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a b s t r a c t 

Di-isobutylene has received significant attention as a promising fuel blendstock, as it can be synthe- 

sized via biological routes and is a short-listed molecule from the Co-Optima initiative. Di-isobutylene is

also popularly used as an alkene representative in multi-component surrogate models for engine stud- 

ies of gasoline fuels. However, there is limited experimental data available in the literature for neat di- 

isobutylene under engine-like conditions. Hence, most existing di-isobutylene models have not been ex- 

tensively validated, particularly at lower temperatures ( < 10 0 0 K). Most gasoline surrogate models in- 

clude the di-isobutylene sub-mechanism published by Metcalfe et al. [1] with little or no modification.

The current study is undertaken to develop a detailed kinetic model for di-isobutylene and validate the

model using a wide range of relevant experimental data. Part 1 of this study exclusively focuses on the

low- to intermediate temperature kinetics of di-isobutylene. An upcoming part 2 discusses the high- 

temperature model development and validation of the relevant experimental targets. Ignition delay time

measurements for the di-isobutylene isomers were performed at pressures ranging from 15 – 30 bar at

equivalence ratios of 0.5, 1.0, and 2.0 diluted in air and in the temperature range 650 – 900 K using two

independent rapid compression machine facilities. In addition, measurements of species identified dur- 

ing the oxidation of these isomers were performed in a jet-stirred reactor and in a rapid compression

machine. A detailed kinetic model for the di-isobutylene isomers is developed to capture the wide range

of new experimental targets. For the first time, a comprehensive low-temperature chemistry submodel is

included. The differences in the important reaction pathways for the accurate prediction of the oxidation

of the two DIB isomers are compared using reaction path analysis. The most sensitive reactions control- 

ling the ignition delay times of the DIB isomers under the pressure and temperature conditions necessary

for autoignition in engines are identified.

Published by Elsevier Inc. on behalf of The Combustion Institute.
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. Introduction

The Co-Optimization of fuels and engines (Co-Optima) initiative 

dentified fuel properties of blendstocks that can increase the en- 

ine efficiency of boosted, spark-ignition (SI) engines when added 

o a petroleum based fuel [1 , 2] . Boosted SI engines operate at 
., A comprehensive experimental and kinetic modeling study of 
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Fig. 1. A two-dimensional representation of DIB isomers. 
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Table 1 

List of experimental conditions and the molar composition of the test fuel/oxidizer 

composition studied for DIB-1. 

� Fuel (%) O 2 (%) N 2 + Ar (%) Compressed pressure (bar) 

0.5 0.87 20.82 78.31 15, 30 

1.0 1.72 20.64 77.64 15, 20, 25, 30 

2.0 3.38 20.29 76.33 15, 30 
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igher in-cylinder pressures. Therefore, they require fuels with 

igher research octane number (RON), octane sensitivity (S), and 

eat of vaporization (HOV) to avoid undesirable engine knock [3] . 

 comprehensive evaluation of more than 400 blendstocks from 

 variety of chemical families, which can also be sourced from 

iomass [4] , followed by a rigorous screening, led to the identifi- 

ation of six blendstocks with fuel properties that, when used in 

oosted SI engines, can reduce environmental impacts and offer 

etter engine efficiency. Six short-listed fuel blendstocks, with the 

ewest significant practical barriers for scale-up and commercial- 

zation, have been identified as: di-isobutylene (DIB), ethanol, iso- 

utanol, n -propanol, iso -propanol, and a fusel alcohol blend. This 

tudy focuses on investigating the auto-ignition characteristics of 

IB. 

DIB is a branched alkene (contains one C 

= C) with an alkyl sub- 

titution on the double bond (see Fig. 1 ) and is often referred to

s a mixture of its two isomers 2,4,4-trimethyl-1-pentene (DIB-1) 

nd 2,4,4-trimethyl-2-pentene (DIB-2). Commercially available DIB 

s generally a mixture of the two isomers with 75% DIB-1 and 25% 

IB-2. DIB has attractive fuel properties for boosted SI engines, 

uch as a high RON and octane sensitivity [3] . DIB can be prepared

hrough the dimerization of isobutene, which can be synthesized 

rom bio-derived alcohols, ethanol, or iso -butanol [3] . In addition, 

he DIB isomers received significant attention as simple represen- 

atives of alkene compounds in multi-component surrogate fuels 

1 , 5–13 ], which are often formulated to contain one or more repre-

entative components from various classes of compounds, includ- 

ng alkanes, alkenes, aromatics, etc., to represent a complex com- 

ercial fuel and to simulate real fuels in multi-dimensional simu- 

ations of engine combustion. 

In addition to their use in surrogate fuels, studying the DIB 

somers offers kinetic insights into the effect of the presence of 

n unsaturated bond in iso -octane. Alkenes are key intermediates 

ormed during the oxidation of heavier saturated hydrocarbons and 

onstitute a significant portion of commercial transportation fuels. 

hort-chained alkenes are known to have much higher knock re- 

istance than their alkane counterparts [14] . However, in contrast 

o alkanes, the combustion kinetics of alkenes are less well studied 

nd understood. 

Moreover, most gasoline surrogate models include the DIB-1 

ub-mechanism published by Metcalfe et al. [1] which was only 

alidated for temperatures above 1200 K and did not include key 

eaction pathways relevant to low-temperature combustion. More- 

ver, experimental ignition delay times (IDTs) for neat DIB-1 are 

imited to low pressures and high temperatures. Metcalfe et al. 

1] reported IDT experiments at low fuel concentrations (0.375% 

nd 0.75%) in the temperature range 1200 – 1500 K and at pres- 

ures of 1 – 4 atm. Hu et al. [8] conducted IDT experiments for 

eat DIB-1 at fuel concentrations ranging from 0.5 – 1.0%, at tem- 

eratures in the range 1110 – 1500 K, and at pressures in the range 

f 2 – 10 atm. For experiments where DIB-1 is included as a surro- 

ate component in a mixture, Mittal and Sung [15] performed IDT 

xperiments in an RCM in the temperature range 750 – 1050 K and 

t pressures of 35 and 45 atm. More recently, high pressure (15 –

0 atm) and low to intermediate temperature (650 – 10 0 0 K) DIB 

tudies were carried out in a rapid compression machine (RCM) 
2
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16 , 17] . Due to the limited data available at low temperatures and 

igh pressures, most literature multi-component gasoline surrogate 

odels have not been extensively validated for the DIB isomers at 

ngine-relevant pressures and temperatures. 

