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Abstract 

A detailed experimental study of the low-to-intermediate temperature combustion of methylbutene 

isomers, i.e., branched C5 alkenes, has been undertaken with multiple experimental facilities. Ignition 

delay times were measured at equivalence ratios 0.5–2.0, 685–1020 K and up to 45 bar condition from 

two rapid compression machines and showed slight deviation from an Arrhenius behavior for all three 

isomers, while their reactivity order differs as temperature changes. Sampled intermediates formed 

during the oxidation process of mixtures at 900–1150 K and 0.82 bar from a flow reactor and at 730 K 

and 20 bar from a rapid compression machine were analyzed using gas chromatography techniques. 

Trends in the formation and consumption of sampled intermediates were modeled using a kinetic model 

developed in this work for all three isomers. Rate of production and sensitivity analyses emphasize the 

role of double bond-specific reactions governing the global reactivity of these fuels. Additional studies of 

the addition reactions of HO2 radicals to the double bond and to allylic radicals may improve the model 

performance. 

1. Introduction 

Conventional transportation fuels consist of multiple hydrocarbon families, e.g., alkanes, alkenes, 

cycloalkanes, aromatics, etc., whose combustion behavior under engine-relevant conditions is highly 

dependent on their reaction kinetics. Among these families, alkenes are of special interest thanks to 

their high research octane number (RON) and large octane sensitivity (S), making them promising 

blendstocks for advanced fuels designed for highly boosted and downsized SI engines [1–6]. In US 

gasolines, C5 to C7 alkenes are most common with branched alkenes being more prevalent because of 

their higher octane rating [7]. Alkenes also are formed in significant quantities during the oxidation of 

alkanes, making the development of accurate kinetic models for their oxidation relevant to simulations 

of alkane fuel components or alkane mixtures [8,9] in fuel-rich conditions.  

Despite their role in the combustion chemistry of alkanes as intermediates, the oxidation kinetics of 

alkenes are not yet satisfactorily described in the low-to-intermediate temperature combustion regime 

[10]. For example, continued efforts on the comprehensive kinetic modeling of larger alkanes such as 

isooctane (2,2,4-trimethylpentane) [11–13] and n-heptane [14] have been quite successful, while the 

most notable recent progress on branched alkene models concern isobutene [10,15], 2-methyl-2-butene 

[16,17], high-temperature combustion models of 2-methyl-1-butene [18], methylbutene isomers [19,20] 

and tetramethylene [21]. Some literature is available for linear alkenes, e.g. 1-pentene [22,23], 1- and 2-

pentene [24], linear hexene isomers [9,25–27] and linear heptene isomers [28–30]. Notably, studies of 

the kinetics responsible for the ignition of the isomers of hexene have demonstrated the relationship 

between the double bond position and the global reactivity. It was observed that the global reactivity 

towards ignition is inhibited as the C=C double bond moves towards the center of the molecule 

[9,22,24,25,29]. For larger branched alkenes, e.g. diisobutylene isomers, only one kinetic model focused 

on its high temperature chemistry was available [31] until the late 2010s; within the last 3 years, 

comprehensive kinetic modeling studies for 2,4,4-trimethyl-1-pentene [32] and both 2,4,4-trimethyl-1- 

and -2-pentene [33] have been conducted. In addition to that, intermediate species formed under the 

low-temperature combustion regime were experimentally observed [34] and theoretical calculation 



results are also now available on their elementary reaction rates [35,36]. These previous efforts revealed 

that the specific reaction pathways relevant to the C=C double bond have a significant impact on the 

global reactivity of alkenes at low temperatures, inhibiting the reaction pathways responsible for the 

typical low temperature ignition of alkanes. Theoretical studies have also advanced our knowledge 

towards understanding this specific reaction chemistry [37–40]. Detailed experimental measurements 

such as speciation under engine-relevant conditions are essential in validating kinetic models but are 

largely absent from the literature.  

This study focuses on the low-to-intermediate temperature combustion kinetics of branched C5 

alkenes—namely 2-methyl-1-butene (2M1B), 2-methyl-2-butene (2M2B), and 3-methyl-1-butene 

(3M1B), as shown in Fig. 1. These are all C5 branched alkenes that are commonly present in US gasolines. 

Among them, 2M2B has drawn more attention due to its structure where 9 of 10 C-H bonds are allylic 

[16]. The presence of so many allylic C-H bonds makes 2M2B a very attractive candidate to study 

resonance stabilized radical kinetics and the influence of the carbon-carbon double bond on short alkyl 

chains. For example, Ray and Waddington conducted a speciation study of 2M2B and 2,3-

dimethylbutene using a static reactor and discussed their oxidation processes at 550 K [41]. The authors 

identified major intermediate species, e.g., 3-methyl-3-hydroxy-2-butanone, 2-methyl-3-hydroxy-1-

butene, 3-buten-2-one, 2-methylpropenal, 2-butanone, and 3-methyl-3-buten-2-one from 2M2B. A 

kinetic model for the oxidation of 2M2B was proposed by Westbrook et al. [16] and validated with jet-

stirred reactor speciation results obtained at 600–1100 K and shock tube experiments over 1330–1730 K 

at various pressures and equivalence ratios. No negative temperature coefficient (NTC) behavior was 

observed by Westbrook et al. [16] and their findings were corroborated by Yin et al. [39] in their jet-

stirred reactor oxidation and pyrolysis experiments for 2M2B. A recent high-temperature shock-tube 

and kinetic modeling study also stressed the need for detailed studies of 3M1B in the low- to 

intermediate-temperature regime [18]. Finally, very recently, laminar flame speeds and ignition delay 

times were measured at high temperatures for 2M1B and 2M2B [42]. 

 

Figure 1: Chemical structures of the studied isomers. 2M1B: 2-methyl-1-butene, 2M2B: 2-methyl-2-butene, 3M1B: 3-methyl-

1-butene. 

In this study, a self-consistent, comprehensive oxidation model of the methylbutene isomers is 

proposed and validated using new ignition delay time (IDT) measurements from rapid compression 

machines (RCMs) over a wide temperature and pressure range, along with speciation measurements 

from an RCM and a flow reactor.  

