl-1-cyclohexene and 4-

methyl-1-cyclohexene preferentially react via a retro-Diels-Alder pathway leading to ring opening 

and molecular weight reduction. 3-methyl-1-cyclohexene, which exhibits much higher yield 

sooting index, preferentially reacts via dehydrogenation to cyclohexadienes and toluene – 

consistent with higher soot formation. It was demonstrated that the relative stability of the first 

radical intermediate plays a considerable role in determining the branching ratio between 

formation of soot precursors and ring opened retro-Diels-Alder reaction products. This study 

underscores the importance that small structural features can have in determining the ultimate 

fate of carbon during combustion processes. 
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1. Introduction 

Fine particles emitted from combustion sources have well known negative effects on human health1 and 

global warming.2 Particulate matter (PM) from combustion driven transportation sources such as diesel 

and spark-ignition (SI) engines are significant contributors to these effects. In modern diesel engines, PM 

emissions are controlled using particle filters.3 For SI engines, the drive to improve efficiency requires 

the use of direct injection (DI) of the fuel to increase engine power density and exploit evaporative 

cooling to increase knock resistance.4 However, under some operating conditions, DI can cause PM 

emissions that are greater than earlier generation port fuel injection systems and modern diesel engines 

equipped with filters.5,6 This occurs because fuel spray impingement on the piston or cylinder walls 

results in locally fuel-rich regions or pool fires that produce large quantities of PM.7 A particle filter 

solution is available for DISI engines, but these have not yet seen wide adoption. 8  Changing fuel 

composition is an alternative solution that could have a large impact on DISI engine PM emissions hence 

mitigating the need for a costly particle filter solution.9 

A number of different approaches have been used to predict the PM emission effects of different fuels. 

These include vehicle emissions indices such as the particulate matter index (PMI), which combine the 

chemical tendency of each compound to form fine particles (or sooting tendency) with some measure 

of compound’s ability to mix with air.10 While PMI uses a simple metric for chemical sooting tendency 

(double bond equivalent), other fuel sooting tendency metrics such as smoke point, threshold sooting 

index, and oxygen extended sooting index use experimental measurements to determine a molecule’s 

chemical tendency to form soot.11,12 McEnally and Pfefferle introduced the yield sooting index (YSI) as a 

more precise, apparatus independent, and easily measured soot formation metric.13,14 Because there 

are a large number of molecules for which it is desirable to know YSI, St. John and colleagues developed 

a quantitative structure−activity relationship (QSAR) model for predicting YSI from molecular 
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structure. 15 , 16 In cases where the predictive model fails, it highlights where a compound’s sooting 

tendency differs from structurally similar molecules and can point to new or unusual reaction chemistry 

that is not captured in the model training set.  

The positional isomers of methylcyclohexene (MCHe) – 1-methyl-1-cyclohexene (1MCHe), 3-methyl-1-

cyclohexene (3MCHe), and 4-methyl-1-cyclohexene (4MCHe), shown in Fig. 1, are one example of 

compounds that are not well predicted by the QSAR model. As shown in Table 1, the YSI of 3MCHe is 

predicted to within 7 YSI units, while the other two isomers have a much lower measured YSI than 

predicted by the model. Predictions from the QSAR model are reasonable when compared to the YSIs of 

similar molecules. For cyclohexene, similar carbon types are found in cyclopentane (YSI=70.2) and 

cycloheptene (YSI=79.0). The higher prediction for 1MCHe is due primarily to the tertiary ring carbon, 

found in other high-sooting molecules like 1-methylcyclopentene (YSI=96.5) or 1-methyl-1,4-

cyclohexadiene (YSI=175.6). A unique feature of the reaction chemistry of cyclohexenes is their potential 

to undergo retro-Diels-Alder (retro-DA) reactions. We have previously shown that the over-prediction of 

YSI for cyclohexene is likely because its reaction via this pathway to form non-radical linear species is not 

well captured in the QSAR model.15 However, the activation energy barriers to retro-DA reactions are 

very similar for the three MCHe isomers, suggesting that this is not a factor in their different soot 

formation tendency.16 A preliminary analysis suggested that the higher sooting tendency of 3MCHe is 

caused by a lower energy barrier for initial hydrogen extraction and/or for breaking of the C–C bond of 

the methyl group. Both reactions lead to faster formation of polyaromatic hydrocarbon precursors.  
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Table 1. Measured and predicted YSI (unified scale) values of the three 

isomers of methyl cyclohexene and cyclohexene.16 

Compound YSI (measured) YSI (predicted) 