To motivate the current work, simulated results from kinetic 

odels in the literature are compared to the new experimen- 

al IDT data presented in Fig. 2 . The models proposed by Met- 

alfe et al. [1] and Li et al. [9] are in relatively good agreement

ith the new experimental data in the temperature range 900 –

350 K, while poor quantitative predictions are observed for sev- 

ral multi-component surrogate models. Due to the lack of com- 

rehensive low-temperature oxidation (LTO) chemistry and lack of 

nowledge about the DIB allylic radical decomposition reactions, 

ost of the multi-component surrogate models considered for this 

tudy could not reproduce the new experimental data over the en- 

ire temperature range investigated in Fig. 2 . Recently, Lokachari 

t al. [18] highlighted the significant hierarchical dependence of 

he DIB-1 oxidation mechanism on the underlying isobutene kinet- 

cs, which is a critical intermediate formed in the decomposition of 

IB-1, particularly at high temperatures ( > 10 0 0 K). The influence 

f isobutene kinetics on the predictions of IDTs and laminar burn- 

ng velocities (LBVs) for DIB-1 oxidation has also been reported re- 

ently by Lokachari et al. [18] and it was concluded that isobutene 

inetics largely controls the high temperature oxidation of DIB-1. 

The development of a comprehensive chemical kinetic mecha- 

ism for the DIB isomers and its validation using a wide range of 

eliable experimental targets is the main objective of the current 

tudy. This paper (part 1) exclusively focuses on the model de- 

elopment and validation of low to intermediate temperature ex- 

erimental data of the DIB isomers, using IDT measurements per- 

ormed in two independent laboratories and speciation data from 

 jet-stirred reactor (JSR) and RCM are also included in this pa- 

er. The upcoming part-2 [19] (in preparation) focusses on the high 

emperature oxidation chemistry of the DIB isomers using relevant 

xperimental validation datasets from various other fundamental 

eactors. 

. Experimental methods 

To understand the oxidation chemistry and the ignition propen- 

ity of DIB, speciation and IDT were conducted in two RCMs and 

n a JSR. The IDT measurements were acquired using two separate 

CM facilities at NUI Galway and ULille. Speciation experiments 

ere performed in an RCM at ULille and in a JSR at ICARE Or- 

éans. The details of the conditions of the experiments performed 

re listed in Tables 1–3 . 

.1. Rapid compression machine (NUIG) 

The RCM at NUIG is employed to complement the high-pressure 

hock tube (HPST) experiments to measure IDTs in the low to in- 

ermediate temperature regime (650 – 900 K), with the experi- 

ental details provided in Table 1 . The test fuel (DIB-1 98.5%) was 

upplied by Sigma Aldrich®. The other gases used in this study, 

itrogen (99.99%), oxygen (99.99%), argon (99.96%), and helium 

99.97%), were purchased from BOC Ireland. Homogeneous fuel-air 
sents the authors' peer-reviewed, accepted manuscript. 
ailable from the relevant publisher.
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Fig. 2. Validation of literature multi-component surrogate models against new DIB-1 IDT experiments (open squares) performed in the shock-tube and rapid compression 

machine at NUIG for fuel in air mixtures at ϕ = 1.0 and (a) p c = 15 and (b) p c = 30 bar. 

Table 2 

List of experimental conditions studied at ULille RCM for DIB-1 and DIB-2 IDTs at 

ϕ = 1.0 and 15, 20 and 25 bar in the range of T C = 660 – 900 K. 

DIB (%) O 2 (%) N 2 (%) Ar (%) CO 2 (%) 

1.72 20.64 0.00 77.63 0.00 

1.72 20.64 6.99 70.64 0.00 

1.72 20.64 13.20 64.40 0.00 

1.72 20.64 20.96 56.67 0.00 

1.72 20.64 29.50 48.13 0.00 

1.72 20.64 38.82 38.82 0.00 

1.72 20.64 46.58 31.05 0.00 

1.72 20.64 54.34 23.30 0.00 

1.72 20.64 62.11 15.53 0.00 

1.72 20.64 69.87 7.76 0.00 

1.72 20.64 77.63 0.00 0.00 

1.72 20.64 71.42 0.00 6.20 
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ixtures were prepared in an external stainless-steel vessel main- 

ained at ∼50 °C to prevent fuel condensation and to permit the 

uel and air to diffusively mix for at least 12 h before performing 

he experiments. The RCM has an opposed twin-piston arrange- 

ent with a 38 mm bore and a 168 mm stroke. Briefly, the pre-

ixed fuel/air mixture is introduced into the reaction chamber 

nd is rapidly compressed ( ∼16 ms) by the pistons. Creviced pis- 

on heads are used to largely limit turbulence/roll-up vortices gen- 

rated in the test gas. The pistons are pneumatically driven and 

ocked at the end of compression, creating a constant volume con- 

ition. After compression, the pressure drops due to heat loss from 

he gas mixture to the reaction chamber walls. Thus, to isolate the 

eat-transfer effects, pyrolytic (non-reactive) pressure profiles are 

ecorded by replacing O 2 with N 2 to account for these effects in 

he simulations. 

A range of compressed gas temperatures is obtained by vary- 

ng the initial temperature of the RCM system to temperatures not 

reater than 150 °C, to avoid damaging the seals within the system. 

o further achieve higher compressed temperatures, a 50% N 2 /50% 

r diluent ratio was used. IDTs and compressed pressures are mea- 
Table 3 

Experimental conditions investigated in the JSR. 

Equivalence ratio ( ϕ) 0.5, 1.0 and 2.0 

Test mixture composition 1000 ppm neat DI

Residence time ( τ ) 0.7 s 

Pressure ( p ) 10 atm 

Temperature ( T ) 700 – 1200 K 

3 

ursuant to the DOE Public Access Plan, this document repre
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ured using a Kistler 603CAB sensor mounted on the sidewall of 

he reaction chamber. The ‘adiabatic compression/expansion’ rou- 

ine in Gaseq [20] is used to calculate the compressed tempera- 

ure. The representative experimental pressure traces for DIB iso- 

ers are depicted in Fig. 3 . The overall uncertainty in IDT and the 

ompressed temperature are estimated to be about 25% and ± 7 K 

espectively. A summary of the NUIG experimental test matrix is 

hown in Table 1 , and more detailed information on the composi- 

ion, inlet pressure, inlet pressure along with the volume histories 

re provided in the Supplementary material. 

.2. Rapid compression machine (ULille) 

The ULille RCM has been utilized for decades to measure IDTs of 

 wide variety of fuels, as well as to perform speciation measure- 

ents to track the evolution of the stable species formed during 

he ignition delay period and to provide direct kinetic insights to 

onstruct and validate a reaction mechanism, as demonstrated in 

ecent studies [21–23] . The driving piston, which is run by com- 

ressed air and stopped by hydraulics, and the driven piston are 

onnected at a right angle on the same plane by a grooved metal- 

ic cam. The advantages of this design are that the compression- 

ime history is reproducible with repeated experiments and that 

he piston rebound at the end of compression is suppressed as 

he grooved section of the cam holds the driven piston at its 

op dead centre (TDC) position. In addition, the driven piston is 

quipped with a creviced piston head [24] to maintain tempera- 

ure homogeneity after the compression phase by absorbing the 

hermal boundary layer developed during the compression stroke 

y suppressing roll-up vortex formation [25 , 26] . With a 50 mm 

ore and 200 mm stroke, the combustion chamber is heated by 

ultiple electric band heating elements. The axial deviation of the 

n-cylinder temperature is carefully adjusted to remain within 1 K, 

hich leads to a maximum compressed temperature deviation of 2 

2.5 K, depending on the mixture composition. The compression 

atio is adjustable by installing different end plates at the top of 

he combustion chamber to modify the clearance height and was 
0.5 and 1.0 

B-1 750 ppm DIB-1 + 250 ppm DIB-2 

0.7 s 

10 atm 

700 – 1200 K 

sents the authors' peer-reviewed, accepted manuscript. 
ailable from the relevant publisher.
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Fig. 3. Representative RCM pressure traces measured (a) DIB-1 at NUIG and (b) DIB-2 at ULille. 
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P