2. Experimental setup 

2.1. NREL flow reactor 



Methylbutene isomers were purchased from Sigma-Aldrich and were ≥ 98% pure. Analysis was 

performed in a straight quartz tube flow reactor that is open to the atmosphere and operates under 

ambient laboratory conditions in Golden, Colorado, USA, (i.e., approximately 0.82 bar). The reactor has 

been described previously [43]; a brief description follows. The reactor consists of a tube that is 762 mm 

in length and is housed inside a temperature-controlled ceramic furnace with a heated zone length of 

711 mm. Helium is utilized as the inert gas carrier and is introduced at the inlet of the reactor along with 

oxygen and fuel via a glass Y-union. The fuel is delivered at 10 µL/min via a syringe pump, and the 

helium and oxygen gases are introduced through mass flow controllers. The helium flow was reduced to 

maintain a constant residence time δ = 0.35 s as the temperature is increased, resulting in a progressive 

increase in the fuel and O2 mole fraction as the reactor temperature increases, as visible in Figs. 3-5. The 

oxygen flow was maintained to impose an equivalence ratio of 1. The details of all the conditions 

investigated for each isomer and obtained experimental results are provided as Supplemental Material. 

The effluent of the reactor is sampled directly into an inert gas sampling line that is held at 75°C to avoid 

condensation of the collected species inside the line. Gas is drawn into the sampling line using a vacuum 

pump that feeds two identical sample loops in two separate GC systems that are used to measure and 

characterize the sampled species. GC1 is equipped with two identical 60m x 0.25 µm x 0.25 µm DB-1 

columns (Agilent Technologies) for simultaneous analysis of C4+ hydrocarbons quantitation utilizing a 

FID and positive identification by a MS. GC2 utilizes a Dean switch with three columns: Quantitation of 

the low molecular weight hydrocarbon gases (e.g. methane and ethylene) is performed using an FID, 

and carbon dioxide (CO2) and carbon monoxide (CO) are quantitated using two separate TCDs. The low 

molecular weight gases are separated on a Restek Rt-Alumina BOND 30 m x 0.32 µm x 5 µm column, 

while CO2 is quantitated on a Restek Rt-QPLOT 50m x 0.32 µm x 5 µm column, and CO is quantitated on 

a Restek Rt Mol Sieve 30 m x 0.53 µm x 50 µm column. GC1 is calibrated using n-heptane as a standard 

and species were quantitated using the effective carbon number (ECN) method based on n-heptane 

response [44]. GC2 is calibrated with standard gas mixtures of known concentration prepared in helium 

purchased from Matheson Gas as shown in Table S1 of the Supplemental Material. CO and CO2 were 

calibrated utilizing a separate mixture at 5000 ppm concentration in nitrogen (Matheson Gas). 

Measurement uncertainties are assumed to be about 15% for GC1, which is due to the use of the ECN 

method, variations in the sample delivery/sampling system, as well as the relatively higher molecular 

weight species measured in this system. GC2 quantitates lower molecular weight species which are 

easier to evaporate and have direct calibration standards and the associated uncertainty is assumed to 

be 10%. 

2.2. Université de Lille (ULille) RCM 

The ULille RCM was used to measure the ignition delay times (IDTs) of all three isomers and sample the 

reactants and intermediates during the ignition delay period. The driving piston is run by compressed air, 

which is mechanically engaged to the driven piston with a right-angle design metallic cam element to 

permit a repeatable compression phase. The grooved section at the end of the cam element holds the 

driven piston still at the end of the compression stroke to prevent piston rebound and keep the 

combustion chamber volume constant. The formation of a roll-up vortex from the thermal boundary 

layer during the compression stroke, which could eventually result in a considerable temperature field 

inhomogeneity [45], is prevented by using a creviced piston [46] and keeping the compression time 



around 45 ms [47,48]. The combustion chamber has a bore of 50 mm and a stroke of 200 mm, and the 

compression ratio was set to 10.27. This cylindrical chamber is preheated by electric band heating 

elements with a maximum temperature deviation of 1 K along the axial direction. The pressure history 

throughout the experiment is acquired by a thermal shock-protected Kistler 6052CA31 piezoelectric 

transducer and a Kistler 5018 charge amplifier at 25 kHz signal sampling frequency. 

The reactant mixtures were prepared in glass vessels by using the partial pressure method. Chemical 

products were purchased from Sigma-Aldrich with purities superior or equal to 98% (2M1B) or 95% 

(2M2B and 3M1B). Since 2M1B and 2M2B are in liquid phase at standard room temperature, they were 

conditioned by repeated freeze-thaw purification cycles to remove any eventual dissolved gases before 

the preparation of mixtures. This purification process of the fuel was unnecessary with 3M1B since this 

product was provided as a liquefied gas. N2, O2, and Ar were over 99.99% purity and supplied by Air 

Liquide. The initial temperature of the combustion chamber was fixed to 60±2 °C. The post-compression 

core gas temperature Tc was evaluated from the exact initial temperature, initial and compressed 

pressures assuming an adiabatic core and varied by using different inert gas compositions as provided in 

Table 1, while their inert-to-oxygen ratio was maintained at 3.76:1. Tc varies slightly for the different 

isomers, as their specific heat ratios are not completely identical to one another. Additional experiments, 

where O2 was replaced by N2, were performed to extract the volume histories used in the modeling of 

the experimental results [49], and are available as supplemental material. Representative pressure 

profiles for this study are pictured in Fig. 6a. 

Table 1. Mixture mole fractions prepared for ULille RCM. 

x_C5H10 x_O2 x_N2 x_Ar Tc, avg [K] 

0.02725 0.2044 

0.7684 0 700 

0.6916 0.07684 713 

0.6147 0.1537 728 

0.5379 0.2305 743 

0.4610 0.3074 759 

0.3842 0.3842 776 

0.2920 0.4764 798 

0.2075 0.5609 820 

0.1306 0.6378 842 

0.06916 0.6992 862 

0 0.7684 888 

 

Sampling experiments are conducted by trapping the compressed mixture within a sampling canister 

through a sudden expansion at a desired time during the ignition delay period. The reactivity is frozen 

during the expansion process thanks to a volumetric ratio superior to 40 to 1, as demonstrated before 

[34,50]. Stable intermediate species formed during the ignition delay period are then identified and 

quantified by a Bruker Scion gas chromatography/mass spectroscopy (GC/MS) analyzing bench, in which 

the mixture is sent after separation by a Restek RT-QBond to two separate detection lines: A Mass 

spectrometer dedicated to identification of the intermediates, and a thermal conductivity detector (TCD) 



- flame ionization detector (FID) line for quantification. Calibration was performed using in-house 

prepared mixtures for the fuels, and the ECN method for the quantified intermediates. An uncertainty 

on the reported selectivities of about 15% is assumed and is mostly due to the use of the ECN method, 

the complexity of the sampling, and the typical uncertainty of GC systems. 