Cyclohexene 
 

45.6 ± 2.0 71.1 ± 5.7 

1-methyl-1-cyclohexene  
 

62.0 ± 3.0 108.4 ± 10.4 

3-methyl-1-cyclohexene 
  

85.0 ± 4.0 77.9 ± 5.8 

4-methyl-1-cyclohexene 
  

61.0 ± 3.0 80.4 ± 5.8 

 

The purpose of this work is to discover the underlying chemical mechanisms that dictate the different 

soot formation rates of the three MCHe isomers. This study utilizes flow reactor experiments and density 

function theory (DFT) calculations to investigate the formation of soot precursors. New pathways are 

discussed and compared with existing kinetic models. 

 

2. Methods 

2.1 Flow Reactor 

1MCHe was purchased from Sigma-Aldrich and 3MCHe and 4MCHe were purchased from TCI America. 

All compounds were used neat. Standard solutions of isoprene, 1,4-pentadiene, and trans-1,3-

pentadiene were purchased from Sigma-Aldrich and used to verify elution order and positive 

identification. 
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The flow reactor is an 13 mm diameter by 75 cm long quartz tube. Organic reactants are fed via a syringe 

pump with a 22 gauge needle at a flow rate of 10 µL/min. Helium, oxygen, and argon (as a tracer) were 

metered using mass flow controllers and introduced at the inlet of the reactor along with the fuel. The 

flow rate of the helium was varied with temperature to maintain a constant residence time. Oxygen was 

used at a stoichiometric air-to-fuel ratio. The temperature ranged from 850K up to 1100K, in 25K 

increments. The residence time was 0.35 s. Helium dilution was used to keep the reactor under safe 

operating conditions (well below the lower explosive limit). 

Reaction products were analyzed using two gas chromatographic (GC) systems. The first was a 6890 

series II GC (Agilent Technologies) equipped with two 60m x 0.25 µm x 0.25 µm DB-1 wax columns for 

dual mass spectrum (MS) and flame ionization detector (FID) detection. The GC/MSFID system directly 

samples effluent from the reactor through a heated 4’ transfer line equipped with a 6-port sampling 

valve. This GC system is capable of analyzing the >C4 hydrocarbon products as well as some oxygenated 

species. Standards of the MCHe and benzene were run through the reactor system for calibration. 1,4-

pentadiene, trans-1,3-pentadiene, and isoprene were also run for elution order purposes. A sample of 

dicyclopentadiene (Sigma Aldrich) was dissolved in dichloromethane and injected at 400°C resulting in 

the formation of the cyclopentadiene monomer which was also used for retention time verification. 

A second GC system was utilized to quantify the <C4 hydrocarbons and CO2 and CO. The effluent gas was 

collected in a 3.2 L summa canister which was injected on a secondary GC system. This GC is equipped 

with a FID for analysis of C1-C5 hydrocarbons, and two thermal conductivity detectors (TCD) for analysis 

of permanent gases and water. Separation was by proprietary columns from Wasson-ECE 

Instrumentation, Fort Collins, CO. Note that this system is not able to identify or quantify acetylene and 

therefore we are not addressing any potential role that acetylene might have in soot formation from the 
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methyl cyclohexene isomers. The GC responses for reactants and products were calibrated using 

purchased gas standards of known concentration. 

 

2.2 Computational methods 

We performed DFT calculations using Gaussian 0917 for each of the MCHe isomers including relative 

energies for some important radical species and retro-DA reaction pathways. Geometry optimizations 

along the reaction pathways were conducted with the hybrid GGA B3LYP density functions and the 6-

311++G(d,p) basis sets. The composite G418 methods for DFT calculations of all 3 isomers including 

reactants, products, and transition states were followed to fully optimize all stationary points. Composite 

G4 was chosen to give radical formation enthalpies closest to values recommended in the Active 

Thermochemical Tables compared to other methods, and gives the smallest confidence intervals against 

experimental formation enthalpies of 38 open- and 45 closed-shell species (4.5 and 6.2 kJ mol-1, 

respectively, as shown in Simmie et al.). 19  The transition states were confirmed by one imaginary 

frequency and the intrinsic reaction coordinate (IRC) calculations were performed to relate the relevant 

reactant and product complexes.  