xed at 10.3 for this work. A thermal shock-protected piezoelectric 

ressure transducer (Kistler 601CA) was coupled with a charge am- 

lifier (Kistler 5007) to record the pressure-time history during the 

xperiments. For the mixture preparation, high purity DIB isomers, 

.e., DIB-1 ( > 99%, Acros Organics) and DIB-2 ( > 98%, Acros Organ-

cs), were treated with repeated freeze-thaw distillation to remove 

ny dissolved gases, and all the gaseous components, i.e., Ar, N 2 , 

nd O 2 , were supplied by Air Liquide ( ≥ 99.99%). The overall un- 

ertainty in IDT and the compressed temperature are estimated to 

e about 25% and ± 5 K, respectively. 

In addition, sampling and speciation experiments were con- 

ucted to provide detailed experimental evidence to validate the 

IB kinetic model by observing the formation of stable interme- 

iates at T c = 700 ±2 K, p C = 25 ± 0.5 bar, and ϕ = 1.0. Com-

aring the speciation results from the isomers helps to develop 

heir kinetic models, especially when their structure-specific inter- 

ediates are expected in large quantities. For example, C 

= C double 

ond-specific reaction pathways for alkenes at low-to-intermediate 

emperatures were experimentally validated in previous studies re- 

arding a mixture of DIB-1 and DIB-2 [17] and the linear hex- 

ne isomers [27] . Reacting mixture sampling is realized by a sud- 

en expansion of the compressed volume during the ignition delay 

eriod, thereby quenching reactions and freezing the composition 

hanks to the superior volume ratio of 40 (sampling canister) to 1 

the volume of the fully compressed combustion chamber). Sam- 

les were taken near 0.84 (for DIB-1) and 0.70 (for DIB-2) of the 

ormalized time of the total IDT at the condition above for each 

somer. Once the sample was taken, it was immediately injected 

nto two gas chromatographs (GCs); a primary Bruker Scion 456 

quipped with a mass spectrometer (MS), a thermal conductivity 

etector (TCD), and a flame ionization detector (FID) along with 

R-5 and PoraBond-Q columns for the separation of heavy and 

ight hydrocarbons , and a secondary Agilent 6890 with a molecu- 

ar sieve and TCD/FID for the detection of permanent gases and CO. 

he effective carbon number (ECN) concept was applied to derive 

he mole fractions of different intermediates from the FID response 

ignal [28] , with an uncertainty estimated to be within ± 15%. 

Selectivities of the intermediates were calculated by normaliz- 

ng the mole fraction of the all the identified intermediates. In de- 

ail, the following equation is used, 

 i = 

x i 
∑ N 

i =1 x i 

S i denotes the selectivity of the i th species and x i is the mole 

raction of the i th species, respectively. Since the maximum achiev- 

ble TDC pressure is slightly lower than 25 bar when the sampling 
4 

ursuant to the DOE Public Access Plan, this document repre
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pparatus is installed, the relevant IDT at the sampling condition 

s slightly longer than the corresponding non-sampling condition. 

.3. Jet stirred reactor 

The oxidation of DIB (neat DIB-1 and a mixture of 75% DIB-1 

nd 25% DIB-2 by mole) was carried out in a fused silica JSR at 

he Institut de Combustion, Aérothermique, Réactivité et Environ- 

ement (ICARE). This setup can be used for studies at pressures 

f up to 10 atm and at temperatures up to 1280 K. The fuel was

andled using an HPLC pump, atomized, and vaporized through 

eated grids in a nitrogen flow and then carried to the reactor 

y a quartz capillary. The fuel is highly diluted to avoid strong 

eat release. The oxidizing mixture (N 2 + O 2 ) is conveyed to the re- 

ctor separately to avoid any premature reactivity. The two flows 

eet at the entrance of the injectors and are mixed by high tur- 

ulence generated by four nozzles. The temperature is monitored 

sing a Pt-Pt/Rh-10% thermocouple isolated from the gases by a 

uartz sheath to avoid any catalytic reaction. A low-pressure sonic 

robe is used to sample the reactor and freeze the reactivity. The 

amples are then analyzed online by Fourier transform infrared 

pectroscopy (FTIR) or stored at low-pressure in 1 L Pyrex bulbs 

or further GC analyses. Off-line analyses were performed using 

Cs equipped with capillary columns (0.32 mm i.d.: DB-624 and 

P-Al2O3-KCl, and 0.53 mm i.d.: Carboplot-P7), a thermal conduc- 

ivity detector (TCD), and a flame ionization detector (FID). A GC–

S (Varian quadrupole V1200) operating with electron ionization 

70 eV) was used for product identification. More details regarding 

his setup can be found in the literature [29] . 

The mole fraction profiles of the reactants (DIB-1, DIB-2, and 

 2 ) and products (H 2 , H 2 O, CO, CO 2 , CH 2 O, CH 4 , C 2 H 4 , C 2 H 6 , C 2 H 2 ,

 3 H 6 , isobutene, 2-methyl but–1-ene, isoprene, CH 3 CHO, acrolein, 

-methyl propanal, methacrolein, acetone, methyl vinyl ketone, and 

enzene) were measured by FTIR and GC. Uncertainties regarding 

he results can be attributed to temperature measurements within 

he reactor ( ± 5 K), the reactants and diluent flow rates, and the 

nalyses. The total uncertainty in species mole fractions is chal- 

enging to quantify but can be estimated to be ± 15%. The ele- 

ental balance is checked at the end of each experiment and stays 

ithin 10% for carbon andhydrogen, and is within 15% for oxygen. 

Experiments were carried out at steady state, at 10 atm pres- 

ure, at constant residence time τ = 0.7 s, and at equivalence 

atios of 0.5, 1.0, and 2.0 for pure DIB-1, and 0.5 and 1.0 for 

he DIB mixture. The initial fuel mole fraction was held constant 

10 0 0 ppm), and temperatures ranged from 720 – 1200 K in 30 K 

ncrements. 
sents the authors' peer-reviewed, accepted manuscript. 
ailable from the relevant publisher.
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. Kinetic modeling 

The chemistry of alkenes at low and intermediate temperatures 

s more complicated than that for alkanes due to the C 

= C double 

ond, as H-atom abstraction can form allylic and vinylic radicals 

n addition to alkyl-like radicals and the addition of radicals to the 

ouble bond need to be considered. The rate constants of many of 

hese C 8 allylic radical decompositions are not well known. More- 

ver, the low-temperature mechanism describing alkene combus- 

ion contains hundreds of species and thousands of elementary re- 

ctions, each of which are assigned thermodynamic properties and 

ate constant expressions, respectively. Unfortunately, there is very 

ittle or no experimental data on most of these properties. Thus, 

ineticists rely primarily on theoretical studies to provide the rate 

onstant and thermodynamic property data for the oxidation of 

lkenes, and to develop rate rules for various reaction classes nec- 

ssary to describe alkene low-temperature combustion. 