2.3. Argonne National Laboratory (ANL) RCM 

ANL’s twin-piston RCM (tpRCM) was utilized to acquire autoignition data for 2M2B. A detailed overview 

of the configuration as well as uncertainties associated with experimental measurements can be found 

in [51]. A brief overview is presented here. The tpRCM is pneumatically-driven and hydraulically 

controlled, using two opposed pistons to create the compression process. A ring-groove arrangement in 

the hydraulic chambers is used at the end of the stroke to facilitate deceleration, while the hydraulic 

chambers are pressurized during the test period to minimize piston rebound at ignition. The reaction 

chamber has a 50.8 mm bore with a nominal clearance height at maximum compression of ~25.5 mm; 

the volumetric compression ratio is near 12.1:1. The reaction chamber pistons incorporate crevices 

machined around their circumference to suppress vorticular motion during, and post-compression [47], 

as with the ULille RCM. The robustness of the configuration for the current study was verified, as 

demonstrated by Bourgeois et al. [52]. 

The exterior of the reaction chamber is heated using a combination of band, tape, and cartridge heaters, 

with high density insulation fitted between the flanges of the cylinders and the hydraulic chamber. 

Thermal uniformity of ±0.2% is achieved in the axial and azimuthal directions across the interior and 

exterior surfaces. The initial temperature of the chamber is varied from 30 to 85°C, with two different 

diluent gas blends to cover a range of compressed core gas temperatures, which is slightly different than 

the ULille technique. The dynamic pressure is measured using a Kistler 6045A-U20 transducer, regularly 

calibrated to 250 bar, and coupled to a Kistler 5064 charge amplifier. The 6045A-U20 is designed for 

thermal shock resistance (ΔPmax≤±1%) and incorporates a reinforced diaphragm for knock protection. 

The signal is recorded with a NI 9239 (24-bit/50kHz) data acquisition card, with the Savitzky-Golay 

algorithm applied to condition the record using a second-order fit in a filtering window of 0.25 ms. 

Estimates of uncertainty and statistical (i.e., month-to-month) variations in the measurements are about 

± 10% for ignition time. The non-reactive tests are also used to derive effective volume-time histories for 

chemical kinetic modeling where the rates of compression heating and pressure/temperature decay due 

to heat loss during the induction period can be reasonably taken into account [49]. The obtained 

volume-time histories are included in the supplemental material. 

As with the ULille RCM, the post-compression core gas temperature Tc was evaluated assuming an 

adiabatic core. An uncertainty analysis associated with ANL’s tpRCM is documented in [51], leading to 

±1.0% in conservative estimate to Tc.  

A 5.6-L stainless steel tank, heated to ~70℃, is used to prepare the fuel, diluent (Ar and N2), and O2 

mixtures at different equivalence ratios. Liquid 2M2B (≥99% purity) at room temperature is first injected 

into the evacuated tank through a septum, and then the high purity gases are supplied in the sequence 

of Ar (99.9997%, Airgas), N2 (99.9998%, Airgas), and O2 (99.9997%, Airgas). No freeze-thaw purification 



was performed for the 2M2B used in these tests. However, the effect of eventual dissolved gases is 

expected to be minimized when the fuel is injected from a syringe directly into the tank, in comparison 

with the evaporation technique used in ULille. After blending the constituents, the mixture is allowed to 

diffusively mix for a minimum of 45 minutes before beginning the tests. The evaporation efficiency of 

each test fuel is calculated from ideal gas relationships, with ~95% typically achieved, while the mass of 

fuel and partial pressure of gaseous components are used to determine the molar composition of the 

mixture. Detailed mixture compositions are provided in Table 2.  

Table 2. Mixture mole fractions prepared for tpRCM. Note that these mixtures are in diluted condition, compared to 

standard air composition. 

Equivalence ratio x_2M2B x_O2 x_N2 x_Ar 

0.5 
0.00825 0.12375 0.86800 0 

0.00823 0.12373 0.43429 0.43375 

1.0 
0.01634 0.12254 0.86112 0 

0.01637 0.12259 0.42954 0.43150 

2.0 
0.03218 0.12083 0.84699 0 

0.03219 0.12067 0.42259 0.42455 

 

3 Kinetic modeling 

The kinetic model developed in the present work is based on the high temperature modeling work of 

[16] for 2M2B, [18] for 3M1B and [53] for 2M1B. The reaction classes relevant to alkene oxidation, as 

previously identified [15,25] have been implemented to build a consistent kinetic model of the three 

methylbutene isomers at low-to-intermediate temperature conditions. These different classes, as well 

as the origin of the used rate coefficients, are detailed below.  

3.1. Radical Addition reactions 

It has been demonstrated in previous studies that radical addition reactions to the double bond 

constitute an important contribution to the reactivity of alkenes in the low-temperature region [9,15]. 

The accurate description of these pathways can also play an important role in the prediction of the 

reactivity at all temperatures. The addition of an OH radical to the double bond in propene has been 

studied theoretically by Zádor et al. [54] and their calculations were adopted for analogous addition 

reactions of the methyl butenes in this study. At low temperatures, the primary product expected from 

the alkene+OH reaction is an hydroxyalkyl radical which will typically be followed by addition of O2. For a 

long time, this HORO2 radical has been understood to undergo Waddington decomposition [41]. This 

proceeds through intramolecular H-transfer from OH to the peroxy moiety followed by rapid 

decomposition producing two carbonyl molecules and an OH radical, thereby constituting a chain-

propagating reaction sequence. Recent theoretical works [55] have shown that HORO2 radicals could 

participate in pathways, classified as alternative-Waddington pathways, depending on the structure of 

the parent molecules. These alternative-Waddington pathways proceed through intramolecular H-

transfer reactions producing OHQOOH radicals, in a similar fashion to RO2 to QOOH isomerizations 

which are typically observed for alkanes. OHQOOH radicals could participate in many of reactions which 

include unimolecular decompositions, second O2 additions and formation of hydroxy-cyclic ethers. All 



these reaction classes have been considered in the present mechanism using analogous reaction rate 

parameters from [55]. These alternative-Waddington pathways have been found to be considerably 

active in determining the reactivity of linear pentenes [56] and di-isobutylene isomers [33].  