 

3. Results and Discussions 

Results of flow reactor experiments are shown in Fig. 1. Fig. 1a shows reactant concentration as a 

function of temperature. 3MCHe is slightly more reactive in this experiment (although all three isomers 

have essentially identical cetane numbers of 25 to 26). Fig. 1b shows concentrations of the expected 

retro-DA reaction products. Ring opening and molecular weight reduction occurring in retro-DA is 

moving away from particle formation precursors – as compared to dehydrogenation reactions that 

preserve the ring to form cyclic dienes and aromatics. 1MCHe and 4MCHe react to a much greater extent 
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via retro-DA than 3MCHe, in agreement with the earlier proposal that 3MCHe will preferentially undergo 

hydrogen extraction or breaking of the methyl group C-C bond to explain the higher YSI of 3MCHe.16 

Additionally, as shown in Fig. 1c 3MCHe produces a much greater yield of cyclic dienes, primarily 

cyclopentadiene and methyl cyclopentadienes. Cyclopentadienes are likely derived from 

cyclopentadienyl radicals that can couple directly to form naphthalene.20 Cyclohexadiene was identified 

but at extremely low levels (only 0.1% of chromatogram area in the maximum case). Fig. 1d shows total 

aromatics (benzene, toluene, ethyl benzene, styrene, and xylenes) which are highest at all temperatures 

for 3MCHe. 

To identify which reaction pathways of MCHe isomers are currently included in the 2014 Lawrence 

Livermore National Laboratory (LLNL) MCHe chemical kinetic model,21 a reaction pathway analysis was 

performed by simulating perfectly stirred reactors (PSR) using the CHEMKIN package.22 The PSR was 

simulated at equivalence ratio of 2, ambient pressure and inlet temperature (T) of 300 K, and reaction 

pathway was analyzed at T≈1756 K and residence time of 0.1 s. It was aimed at differentiating soot 

precursor pathways, specifically toluene vs. retro-DA reaction pathways – not at simulating the 

experimental reactor. In general, oxidation was by O2, O, and OH. The hydroxyl radical is shown as the 

primary oxidant under the fuel rich conditions,23,24,25 but the radicals formed (i.e. abstraction by OH, R, 

H, HO2, O, O2, etc.) are inconsequential to the conclusion of this study and the pathways we were 

investigating. Therefore, in all our energy calculations, we made the simplifying assumption that the 

hydroxyl radical was the exclusive chain propagator.  
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Fig. 1. Reactant and product concentrations as a function of temperature: a) MCHe reactants, b) 

expected retro-DA products (higher molecular weight), c) total cyclic dienes (cyclopentadiene, methyl 

cyclopentadiene isomers, and cyclohexadienes), and d) total aromatics (benzene, toluene, ethyl 

benzene, styrene, and xylenes). 

 

The competing reaction pathways of 3MCHe to form toluene and retro-DA products (ethylene and 1,3-

pentadiene) are shown in Fig. 2. The barriers for H-abstraction from 3MCHe by OH radicals are small 

(<5kcal/mol) and result in the formation of 5 different radical species (3MCHe_1rad, 3MCHe_4rad, 

3MCHe_2rad, 3MCHe_3rad, 3MCHe_0rad) with Gibbs free energy of reactions of -39.0, -36.8, -22.3, -

22.9 and -19.6 kcal/mol, respectively. Two of the radical species (3MCHe_1rad and 3MCHe_4rad) are 

approximately 20 kcal/mol more stable than the rest of radical species due to the resonance stabilization 

between the radical site and the ring double bond. Unimolecular [1,2]H-shift rearrangements barriers 
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are also shown in Fig. 2 depicted by red lines connecting two of the radical species. The activation energy 

barriers for [1,2]H-shift rearrangements from the more stable radicals (3MCHe_1rad and 3MCHe_4rad) 

to the less stable radical species (3MCHe_2rad, 3MCHe_3rad, 3MCHe_0rad are high (48.0, 51.4, and 

46.7 kcal/mol, respectively) compared to the activation energy barriers of the reverse reaction (31.3, 

32.0, and 32.8 kcal/mol, respectively). Therefore, in the absence of any rapid secondary reaction 

pathways, the thermodynamic driving force should result in a higher population density of the two stable 

radical species (3MCHe_1rad and 3MCHe_4rad) which are not proposed in 2014 MCHe LLNL 

mechanism.21 As shown in Figure 2, [1,2]H-shifts are typically assumed to be uncompetitive under 

autoignition conditions: however, at the temperatures considered in our simulations the [1,2]H-shift 

transition states are similar in stability to C-C β-scission. More pathways are accessible and in 

competition at higher temperatures. 
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Fig. 2. Reaction pathways of 3MCHe to form possible soot precursors with retro-DA reaction products 

as a competing pathway (T≈1756 K). All lines indicate elementary steps. Blue lines indicate a bimolecular 

oxidation reaction with an OH radical. Unimolecular [1,2]H-shift rearrangements are shown in red lines. 