The DIB models have been developed as a collaborative effort 

etween NUIG and LLNL. The small hydrocarbon (C 0 – C 4 ) base 

hemistry has been adapted from the recent study by Lokachari 

t al. [18] , while the C 5 and C 6 species chemistry is adopted from

ugler et al. [30] and Zhang et al. [31] , respectively. Since the 

IB isomers are intermediates formed during the oxidation of iso- 

ctane, the recent iso-octane sub-mechanism is adopted from Fang 

t al. [32] . The high temperature chemistry of DIB-1 is majorly 

ependent on an accurate kinetic description of isobutene chem- 

stry, whose kinetic parameters have been re-assessed [18] by in- 

orporating the rates and thermochemical properties from recent 

dvances from ab-initio studies and experimental diagnostics. The 

escription of the kinetic model development below will mainly 

ocus on the key reaction classes. An additional description fo- 

using on the high temperature part of the DIB mechanism is 

iven in Part 2 [19] . In this study, the thermochemical data has 

een calculated for all of the species of interest to DIB oxidation 

sing Benson’s group additivity method using the THERM soft- 

are [33] based on the group values from the recent publications 

34 , 35] . 

.1. H-atom abstraction reactions 

H-atom abstraction reactions from the DIB isomers are domi- 

ated by abstractions from the allylic sites due to the combination 

f the relatively weaker allylic C 

–H bonds and their high degen- 

racy. DIB-1 has five allylic hydrogen atoms and nine primary hy- 

rogen atoms, whereas DIB-2 has six allylic hydrogen atoms and 

ine primary hydrogen atoms. H-atom abstractions from an allylic 

arbon atom are the most facile at low temperatures due to their 

elatively low C 

–H bond energy. Abstraction from alkyl sites are the 

ext important abstraction reactions followed by the abstraction of 

inylic hydrogen atoms. The analogous propene/isobutene rate pa- 

ameters were used for primary allylic H-atom abstraction by Ö, 
˙ H and H ̇O 2 radicals, and O 2 from various studies [18 , 36–38 ]. To

imulate H-atom abstraction reactions from the secondary allylic 

ite, respective 1-butene (C 4 H 8 -1) analogies were used [37 , 39 , 40] .

he rate constants for abstraction of the primary hydrogens were 

dapted by analogy with iso-octane kinetics [41 , 42] , assuming that 

he presence of the C 

= C double bond has no influence, given its 

istance from these atoms. The abstractions from the vinylic sites 

ave been modeled using analogies with the C 1 –C 4 core mecha- 

ism. 

.2. Intra-molecular H-atom shifts of DIB radicals 

Allylic and alkylic DIB radicals formed from H-atom abstraction 

eactions can interconvert through intramolecular H-atom shift re- 

ctions, which occur during alkene pyrolysis and oxidation. In the 
5 
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urrent model, high-pressure rate constants of intramolecular H- 

tom shift reactions of both alkyl and allylic radicals were adapted 

rom a recent theoretical investigation by Wang et al. [43] using 

lectronic structure calculations at the CBS-QB3 level of theory. 

.3. Radical addition to molecular oxygen 

The addition of allylic fuel radicals to O 2 is less facile than for 

heir non-allylic radical [44–46] counterparts. However, the chem- 

stry subsequent to allylic radical addition to O 2 has been shown 

o be important in accurately predicting the ignition propensity of 

sobutene [18] . For this reason, the addition of allylic DIB radicals 

o O 2 molecules leading to the formation of alkenyl-peroxy radicals 

re included in the mechanism, and have been modeled by analogy 

ith isobutene from Chen and Bozzelli [47] . The reactions includ- 

ng intramolecular H-atom shift reactions to form hydro-peroxy 

lkyl radicals ( ̇ Q OOH) and the second radical addition reactions to 

 2 are adapted from Chen and Bozzelli. For addition of alkylic DIB 

adicals to O 2 , alkylic radicals on the methyl groups attached to 

he quaternary carbon can readily add to O 2 at low temperatures 

orming alkyl peroxy radicals. The alkyl peroxy radicals are sim- 

lar to their counterparts in alkanes and can eventually produce 

arbonyl-hydroperoxides and ȮH radicals through a series of in- 

ernal H-atom isomerizations and radical addition to O 2 reactions. 

his reaction sequence is expected to contribute to the low tem- 

erature reactivity of the DIB isomers, and the relevant reaction 

ate coefficients were derived from reaction rate rules developed 

or alkanes [48] . 

.4. Cyclo-addition reactions of alkenyl-peroxy radicals 

The present mechanism describes the formation of cyclo-peroxy 

lkyl radicals produced from intramolecular cyclo-addition reac- 

ions of the peroxy group onto the double bond. This class of 

eactions, which was rarely modeled in earlier literature mecha- 

isms, was found to be important in the recent kinetic modeling 

f isobutene and the linear pentene isomers. Therefore, for com- 

leteness in the model, these reactions are included using the rate 

onstants from a recent high-level calculation from Sun et al. [49] . 

.5. Reactions of allylic and H ̇O2 radicals 

Previous studies [44 , 50 , 51] have concluded that allylic radicals 

eact with H ̇O 2 radicals and decompose or undergo chemically ac- 

ivated channels to produce alkenoxy and hydroxyl radicals. These 

eactions convert less reactive H ̇O 2 radicals into reactive ȮH rad- 

cals, promoting reactivity at low and intermediate temperatures. 

he kinetic model developed in this work has adopted the path- 

ay of recombination followed by decomposition to allyloxy radi- 

al + ȮH, and the chemically activated pathway, with the reaction 

ates taken by analogy with propene oxidation kinetics [50] . 

.6. Radical addition to the double bond 

.6.1. ȮH radical addition 

In the low-to-intermediate temperature regime, the presence of 

he C 

= C double bond can enable an ȮH radical addition pathway, 

roducing alcoholic radicals that can then add to O 2 to form hy- 

roxy alkyl-peroxy (HAP) radicals. The HAP radicals so formed can 

eact via the Waddington mechanism, which involves an internal 

-atom transfer from the hydroxyl site, followed by decomposition 

nto two aldehyde molecules and one ȮH radical. However, the hy- 

rogen atom may also be transferred from a carbon atom rather 

han from the –OH group, which is similar to a typical R ̇O 2 iso-

erization reaction in the low temperature oxidation of alkanes. 

n this way, the addition of ȮH radicals to the double bond in an
sents the authors' peer-reviewed, accepted manuscript. 
ailable from the relevant publisher.
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Fig. 4. The current model predictions for DIB isomers; IDTs measured at NUIG and ULille RCM at (a) DIB-1 ϕ = 0.5, (b) DIB-1 ϕ = 1.0, (c) DIB-1 ϕ = 2.0 and (d) DIB-2 

ϕ = 1.0 at pressures ranging from 15 – 30 bar. Open and solid symbols correspond to NUIG and ULille experimental data respectively. Dashed and solid lines correspond to 

IDT predictions using RCM volume histories from NUIG and ULille respectively. 
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lkene can initiate alkane-like low temperature reaction pathways 

48] . In assigning the associated rate constants to these pathways, 
˙ H addition to the C 

= C double bond was taken by analogy with 

˙ H addition to propene from [52] with a branching ratio of 75:25, 

avoring addition to the terminal carbon atom. Rate constant ex- 

ressions for the next steps of radical additions to O 2 , internal iso- 

erization, dissociation reactions, and alternate Waddington path- 

ays were modeled using analogous rate constants to those pub- 

ished by Sun et al. [53] . 