At low to intermediate temperatures and pressures over one atmosphere, HO2 addition to the double 

bond will typically yield a QOOH radical, an epoxide+OH, or a peroxy radical as discussed in [37]. The 

specific QOOH and RO2 radical isomers formed are dependent on the carbon atom in the double bond 

with which the HO2 radical reacts. The QOOH radical can also subsequently undergo a unimolecular 

reaction forming an epoxide+OH, thereby converting a relatively unreactive HO2 radical into a reactive 

OH radical. At very low temperatures, the addition of HO2 to an alkene results in an RO2 radical [37]. All 

three potential product channels (QOOH, epoxide+OH, RO2) relatively enhance the reactivity of the 

methyl butene isomers in the low to intermediate temperature range and the hydrocarbon products 

correspond to intermediates in the submechanism for isopentane [57]. O-atom addition reactions to the 

double bond were also included by adopting analogous reactions based on calculations by Cavallotti et 

al. [58]. Furthermore, the reactions and the associated rate parameters related to H-radical addition to 

methyl-butene isomers have been updated in the present mechanism using the kinetics from a recent 

ab-initio study of Power et al. [59]. This PES modelled in the mechanism included formation of iso-pentyl 

radicals, and the chemically activated pathways. These chemically activated pathways include formation 

of pentyl isomers and β−scission pathways producing smaller fragments (C1-C4). 

 

3.2. H-abstraction reactions 

2M1B and 3M1B possess alkylic, allylic, and vinylic carbon atoms while 2M2B has only allylic and vinylic 

carbon atoms. All H-atom abstraction reaction rate parameters were calculated by Power et al. [59] and 

adopted in this work. The H-atom abstractions by O2, O, OH, HO2, CH3 and CH3O2 at alkylic positions are 

taken similar to alkanes in [60]. At allylic positions, the H-atom abstractions reaction rate parameters are 

estimated on the basis of propene or but-1-ene. For the three isomers, three different allylic carbon 

sites are considered: primary allylic (PA), secondary allylic (SA) and tertiary allylic (TA). The PA and SA 

sites are estimated by similarity to propene and but-1-ene considering the H-atom abstractions by O2 

[61], by OH [54,62], by HO2 [37], by O, CH3, CH3O and CH3O2 [60]. The H-atom abstraction reactions at a 

TA site are taken in analogy with but-1-ene but with 1 kcal/mol reduction on the activation energy to 

consider the difference in the bond dissociation energy in C-H for a secondary and tertiary site. The H-

atom abstraction reaction rates at vinylic carbon sites by H, O, OH, HO2, O2 and CH3 are taken similar as 

propene from the work of Burke et al. [63]. 

3.3. Further reactivity of allylic radicals 

Allylic radicals are formed by H-atom abstraction from methylbutenes and their subsequent reactions 

are described in the kinetic model. The reactions of allylic radicals considered include reactions with O2, 

HO2, self-recombination reactions, and recombination reactions with methyl-radicals. 

Addition of allylic radicals to O2 lead to the formation of allylic peroxy adducts. The well-depths for 

addition of O2 allylic radicals are shallower (~ 20-24 kcal/mole) compared to that of alkyl-peroxy adducts 

and for a long time these adducts have not been included in kinetic mechanisms. However, our recent 

mechanisms for iso-butene [10] and di-isobutylene [33] have shown that allylic-peroxy adducts could 



have a considerable effect on the reactivity of olefins. For this reason, we have added these reaction 

classes into our mechanism using the kinetics from Chen and Bozzelli [64]. These reactions, in the case 

of methylbutenes isomers, facilitate the formation of isoprene (B13DE2M), unsaturated aldehydes or 

unsaturated ketones. Additionally, the kinetic model recently published by Grajales-Gonzalez et al.[65] 

for the pyrolysis of isoprene was included in the present model. 

The addition of an HO2 radical at an allylic site can form an unsaturated hydroperoxide at low 

temperatures. This unsaturated hydroperoxide will decompose to an alkenoxy radical and an OH radical. 

At higher temperatures, this unsaturated hydroperoxide adduct becomes thermally unstable and the 

R+HO2 reaction proceeds via well-skipping to the alkenoxy radical and an OH radical. Rate coefficients 

for HO2 addition to allylic radicals were adopted based on analogy to the allyl+HO2 reactions from 

Goldsmith et al. [66] [67]. Finally, the addition of oxygen atoms to the allylic radicals were modelled 

using benzyl + O analogies from the study of da Silva and Bozzelli [68]. 

H-shift isomerizations [69] and β-scissions [60] are significant pathways in the high temperature 

chemistry of isopentenyl radicals. The self-recombination reactions of allylic C5H9 radicals were also 

considered and the kinetic parameters are estimated to be the same as allyl recombination [70]. The 

reactions of allylic C5H9 with methyl-radicals have also been considered and have been modelled using 

analogies from iso-butene chemistry. 

3.4. Further reactivity of vinylic radicals 

Because of the high bond dissociation energy of vinylic C-H and C-C bonds compared to allylic bonds, the 

formation of vinylic methylbutenyl radicals only becomes of some importance at higher temperatures. 

The reactions of such radicals with O2 were adopted using analogous reactions from [71]. 

3.5. Reactivity of alkylic radicals 

As in the case of allylic radicals, the unimolecular pathways for alkylic methylbutenyl radicals were 

included based on the calculations by [72]. The pathways following O2 addition, which include RO2 to 

QOOH isomerization pathways were included following rate coefficient suggestions by [40]. These 

isomerizations are favored by the presence of allylic sites, which has a strong influence on the formed 

products. Using the CBS-QB3 method, You et al. [40] explored the potential energy surface of the 

alkenylperoxy radicals and computed reaction rate constants using canonical/variational transition state 

theories. Interestingly they found that RO2 intramolecular ring closure reactions show a lower energy 

barrier in comparison to internal H-atom migration reactions or concerted HO2 elimination reactions. 