Black lines indicate a unimolecular retro-DA reaction either concerted or step-wise mechanism. All 

energies were calculated using the composite G4 theory and are reported in kcal/mol relative to 3MCHe. 

Black energies are local minima while red energies are activation free energy barriers. “N” denotes 

pathways that are missing from the 2014 LLNL MCHe chemical kinetic model.21 

 

For the retro-DA reaction, two possible pathways, concerted and step-wise, are proposed in Fig. 2. The 

concerted mechanism directly occurs from reactant (3MCHe in Fig. 2) to produce ethylene and 1,3-

pentadiene with a 61.0 kcal/mol activation energy barrier. In step-wise retro-DA, the reaction initiates 

with a ring opening of 3MCHe_0rad followed by C-C bond breaking to produce 1,3-pentadiene radical 

and ethylene with a 29.4 kcal/mol barrier height (relative to 3MCHe_0rad). 1,3-pentadiene radical 

reduces with hydrogen to produce 1,3-pentadiene, and the overall computed ΔG value is 32.2 kcal/mol. 

Alternatively, 1,3-pentaidene radical can eliminate an H atom to cyclize and form cyclopentadiene (not 

shown). The step-wise retro-DA could be a competing pathway for formation of the soot precursor 

toluene. However as previously discussed, 3MCHe_0rad prefers to isomerized to 3MCHe_1rad via a 

[1,2]H-shift rearrangement due to the resonance stabilized radical species than the retro-DA pathway. 

Further oxidation of the five radicals (3MCHe_1rad, 3MCHe_4rad, 3MCHe_2rad, 3MCHe_3rad, 

3MCHe_0rad) can result from either OH abstraction or unimolecular C-H scission. Regardless, the end 

result is the same: a methylcyclohexadiene species that can rapidly oxidize further to soot precursor 

toluene or 3-methylene-1,4-cyclohexadiene.  
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Fig. 3. Reaction pathways of 1MCHe (T≈1756 K). Notation is consistent with Fig. 2. All energies were 

calculated using the composite G4 theory and are reported in kcal/mol relative to 1MCHe.  

 

Detailed reaction pathways for 1MCHe and 4MCHe are shown in Figs 3 and 4 respectively. Recall that 

these two species exhibit similar experimental YSI values (see Table 1). Both 1MCHe and 4MCHe form 

different radical species and intermediates because of its different double bond position. The barrier of 

reaction and heats of reactions are similar between the three isomers, including the retro-DA pathway 

(61-63 kcal/mol). The primary difference is in the stability of the radical intermediate that can undergo 

the stepwise retro-DA pathway. In 3MCHe, it is the less-stable 3MCHe_0rad that can undergo the retro-

DA reaction. The thermodynamic driving force shifts the population density away from that radical and 

toward the more stable 3MCHe_1rad, which can only proceed via oxidation toward toluene formation. 

In the case of 1MCHe and 4MCHe, the more stable radical is the exact species that can undergo the 
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stepwise retro-DA pathway or toluene formation. Therefore, these two isomers are able to divert 

significant product away from toluene (soot precursor) and toward retro-DA products routes (isoprene 

and ethylene for 1MCHe and butadiene and propylene for 4MCHe). In comparison with experimental 

results (Fig. 1) we see that this is exactly the case, 3MCHe leads to a significantly higher amount of cyclic 

dienes and aromatics (precursors to toluene) in Fig. 1c and 1d and a concomitant lower production of 

retro-DA products (1,3-pentadiene in Fig. 1b) than the other two isomers.  

 

Fig. 4. Reaction pathways of 4MCHe (T≈1756 K). Notation is consistent with Fig. 2. All energies were 

calculated using the composite G4 theory and are reported in kcal/mol relative to 4MCHe. 

 

4. Conclusions 

A comparison of experimental YSI values for the three methyl cyclohexene isomers with predictions from 

structure-property model shows that the model over predicts YSI significantly for 1MCHe and 4MCHe 
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but provides a reasonable estimate for 3MCHe. Flow reactor experiments show that 1MCHe and 4MCHe 

form retro-DA products to a much greater extent than 3MCHe. 3MCHe forms higher levels of cyclic diene 

and aromatic soot precursors. The theoretical analysis demonstrates that the relative stability of the first 

radical intermediate plays a considerable role in determining the branching ratio between soot 

precursors (e. g. toluene) and retro-DA products (low sooting) formation pathways. 
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