.6.2. H ̇O2 radical addition 

H ̇O 2 radical concentrations are relatively high at intermediate 

emperatures (750 – 10 0 0 K) [37] , and these can recombine with 

llylic radicals or add on to the double bond forming hydroper- 

xy alkyl radicals. To describe H ̇O 2 radical additions to the dou- 

le bond, analogies to ethylene and isobutene rate constants were 

aken from the calculations by Zádor et al. [37] for internal and 

erminal additions, respectively. 

.6.3. Ḣ atom addition 

H-atom addition to the C 

= C double bond in the DIB isomers 

orming iso-octane radicals was modeled as the decomposition 

f iso-octane radicals adopting the analogous rate constants from 

ang et al. [54] . 

. Results and discussion 

IDTs for DIB isomers were measured in both RCMs at pres- 

ures and temperatures relevant to practical applications, i.e., 15 
6
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30 bar and 650 – 900 K at equivalence ratios in the range of 

.5 – 2.0. IDTs of both isomers were measured in the ULille RCM 

hile the NUIG experiments focused on the DIB-1 isomer only. 

o ensure fidelity and consistency in the measurements, experi- 

ents were conducted at similar conditions for the stochiometric 

IB-1/oxidizer mixtures at compressed pressures of 15 bar, 20 bar 

nd 25 bar. As seen in Fig. 4 (b), the experimental measurements at 

0 bar and 25 bar from the two different facilities compare well, 

nd the differences are within the experimental uncertainty (25%). 

owever, the measurements at 15 bar show larger differences. Ex- 

eriments were repeated at both the facilities to resolve the dif- 

erences at this condition, but the measurements were found to be 

ighly repeatable using both facilities, and the differences unfortu- 

ately could not be explained. For other experimental observations, 

he lack of classical negative temperature coefficient (NTC) behav- 

or in the temperature range investigated is noted. The IDTs did 

xhibit a non-Arrhenius behaviour which can be seen in Fig. 4 (a) 

4(d). Furthermore, we did not notice two-stage ignition for both 

somers over the temperature range investigated herein. This lack 

f two stage ignition can be seen in pressure traces shown in 

ig. 3 . 

The model can reproduce the IDT experiments from the two 

ifferent RCM facilities well; Fig. 4 (b) represents common exper- 

ments (for DIB-1) and simulations using the corresponding heat 

oss profiles. In Fig. 4 (b), the solid and open symbols represent the 

DT experiments using the ULille RCM and NUIG RCM, respectively. 

imulations were performed including the corresponding heat 

oss profiles i.e., solid and dashed lines represent the ULille and 

UIG data, respectively. However, the model is faster ( ∼25%) than 
sents the authors' peer-reviewed, accepted manuscript. 
ailable from the relevant publisher.
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Fig. 5. Flux analysis using the current model for DIB-1 oxidation at ϕ = 1.0 in air, 25 bar at 700 K at the time of 20% fuel consumption. 
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he experiments in the temperature range of 715 – 770 K at all 

ressures. Further comparisons and discussion on the relative 

eactivity of the two isomers shall be presented in later sections. 

Fig. 5 depicts the main reaction pathways of DIB-1 ( 1 ) at the 

= 1.0, 700 K, 25 bar condition at the time of 20% fuel conversion.

n total, 73% of DIB-1 undergoes H-atom abstraction reactions, of 

hich 35%, 20%, and 13% forms secondary allylic ( 2 ) , alkyl ( 3 ) , and

rimary allylic ( 4 ) radicals, respectively. Radical addition reactions 

o the C 

= C double bond are responsible for approximately 31.5% of 

uel consumption, of which 26.4% comes from ȮH radical addition 

 5 ) and ( 6 ) , with 5.5% occurring via Ḣ atom addition ( 7 ) . IC8D3–

R ( 2 ) allylic radicals, produced via abstraction of secondary-allylic 

ydrogen atoms, are largely consumed via β-scission reactions and 

adical + radical reactions. The β-scission reactions produce 2,4 

imethyl-1,3- butadiene ( 8 ) and methyl radicals. The other impor- 

ant reactions of IC8D3–5R include reactions with H ̇O 2 radicals 

roducing olefinic hydroperoxide adducts: IC8D3–5OOH, IC8D4–

OOH ( 10 ) in addition to the chain terminating self-recombination 
7 
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eactions producing C 16 adducts (DIB dimers) ( 9 ) . The latter two 

eactions are analogous to the reactions of allyl ( ̇C 3 H 5 -a) and 

ethyl-allyl (i ̇C 4 H 7 ) radicals. Addition to molecular oxygen produc- 

ng the secondary allylic-peroxy radical, IC8D4–3 ̇O 2 ( 11 ) is another 

eaction channel consuming IC8D3–5R radicals ( 2 ) . 

.1. DIB-1 kinetic analyses 

The secondary allylic peroxy adduct undergoes internal isomer- 

zation reaction via a H-atom isomerization from methyl substi- 

utions on the tert–butyl group resulting in the production of a 
˙ 
 OOH-like radical with alkyl characteristics, namely IC8D4OOH3–

R ( 12 ) . 

This radical is subsequently consumed by unimolecular reac- 

ions and addition to molecular oxygen, with the former reac- 

ion class dominating its consumption. These unimolecular reac- 

ions produce an unsaturated cyclic ether ( 13 ) together with an ȮH 

adical. The addition of IC8D4OOH3–1R ( 12 ) to O facilitates the 
2 

sents the authors' peer-reviewed, accepted manuscript. 
ailable from the relevant publisher.
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Scheme 1. Chemistry of IC8D4–5O2R radicals. 
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Fig. 6. Brute force sensitivity analysis representing reactions controlling DIB-1 IDTs 

using the new model at ϕ = 1.0 in air, p c = 25 bar, and T c = 700 K. 

h

a

p

t

c

a

t

p

c

p

r

h

s

t

a

c

t

t

a

b

f

p

i

a

p

O

o

5

5

f

t

I

a

r

s

i

O

c

r

H

c

i

e

b

t

c

P

ormation of IC8D4Q3–1 ̇O 2 ( 14 ) , which is a Ȯ 2 QOOH-like species 

hich subsequently produces IC8DQ1Y3 ( 15 ) , an olefinic keto- 

ydroperoxide) and an ȮH radical. 