The corresponding pathways for the alkylic radicals formed by 2M1B and 3M1B are illustrated in Fig. 2. 



 

Figure 2: Favored reaction pathway of alkyl radicals + O2 through intramolecular addition reactions 

After the intramolecular ring closure of the alkylic RO2, the resultant radical may proceed through a 

unimolecular reaction producing an alkoxy epoxide radical. The β-scission of this alkoxy epoxide radical 

produces formaldehyde and alkyl epoxide radical. Due to the relatively low energy barrier of the RO2 

intramolecular ring closure, these reactions can play a role in the reaction kinetics of the alkylic 

methylbutenyl radicals and are included in the current kinetic model. 

4. Results and discussion  

4.1. Speciation from the NREL flow reactor 

Mole fractions of the several intermediate species at intermediate temperatures were measured at the 

outlet of a flow reactor in NREL and are compared with simulation results in  Figs. 3-5. The simulations 

were performed using Cantera [73] as a plug flow reactor, which was modeled as a linear chain of zero-

dimensional reactors. The composition of the first reactor was specified as the initial mixture 

composition (of the experiments) and for the succeeding reactors the inlet composition was the outlet 

composition of the reactor upstream. The individual zero-dimensional reactor temperatures were set 

based on the temperature profiles of the flow reactor provided in the Supplemental Material. All three 

isomers share a common pathway which leads to the production of isoprene in significant amounts as 

reported by Arafin et. al. in shock tube experiments [20]. In the case of 2M1B, the conversion of the fuel 

is observed at temperatures above 950 K and increases with temperature until all fuel is converted at a 

temperature of about 1080 K. The observed conversion is accurately reproduced by the model as seen 

by the predicted 2M1B profile shown in Fig. 3. Conversion of the fuel yields significant amounts of 

methane, isoprene, and CO, all of them being well captured in the simulations. At lower reactor 

temperatures, the initial formation of propyne is observed and well captured, but propyne is 

overpredicted by a factor of 3 at higher temperatures. Traces of soot pre-cursor components 

(cyclopentadiene) and aromatic compounds were also measured; the most abundant being benzene, 

followed by toluene, ethylbenzene, and xylene. The model agreement on these species is fair, with the 

modeled mole fraction of benzene being underestimated by the model by about a factor of two. 



 

 

Figure 3: Comparison of experimental (symbols) and simulated (lines) mole fraction-temperature profiles obtained in the 

NREL flow reactor during the oxidation of 2M1B. ф = 1.0, δ = 0.35 s. 



The comparison of experimental and simulated mole fraction-temperature profiles during the oxidation 

of 2M2B shows that the conversion of this isomer begins at temperatures greater than 980 K, with the 

fuel being fully converted at about 1120 K, as can be seen in  Fig. 4. This is the slowest reacting isomer of 

the three, with complete conversion occurring 40 K higher than for 2M1B and almost 100 K higher than 

for 3M1B (Fig. 5). The model predicts the fuel conversion, isoprene, propene, methane and CO with 

good accuracy. Similar to the case of 2M1B oxidation, propyne is underpredicted by the model by a 

factor of two. In addition, the formation of aromatic species from this isomer was not experimentally 

observed in appreciable amounts, in contrast to the 2M1B isomer (Fig. 3). 

 

Figure 4: Comparison of experimental (symbols) and simulated (lines) mole fraction-temperature profiles obtained in the 

NREL flow reactor during the oxidation of 2M2B. ф = 1, δ = 0.35 s. 

The comparison of the experimental and simulation data for 3M1B is displayed in  Fig. 5. The conversion 

of the fuel starts at temperatures above 900 K, the lowest starting temperature in comparison with the 

other two isomers. Measured fuel consumption in the flow reactor occurs at temperatures lower by 

about 25 K than predicted by the model.  CO, butadiene, propene, ethylene, and ethane are the 

products formed in the highest quantities. Predictions of propene and 1,3-butadiene are initially well 

captured by the model, but then are over-predicted by almost a factor of two at higher temperatures 

(i.e., above 1000 K). Isoprene, CO, CO2, methane, and ethylene are all observed experimentally well 

before model predictions, though the general trend is captured by the model. In contrast, ethane is 



predicted to form in concentrations two times higher than what was observed experimentally. As with 

2M2B, there are no aromatic species produced in measurable amounts from this isomer.   

The model is best able to capture the reactivity and formation of intermediate species for the 2M1B and 

2M2B isomers, however the formation of CO2 and aromatic species are underpredicted in the case of 

2M1B (Fig. 3). 3M1B is observed to be completely consumed experimentally about 25 K lower in 

temperature than what is predicted by the model. In addition, several species are observed 

experimentally well before model predictions for both 3M1B, which is especially true in the case of 

isoprene and CO.   

 

Figure 5: Comparison of experimental (symbols) and simulated (lines) mole fraction-temperature profiles obtained in the 

NREL flow reactor during the oxidation of 3M1B. ф = 1, δ = 0.35 s. 

 

4.2. Measured and computed IDTs 

The IDT in this study is defined as the elapsed time from the end of the compression (denoted EOC), 

until the moment where maximum pressure rise rate occurs for both the experimental results and the 

simulations. The RCM simulations were conducted using the Zero-RK solvers [74]. Figure 6 depicts 

representative pressure profiles acquired from the ULille RCM and the ANL tpRCM for reacting and non-



reacting experiments. Note that there are at least two experimental pressure records provided for each 

test point, demonstrating excellent shot-to-shot repeatability for both RCMs used in this study.  
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Figure 6.: Representative pressure profiles of (a) 2M1B in ULille RCM at TC = 700 K, PC = 20 bar, equivalence ratio φ = 1.0 for 

three repeated test shots and (b) 2M2B in ANL tpRCM at TC = 729 K, PC = 45 bar, φ = 1.0 in diluted condition for two repeated 

test shots. 