H-atom abstraction from the tert–butyl group are the next 

mportant reactions producing IC8D4–1R ( 3 ) radicals which are 

lkylic in nature. The important reactions controlling IC8D4–1R 

 3 ) consumption are addition to molecular oxygen (75%) lead- 

ng to the peroxy adduct species IC8D4–1 ̇O 2 R ( 17 ) . Moreover, 

C8D4–1R ( 3 ) is consumed (25%) by β-scission reactions produc- 

ng isobutene and methyl allyl (i ̇C 4 H 7 ) radicals ( 16 ) . The peroxy

dducts undergo internal H-atom isomerization reactions produc- 

ng IC8D4OOH1–3R ( 18 ) , which are resonance stabilized 

˙ Q OOH 

adicals. These radicals are consumed by unimolecular and bi- 

olecular reactions. The unimolecular reactions form an unsatu- 

ated cyclic ether ( 19 ) and an ȮH radical; this reaction is similar 

o the formation of a cyclic ether and an ȮH radical from 

˙ Q OOH 

adicals in alkanes. The bimolecular reactions of IC8D4OOH1–3R 

 18 ) radicals include reactions with O 2 and H ̇O 2 radicals. Reac- 

ions of IC8D4OOH1–3R (18) with O 2 produce IC8D4OOH1–3 ̇O 2 

 20 ) , Ȯ 2 QOOH like radicals) while reactions with H ̇O 2 produce di-

ydroperoxy adducts IC8D4Q13 ( 21 ) , IC8D3Q15 ( not shown, an iso- 

er of 21 ) , respectively. IC8D4OOH1–3 ̇O 2 ( 20 ) radicals isomer- 

ze to produce keto-hydroperoxide-like species IC8D4Q3Y1 ( 22 ) . 

C8D4OOH1–3 ̇O 2 ( 20 ) radicals also participate in termination re- 

ctions to produce IC8D4Q13, IC8D3Q15 ( not shown, an isomer 

f 21 ) . The low-temperature chemistry of IC8D4–1R (3) may 

roduce the following hydroperoxides: IC8D4Q13 ( 21 ) , IC8D4Q3Y1 

 22 ) , IC8D3Q15 ( not shown, an isomer of 21 ) , which upon de-

omposition generate ȮH radicals; a process which facilitate chain 

ranching at low temperatures. 

H-atom abstraction from the primary allylic sites produce 

C8D4–5R radicals ( 4 ) . The consumption of these radicals is largely 

imilar to that for IC8D3–5R ( 2 ) radicals, and the main reac- 

ion channels are addition to molecular oxygen, self-recombination 

eactions, and adduct formation with H ̇O 2 radicals. The self- 

ecombination reactions produce DIB-dimers ( 8 ) , while reactions 

ith H ̇O 2 radicals produce the hydroperoxy adduct, IC8D4–5OOH 

 23 ) . The addition of IC8D4–5R to O 2 leads to the production of

he peroxy adduct: IC8D4–5O2R ( 24 ) which undergo unimolecular 

somerization reactions via a H-shift of a secondary allylic hydro- 

en atom to produce IC8D4Q5–3R ( 34 ) radicals, which are ˙ Q OOH- 

ike radicals. This isomerization reaction is similar to that observed 

n the oxidation of isobutene in our earlier work [18] . IC8D4Q5–3R 

 34 ) radicals are consumed by reactions with O 2 , H ̇O 2 producing 

eroxy- and hydroperoxide adducts but an additional interesting 

eaction network as shown below is found to be important, result- 

ng in the conversion of IC8D4–5R radicals to IC8D3–5R radicals. 

cheme 1 

The addition of ȮH radicals and Ḣ atoms to the double bonds 

n DIB-1 leads to the formation of alcohol ( 5 ) and ( 6 ) and alkyl

 7 ) radicals, respectively. The alcohol radicals are consumed by 

addington pathways which involve addition to O 2 followed by 

-shifts from the –OH moiety to the peroxy site producing alkoxy- 
8
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ydroperoxides which decompose to produce aldehydes/ketones 

nd ȮH radicals. The Waddington pathways largely result in chain 

ropagation reactions, but in the present analysis we do observe 

hat the addition of ȮH to the internal sp 2 carbon results in 

hain branching pathways downstream. IC8OH4–5 ̇O 2 R ( 26 ) , peroxy 

dducts of IC8OH4–5R ( 6 ) participate in R ̇O 2 � ˙ Q OOH type reac- 

ions involving the H-atoms on secondary carbons in the chain 

roducing IC8OH4Q5–3R ( 28 ) radicals. This reaction which is often 

haracterized as an alternative-Waddington pathway and is com- 

etitive due to the facile 6-member transition state resulting in a 

elatively low activation energy barrier for reaction. The alcoholic- 

ydroperoxy alkyl radical IC8OH4Q5–3R ( 28 ) is subsequently con- 

umed via a second addition to O 2 and unimolecular elimina- 

ion reactions to produce a hydroxy cyclic-ether ( 29 ) . The peroxy 

dduct IC8OH4Q5–3R ̇O 2 ( 30 ) , produced via addition to O 2 in ( 28 ) 

an be consumed by H-shifts from the OH moiety in ( 31 ) or by 

he formation of an alcohol-ketohydroperoxide IC8OH4KET53 ( 33 ) 

hrough H-isomerization from the –COOH site. Formation of ( 30 ), 

nd its subsequent reaction producing ( 32 ) and ( 33 ) facilitate chain 

ranching at low temperatures. However, the fluxes through the 

ormation of these intermediates are lower compared to the chain 

ropagating pathways which produce ( 27 ) and ( 29 ) . 

Fig. 6 presents the top 10 most sensitive reactions influenc- 

ng IDTs at 700 K. It can be inferred that reactions producing 

nd consuming IC8D3–5R ( 2 ) radicals inhibit reactivity while those 

roducing and consuming IC8D4–1R ( 3) radicals and addition of 
˙ H radicals to the double bond promote reactivity. The reactions 

f ( 2 ) which inhibit reactivity are: IC8D4 ( 1 ) + ȮH → IC8D3–

R ( 2 ) + H 2 O, IC8D3–5R ( 2 ) → I24C7D13 ( 9 ) + ĊH 3 , IC8D3–

R ( 2 ) + IC8D3–5R ( 2 ) → DIB3-DIMER ( 10 ). This inhibiting ef- 

ect on reactivity in forming IC8D3–5R ( 2 ) radicals is due to 

heir lack of chain branching reactions. As shown in Fig. 5 , 

C8D3–5R ( 2 ) radicals are primarily consumed by β-scission re- 

ctions producing a diene ( 9 ) intermediate in addition to methyl 

adicals. The reaction network of IC8D3–5R ( 2 ) radicals, which 

tarts with H-atom abstraction by reactive ȮH radicals results 

n the formation of methyl radicals which are less reactive than 

˙ H radicals. Thus, this network inhibits reactivity. The self- re- 

ombination reactions producing DIB dimers ( 10 ) also result in 

adical scavenging. The reactions of IC8D3–5R ( 2 ) radicals with 

 ̇O 2 radicals forming hydroperoxide adducts ( 11 ) can facilitate 

hain propagation, but the decomposition of the hydroperox- 

de adducts to ȮH radicals have relatively high activation en- 

rgy barriers ( ∼43 kcal mol –1 ). The abstractions from the tert–

utyl group producing IC8D4–1R radicals promotes reactivity as 

he chemistry downstream initiated by this radical can facilitate 

hain branching chemistry through the reaction sequence IC8D4–
sents the authors' peer-reviewed, accepted manuscript. 
ailable from the relevant publisher.
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Fig. 7. Flux analysis using the current model for DIB-2 oxidation at ϕ = 1.0 in air, 30 bar at 700 K, and 20% fuel consumption. 
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R ( 3 ) + O 2 → IC8D4–1 ̇O 2 R ( 17 ) , IC8D4–1 ̇O 2 R ( 17 ) → IC8D4OOH1–