Comparison of reacting and non-reacting pressure profiles shows significant exothermicity before 

ignition, as already observed for a number of hydrocarbons including alkenes [9,75], in the diluted as 

well as the non-diluted conditions. In the case of 2M1B and 3M1B, the pressure profiles at the lowest 

temperatures are reminiscent of two-stage ignition, though the extent of the first stage is so faint that it 

does not allow the precise measurement of first-stage ignition delays from the pressure profiles. These 

observations correspond well with a recent 2M2B study [16], in which the authors reported no evidence 

of low-temperature reactivity. 

IDTs of all three isomers were obtained from the ULille RCM at 700–890 K core gas temperatures under 

10–20 bar EOC pressure conditions and an equivalence ratio of φ = 1.0, while the ANL tpRCM work 

focused on diluted 2M2B mixtures at equivalence ratios of φ = 0.5, 1.0, and 2.0, compressed 

temperatures between 685–1020 K and two EOC pressures of 25 and 45 bar. The ULille experimental 

IDT measurements are shown in Fig. 7 along with the simulation results. A slight deviation from 

Arrhenius behavior is clearly observed for 2M1B and 2M2B, this deviation being significant in the case of 

3M1B. The model predicts the ignition delays fairly, the agreement being within a factor of two in the 

worst case, i.e., for 2M1B and 2M2B for the highest pressures. A comparison of the three isomers, as 

pictured in  Fig. 7d, shows that 3M1B, despite demonstrating significant non-Arrhenius behavior, has the 

longest ignition delay at all temperatures accessed in this study. 2M1B shows the shortest ignition 

delays at the lowest investigated temperatures, while 2M2B is the most reactive at the highest 

temperatures. The simulations adequately reproduce these trends but predict longer ignition delays 

than the experiments for 2M1B and 3M1B at the highest investigated temperatures. 
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Figure 7. Ignition delay times of the methylbutene isomers. (a) 2M1B, (b) 2M2B, and (c) 3M1B from ULille RCM. (d) 

Comparison of the three isomers for the pC = 20 bar condition. ф = 1.0, inert/O2 = 3.76. 

The ANL tpRCM results for diluted 2M2B are shown in Fig. 8. In this case, the deviation from Arrhenius 

behavior is mostly visible at the fuel-rich condition but is not as pronounced as for the other isomers. 

The agreement between the experiments and the simulation is also good in this case, with the 

maximum deviation observable for fuel-rich conditions at high temperatures. 



1.0 1.1 1.2 1.3 1.4
1E-3

0.01

0.1

45 bar

25 bar

ID
T

 /
s

1000/T

φ=0.5

1.0 1.1 1.2 1.3 1.4
1E-3

0.01

0.1

φ=1.0

45 bar

25 bar

ID
T

 /
s

1000/T (K
-1
)  

1.1 1.2 1.3 1.4 1.5
1E-3

0.01

0.1

45 bar

25 bar

ID
T

 /
s

1000/T

φ=2.0

 

Figure 8: Ignition delays of 2M2B under diluted conditions, at different equivalence ratios from ANL tpRCM. inert/O2 = 7. 

 

4.3. Speciation from the ULille RCM 

Dozens of stable intermediate species were identified from the mixture sampling experiments of the 

three methylbutene isomers during the ignition delay period at 730±1 K and 20±0.2 bar condition. The 

moment of sampling was fixed between 0.85–0.92 of the normalized IDTs of each isomer, where a value 

of one corresponds to ignition and a value of zero corresponds to end of compression. At the sampled 

times of this study, the fuel conversion was about 17.9% (2M1B), 19.5% (2M2B), and 14.1% (3M1B). It is 

notable that some intermediate species are common between these isomers, mostly because of the 

formation of resonance stabilized allylic radicals after the first H abstraction, were some of the radicals 

are common to several isomers. For example, the 2-methyl-2-buten-4-yl radical from 2M2B and the 3-

methyl-1-buten-3-yl radical from 3M1B are both the same resonance stabilized radical. Hence any 

intermediate spawning from these radicals can be observed for both fuels.  

From the measured mole fractions, the results are reported as selectivities, which are expressed as: 

�� =
��

∑ ��
�
��	

 



where si is the selectivity of i-th species, xi is the mole fraction of i-th species, and N is the number of the 

identified oxidation products from the GC. The use of selectivities enables comparing the relative 

formation of the intermediate species. It also allows the potential dilution effect of the gases trapped in 

the crevice, which will also be unavoidably sampled, to be neglected.  

Experimental selectivities of the stable intermediate species from all the isomers are compared with the 

simulation results in Fig. 9 and provided as a table in the supplemental material. 2M1B and 2M2B were 

present as impurities in the 3M1B fuel, with mole fractions between 1.5 and 2%. This resulted in high 

measured experimental selectivities, mostly because of the low observed conversion of 3M1B. As a 

consequence, the selectivities of these products are not reported.  
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Figure 9: Measured and simulated selectivities of the main intermediates formed during the ignition delay of the 

methylbutene isomers in ULille RCM, at a normalized time of t/τ between 0.85–0.92 (see text). TC = 730 K , Pc = 20 bar, 

undiluted φ = 1.0 

The simulated selectivities were inferred at the same t/τ as in the experiments. The IDTs between the 

experiments and simulations agree within 20% at these conditions for all isomers. This gives some 

confidence that the experimental and simulated selectivities are compared at approximately the same 

time with regards to the global reactivity of the mixture. The agreement in the selectivities is within 30% 



on the Waddington products, as witnessed by the measured and simulated mole selectivities of 2-

butanone for 2M1B, acetaldehyde and acetone for 2M2B, a notable exception being 2-methylpropanal 

for 3M1B which is overestimated by about a factor of three. The formation of oxiranes by HO2 addition 

to the double bond is underestimated for 2M1B (2-ethyl-2-methyloxirane) and 3M1B (isopropyloxirane), 

respectively, but accurately predicted in the case of 2M2B (2,2,3-trimethyloxirane). On the other hand, 

products spanning from the reactivity of allylic radicals by addition to O2 or with HO2 appear to be 

overestimated by the model, as demonstrated by comparing the experimental and simulated 

selectivities for 2-methyl-2-butenal for all isomers.  