R ( 18 ) , IC8D4OOH1–3R ( 18 ) + O 2 → IC8D4OOH1–3 ̇O 2 R ( 20 ) and

C8D4OOH1–3 ̇O 2 R ( 20 ) → IC8D4Q3Y1 ( 22 ) + ȮH. The reaction 

C8D4 ( 1 ) + ȮH → IC8OH4–5R ( 6 ) promotes reactivity as the 

hemistry of IC8OH4–5R radicals downstream can facilitate chain 

ranching via the formation of ( 33 ) . 

.2. DIB-2 kinetic analyses 

The flux analysis using the current model for DIB-2 oxidation 

t ϕ = 1.0, 25 bar and 700 K, at 20% fuel consumed is depicted in

ig. 7 . The DIB-2 isomer is mainly consumed via H-atom abstrac- 
9 
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ion reactions at the primary allylic (34%) and alkylic (24%) sites, 

orming radicals ( 2 ) and ( 34 ) respectively. The H-atom abstraction 

eactions from the primary allylic site produces IC8D3–5R ( 2 ) radi- 

al and the consumption chemistry of this radical is similar to that 

hown in Fig. 5 and shall not be discussed again. H-atom abstrac- 

ion reactions from the methyl sites on the tert–butyl group leads 

o the production of primary alkyl radicals, IC8D3–1R ( 34 ) , which 

re consumed primarily by addition to O 2. The peroxy adducts so 

ormed, IC8D3–1O2R ( 37 ) undergo intramolecular additions on the 

ouble bonds producing cyclic peroxy adducts. The cyclic peroxy 

dducts eventually undergo unimolecular decomposition reactions 

roducing formaldehyde and olefinic alkoxy radicals ( 38 ) . The rest 
sents the authors' peer-reviewed, accepted manuscript. 
ailable from the relevant publisher.
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Fig. 8. Brute force sensitivity analysis representing reactions controlling DIB-2 IDTs 

using the new model at ϕ = 1.0 in air, p C = 25 bar, and T C = 700 K. 
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Table 4 

Flux (%) of fuel through addition and abstraction reactions. 

Reaction type DIB-1 DIB-2 

H-atom abstraction 69.5 59.37 

Addition to the double bond 28.5 39.31 

ȮH addition 15.64 17.07 

H ̇O 2 addition 1.08 9.30 

Ḣ addition 9.66 11.00 

Ḣ-addition (Chemically activated pathways) 1.64 1.42 

Ö-addition (Chemically activated pathways) 0.48 0.52 
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f the DIB-2 flux is consumed via addition reactions, 8% via Ḣ 

tom addition at the secondary vinylic position with the double 

ethyl substitution, forming iC 8 –4R ( 7 ) radicals. These undergoes 

-scission (56%), producing iC 4 H 8 and t ̇C 4 H 9 , while the remaining 

4% undergoes O 2 addition ( 5 ) and classical low temperature chain 

ranching kinetics. 

ȮH radical addition reactions to the C 

= C bond account for 

2% and 7% of DIB-2 flux, forming hydroxy alkyl radicals IC8OH4–

R ( 35 ) and IC8OH3–4R ( 40 ) radicals from the addition of ȮH 

adicals to tertiary and secondary carbon atoms, respectively. 

hese hydroxy alkyl radicals react with O 2 undergoing the con- 

entional and alternative Waddington pathways. The Waddington 

athways are the major consumption pathways, producing inter- 

ediates ( 41 ) and ( 46 ) , accounting for more than 60% of the flux.

he classical Waddington pathways produce acetone, 2,2-dimethyl 

ropanal and ȮH ( 50 ) . The alternative-Waddington pathways ac- 

ount for up to 40% of the consumption flux. The main products 

f the alternative-Waddington pathways are alcohol-substituted 

yclic ethers ( ( 43 ) and ( 49 ) ), and largely lead to chain propaga-

ion reactions producing ȮH radicals. The alternative Waddington 

athways initiated by ȮH radical additions to the tertiary car- 

on could lead to chain branching through the reaction sequence: 

C8Q3OH4–1R ( 42 ) + O 2 → IC8Q3OH4–1 ̇O 2 ( 44 ) , IC8Q3OH4–1 ̇O 2 

 44 ) → IC8OH4KET31 ( 45 ) + ȮH. The ȮH additions to the sec- 

ndary carbon in DIB2 producing IC8OH3–4R ( 40 ) radicals largely 

eads to the formation of ( 50 ) and ( 49 ) which do not facilitate

hain branching. Thus, the selectivity of ȮH addition to double 

ond can have implications on the reactivity of DIB2.as 

The most sensitive reaction which promotes reactivity of DIB- 

 is the addition of ȮH to the double bond producing IC8OH4–

R ( 35 ) . As mentioned earlier, this reaction can promote chain 

ranching at low temperatures through the alternative Wadding- 

on pathways. It is for the same reason that the formation of HAP 

IC8Q3OH4–1R ( 42 ) + O 2 → IC8Q3OH4–1 ̇O 2 ( 44 ) ) also appears 

n the list of the top sensitive reactions promoting reactivity and 

he competitive classical Waddington pathway channel IC8OH4–

 ̇O 2 R → IC8Q3–4 ̇OJ appears as a sensitive reaction retarding igni- 

ion. H-atom abstraction by ȮH radicals from the allylic and the 

ethyl sites on the ter–butyl part of the molecule retard igni- 

ion as they compete with addition of ȮH to double bond pro- 

ucing IC8OH4–3R ( 35 ) , and ignition is also retarded as the re- 

ulting radicals do not effectively lead to chain branching. The 

C8D3–5R radicals produced from H-atom abstraction from the al- 

ylic sites largely participate either in chain terminating reactions 

roducing DIB dimers or undergo methyl-eliminations producing 

imethyl-pentadienes. The peroxy adducts of IC8D3–5R ( Fig. 8 ) 

ould participate in some chain branching chemistry through 
10 
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he reaction sequence: IC8D4–3 ̇O 2 → IC8D4Q3–1 → IC8D4Q3- 

 + O 2 → IC8D4Q3–1 ̇O 2 which explains their presence in the list of 

ensitive reactions. It is interesting to note that abstractions from 

ethyl-peroxy producing methyl hydroperoxide and the decompo- 

ition of methyl hydroperoxide appear to promote reactivity. This 

s because abstraction reactions by methyl peroxy radicals com- 

ete with H-atom abstractions by ȮH, and the resulting methyl- 

ydoropeoxide molecules decompose to produce ȮH radicals. The 

ethyl peroxy radicals can also participate in self-recombination 

eactions CH 3 ̇O 2 + CH 3 ̇O 2 → CH 2 O + CH 3 OH + O 2 which are chain

erminating in nature. These chain terminating reactions also low- 

rs the flux through H-atom abstractions reactions, thus retarding 

eactivity. 