In addition to the newly obtained data, the kinetic model has also been used to model laminar burning 

velocity data [76] and jet-stirred reactor data [16] from the literature, showing very good agreement on 

the former and good agreement on the latter, as demonstrated in the Supplementary Material. 

4.4 Rate of Production analysis 

To shed further light on the dominant pathways as predicted by the kinetic model, rate of production 

analyses were performed in the conditions of the RCM sampling experiments, and are displayed in Fig. 

10. In these conditions, the dominant pathway is the formation of allylic radicals, representing 45% of 

the conversion of 2M2B, and 39% for 2M1B and 26% for 3M1B. Note that the allylic radicals each have 

two resonant structures which lead to different isomer products, but only one of resonant structures is 

displayed in Fig. 10. These allylic radicals mostly react with HO2 radicals to form hydroperoxides, which 

will in turn yield methylbutenoxy and OH radicals. This pathway is however likely to be overestimated by 

the model, as visible from the large discrepancy on the 2-methyl-2-butenal selectivities discussed in the 

previous section. Allylic methylbutenyl radicals can also recombine to form dimers, that were detected 

experimentally in the ULille RCM but were not quantified because of their low signal. A small fraction of 

the allylic radicals also adds to O2, essentially leading to the formation of isoprene along with an HO2 

radical. In the case of 2M1B and 3M1B, non-allylic radicals are also formed, for which the addition to O2 

is more preferential than for allylic radicals. One can however note that the formation of 

ketohydroperoxides is only non-trivial for the case of 3M1B, where it constitutes a minor pathway. 

Instead, cyclisation can take place on the vinylic site, leading to a C4 alkenoxy radical and formaldehyde, 

as demonstrated for 2M1B and 3M1B and discussed in Section 3.5. 

Addition of OH radicals to the double bond is also a major oxidation pathway for all three isomers at the 

conditions sampled, representing 25%, 29% and 40% of the conversion of 2M1B, 2M2B and 3M1B 

respectively. The resulting hydroxyalkyl radicals then mostly react with O2 forming a HORO2 species. The 

HORO2 species can then undergo a Waddington decomposition to carbonyls + OH or an isomerization to 

a HOQOOH radical. HOQOOH radicals formed may enable a second O2 addition reaction to occur and 

ultimately the formation of more than one OH radical, i.e. chain branching. These pathways resulting 

from OH addition are of importance to the accurate prediction of ignition as they will lead to the 

formation of one or more OH radicals. Intermediates definitively linked to these HOQOOH were 

however not observed experimentally, being too unstable to survive GC analysis. 

Finally, the direct addition of HO2 to the double bond can yield oxiranes, as discussed earlier. This is only 

predicted to correspond to 7% of the overall conversion of 2M2B, and less for the other isomers. This 



echoes the discrepancy between the simulated and measured selectivities of oxiranes and calls for 

further investigation of this addition reaction. 

(a)  

(b)

 
(c) 

 



Figure 10: Rate of production analyses performed for 2M1B (a), 2M2B (b), and 3M1B (c) in ignition delay conditions. TC = 

730 K, Pc = 20 bar, undiluted φ = 1.0. 

4.5 Sensitivity analysis 

Brute-force sensitivity analyses were performed on the ignition delay at 730 K and 20 bar in the 

undiluted, stoichiometric RCM conditions. The results are shown in Fig. 11 for all three isomers. Many 

reactions were included in this figure in order to allow gaining some insight from the comparison of 

relative sensitivities for the three isomers. The reactions were grouped in several classes to facilitate 

analysis and discussion.  

One can note that for all three isomers at 730 K, the reaction contributing the most to a decrease of the 

ignition delay is the addition of the OH radical on the double bond. This is due to the potential for O2  

addition which can lead to a Waddington decomposition (chain propagating) or HOQOOH formation 

(chain propagating or chain branching), as discussed above and in [15]. The sensitivity coefficient of the 

addition of the OH radical on the double bond is however, far smaller at 900 K. The abstraction of a 

hydrogen atom by OH is, on the other hand, a significant contributor to a decrease of the ignition delay 

at 730K. The competition between both reactions on the OH radicals at 730 K has thus an important 

influence on the predictive ability of the model at 730 K. Further optimization of the branching between 

H-abstraction by OH and OH addition to the double bond, especially in the 2M1B case, could help 

improving the performance of the model on the prediction of the IDTs at the highest temperatures. 

However, any local optimizations of the site-specific H-atom abstraction rate constants should attempt 

to (1) minimize perturbations of the overall rate constant, (2) apply the locally optimized rate constant 

for a site as a rate rule to analogous reactions accordingly. In this case, the 2-methylbutenes share four 

analogous H-atom abstraction by OH reaction sites. Therefore, improving the simulations for one isomer 

via modification of H-atom abstraction by OH reactions may adversely affect another isomer. For the 

sake of the model’s consistency, such an optimization was therefore not performed. 

Another notable class of reactions is the formation of isoprene (noted B13DE2M) and HO2 from the 

peroxyalkenyl radicals resulting from the addition of allylic methylbutenyl radicals to O2. One can note 

that the sensitivity coefficient for this reaction is positive at 730 K, but negative at 900 K. This can be 

explained by the fact that isoprene is likely to show very limited reactivity towards ignition at 730 K, and 

that this reaction competes with other pathways of the peroxyalkenyl which would lead to the 

formation of OH radicals. Nonetheless, HO2 radicals are important drivers of reactivity at 900 K since 

they can yield H2O2 which rapidly decomposes to two OH radicals. However, at 730 K, there is a 

competition between the reaction sequence leading to isoprene after addition to O2 and the 

termination reaction between methylbutenyl and HO2 radicals ultimately yielding OH radicals, this 

branching being of importance in the accurate prediction of the ignition delay. 

The recombination reactions of allylic methylbutenyl radicals to form dimers are also of importance, 

especially for 2M1B and 2M2B, and decrease the global reactivity of the system by removing 

methylbutenyl radicals from the system. Their competition on these radicals with the additions to HO2 

radicals are also important in the accurate prediction of the ignition delays, the latter having negative 

sensitivity coefficients at both temperatures. Finally, the direct additions of HO2 radicals to the double 



bond are only significantly sensitive in the case of 2M2B and 3M1B, where it can contribute to a 

decrease of the ignition delay at 730 K by yielding an OH radical. 

 

(a)

AC5H10 + OH <=> C5H10OHB-A 

AC5H10 + CH3O2 <=> AC5H9-A2 + CH3O2H

BC5H10OOH-D + O2 <=> BC5H10OOH-DO2 

CH3O2H <=> CH3O + OH 

AC5H9-C + HO2 <=> C5H9A-COOH 

AC5H9-C + HO2 <=> C5H9B-AOOH 

AC5H10 + OH <=> AC5H10OH 

AC5H9A2Q-CO2 <=> AC5H7CQ-YA + OH 

AC5H8CQ-AO2R <=> AC5H8O3 + OH 

AC5H10 + HO2 <=> AC5H9-A2 + H2O2

AC5H9-C + HO2 <=> AC5H9O-C + OH

AC5H9-C + HO2 <=> B2E2M1OJ + OH

AC5H9-A2 + HO2 <=> C5H9A-AOOH 

AC5H10 + OH <=> AC5H9-A2 + H2O

AC5H10 + OH <=> AC5H9-D + H2O

AC5H9-A2 + AC5H9-A2 <=> I25ETC10D15 

C5H10OHB-AO2 <=> C5H10QA-BOJ 

BC5H11O2 <=> AC5H10 + HO2

H + O2 (+M) <=> HO2 (+M)

AC5H9-CO2 <=> B13DE2M + HO2 

AC5H9-C + AC5H9-C <=> I36C10D26 

AC5H10 + OH <=> AC5H9-C + H2O

HO2 + HO2 <=> H2O2 + O2
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(b)

BC5H10 + OH <=> BC5H10OH 

CH3O2H <=> CH3O + OH 

BC5H10 + HO2 <=> B-CC5H10O + OH

AC5H8CQ-AO2R <=> AC5H8O3 + OH 

BC5H10 + CH3O2 <=> AC5H9-C + CH3O2H

BC5H10 + OH <=> C5H10OHC-B 

AC5H9-C + HO2 <=> C5H9B-AOOH 

AC5H9-C + HO2 <=> C5H9A-COOH 

C5H10QC-BOJ => CH3 + NC4KET23 

BC5H10 + CH3O2 <=> CC5H9-B + CH3O2H

AC5H9-C + HO2 <=> AC5H9O-C + OH

BC5H10 + O2 <=> AC5H9-C + HO2

H2O2 (+M) <=> OH + OH (+M)

BC5H10 + CH3 <=> AC5H9-C + CH4

CC5H9-BO2 <=> B13DE2M + HO2 

AC5H9-CO2 <=> B13DE2M + HO2 

C5H10QC-BOJ => CH3COCH3 + CH3CHO + OH

CH3O2 + HO2 <=> CH3O2H + O2

BC5H10 + OH <=> CC5H9-B + H2O

AC5H9-C + AC5H9-C <=> I36C10D26 

HO2 + HO2 <=> H2O2 + O2

BC5H10 + OH <=> AC5H9-C + H2O
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(c)

CC5H10 + OH 

           <=> CC5H10OH 

CC5H10OOH-A + O2 <=> CC5H10OOH-AO2 

CC5H9-B + HO2 <=> C5H9B-DOOH 

CC5H10 + H <=> CC5H11 

CC5H9-B + HO2 <=> C5H9C-BOOH 

CC5H10 + OH <=> C5H10OHD-C 

C5H10OHCQ-AJ + O2 <=> C5H10DOHCQ-AO2 

CH3O2H <=> CH3O + OH 

CC5H10 + HO2 <=> CC5H10OOH-D 

CC5H9-B + HO2 <=> B2E3M1OJ + OH

CC5H10 + HO2 <=> CC5H9-B + H2O2

CC5H9-B + HO2 <=> CC5H9O-B + OH

CC5H9-B + CC5H9-B <=> I27C10D27 

CC5H11O2 <=> CC5H10 + HO2 

CH2O + OH <=> HCO + H2O

C5H10OHD-CO2 <=> BC5H9-DOH + HO2 

C5H10QD-COH-BJ <=> IC5H9OBD-COH + OH 

CC5H10 + OH <=> CC5H9-A + H2O

CC5H11O2 <=> BC5H10 + HO2 

H + O2 (+M) <=> HO2 (+M)

CC5H9-BO2 <=> B13DE2M + HO2 

CC5H10 + OH <=> CC5H9-B + H2O

HO2 + HO2 <=> H2O2 + O2
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Figure 11: Brute-force sensitivity analyses on the ignition delay of 2M1B (a), 2M2B (b), 3M1B (c). TC = 730 K , Pc = 20 bar, φ = 

1.0. 

 

5. Conclusions 

A detailed experimental and kinetic modeling study has been performed for the three isomers of 

methylbutene, with help from new experimental data obtained in the NREL flow reactor, and the ANL 

and ULille RCMs. A kinetic model has been built with help from recent kinetic data, in a consistent way 

for all three isomers. It shows fair performance in predicting the newly obtained experimental data as 

well as Jet-Stirred Reactor and Laminar Burning Velocity data from the literature. The results suggest 

OH addition to the double bond

H atom abstraction

HO2 addition on allylic radical

HO2 addition on the double bond

Recombination of allylic radicals

Formation of isoprene

H addition on the double bond

Base mechanism

Others



that the reactivity of methylbutene isomers at low temperatures is governed by the competition 

towards OH radicals of the OH addition to the double bond and the H-atom abstraction, as well as a 

competition on HO2 radicals of the formation of H2O2 and the addition of HO2 on methylbutenyl radicals 

or on the double bond. It was observed experimentally that dimers of methylbutenyl radicals are formed, 

their formation reactions constituting sensitive reactions. This stresses the importance of including such 

reactions inside kinetic models describing the oxidation of large molecules that are able to form 

resonance-stabilized radicals. In the case of the three isomers the formation of isoprene is notably 

sensitive, suggesting that further investigation of the oxidation of that molecule would be beneficial to 

the improvement of the current model. Finally, the remaining discrepancy between the predictions and 

the measured selectivities of products formed in RCM conditions calls for additional work on the 

additions of HO2 radicals to the double bond or to allylic radicals. 
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