.3. Reactivity comparison of DIB isomers 

Reactivity comparisons using the experimental IDTs (ULille) of 

toichiometric ( ϕ = 1.0) DIB-1 and DIB-2 in air mixtures at 15, 20, 

nd 25 bar are presented in Fig. 9 (a) – 9(c). In the investigated 

 C / T C conditions, DIB-2 exhibits faster reactivity (lower IDTs) com- 

ared to DIB-1. 

The position of the double bond in the DIB isomers, therefore, 

nfluences the reactivity. The influence of the position of the dou- 

le bond could be due to differences in relative fluxes through re- 

ctions of reactive radicals ( ̇H, ȮH, H ̇O 2 ) through abstraction and 

dditions reactions. To gain insights into the chemistry controlling 

he reactivity of the isomers, a flux analysis was conducted at a 

ompressed temperature of 800 K and at a pressure of 20 bar. This 

ondition was chosen as the relative reactivity of the isomers was 

aptured well by the mechanism for the different pressures consid- 

red. The flux analysis was conducted at 20% fuel conversion and 

he summary of the flux through the abstractions and additions 

eaction is shown in Table 4 . 

From the flux analysis we see that the percentage flux through 

he abstraction reactions for the DIB-1 isomer is higher compared 

o DIB-2 by about 10%, while the fluxes through addition reactions 

o the double bond are higher in the case of DIB-2 by a similar 

argin. The biggest difference in the percentage flux through addi- 

ions appears to stem from the difference in the flux through H ̇O 2 

adical additions. These additions are modeled using kinetic analo- 

ies to reactions of H ̇O 2 with ethylene, propene, iso-butene and 

he linear butene isomers published by Zádor et al. [37] . The H ̇O 2 

adical additions to the double bond may result in the formation 

f oxiranes + ȮH either through chemically activated pathways or 

ia the formation of ˙ Q OOH iso-octane radicals. These addition re- 

ctions facilitate an efficient conversion of H ̇O 2 into ȮH radicals. 

heflux through addition of ȮH radicals and Ḣ atoms to the dou- 

le bond in the DIB-2 isomer are higher too, but the differences are 

maller compared to those for H ̇O 2 radical additions. Thus, based 

n the present flux analysis, the higher reactivity of DIB-2 can be 

ttributed to sensitivity of the addition reactions to the location of 

he double bond, and in particular the site-specific addition of H ̇O 2 

adicals. 
sents the authors' peer-reviewed, accepted manuscript. 
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Fig. 9. The current model predictions for DIB isomers; IDTs measured at ULille RCM at ϕ = 1.0 fuel in air at (a) 15, (b) 20 and (c) 25 bar. 

Fig. 10. RCM species selectivity for DIB-1 at T C = 700 K, P C = 25 bar, = 1.0 in air. For clarity of species nomenclature, please refer to the dictionary provided in the 

supplemental material. 

11

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



N. Lokachari, G. Kukkadapu, H. Song et al. Combustion and Flame xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: CNF [m5G; August 7, 2022;16:29 ] 

Fig. 11. RCM species selectivity for DIB-2 at T C = 700 K, P C = 25 bar, = 1.0 in air. For clarity of species nomenclature, please refer to the dictionary provided in the 

supplemental material. 

4

J

i

a

i

s

t

4

p

w

s

p

t

e

t

d

f

m

s

T

i

t

c

s

p

h

w

o

v

t

s

p

t  

a

i

d

o

(

d

t

c

a

4

d

s

t

c

a  

m

w

1

2

i

P

.4. Speciation data 

Speciation measurements were conducted in RCM and CNRS- 

SR to provide information on the formation of intermediates dur- 

ng fuel oxidation. These measurements are expected to provide an 

dditional rigor in the validation of the mechanism and ensure that 

t successfully captures the oxidation chemistry. In this section, we 

how and discuss the predictive fidelity of the mechanism in cap- 

uring the measured speciation measurements. 

.4.1. RCM Speciation data 

To better understand the low temperature kinetics, sam- 

ling experiments in the ULille RCM for neat DIB-1 and DIB-2 

ere performed to identify and quantify the stable intermediate 

pecies formed during the ignition delay period, at T C = 700 K, 

 C = 25 bar, and ϕ = 1.0. All samples from the reacting mix- 

ure were extracted from the reaction chamber and immediately 

xpanded into a previously evacuated and heated sampling canis- 

er to quench the reactivity (please refer to Section 2.2 for further 

etails) and analysed using two GCs. Intermediates with a mole 

raction higher than 50 ppm were used to validate the current 

odel. Most of the experimentally observed intermediates corre- 

pond well with the DIB-1 model simulations as shown in Fig. 10 . 

he decomposition reactions of DIB-1 result in large quantities of 

sobutene (iC 4 H 8 ) [18] which is slightly under-predicted ( ∼15%) by 

he current model, while meeting the estimated experimental un- 

ertainties of ± 15%. ȮH radical addition to the terminal vinylic 

ite of DIB-1 and subsequent Waddington mechanism results in the 

roduction of 4,4-dimethyl-2-pentanone (neC 7 Y 4 ) and formalde- 

yde (CH O). CH O was observed in the MS chromatograms but 
2 2 

12 
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as not quantified. NEC 7 Y 4 , one of the Waddington products, is 

ver-predicted by ∼50%. 

In the case of DIB-2, at 700 K, conversion primarily proceeds 

ia the Waddington mechanism and results in the production of 

C 4 H 9 CHO and acetone. The current model reproduces the mea- 

ured acetone profile well and is within a factor of two of the ex- 

erimental tC 4 H 9 CHO profile. In addition, other stable species in 

he model, such as CH 3 OH, C 3 H 6 , CH 3 CHO, iC 4 H 8 , a-C 5 H 10 , methyl-

crolein, etc., are well reproduced. However, the current model 

s consistently less accurate for the oxiranes and oxetanes pro- 

uced during DIB oxidation; for instance 2-methyl-2-neopentyl- 

xirane (iC 8 O4–5) for DIB-1 and 2–tert–butyl–3,3-dimethyl oxirane 

iC 8 O3–4) for DIB-2. Considering that the addition of H ̇O 2 to the 

ouble bond is important in capturing the relative reactivity of 

he isomers, high-level theoretical calculations on the reaction rate 

onstants for fuel addition reactions with H ̇O 2 for larger iso-olefins 

re recommended for future work. 

.4.2. JSR Speciation data 

Figures. 11–13 represent the validation of the DIB model 

eveloped in this study against the stable species profiles mea- 

ured in the ICARE Orléans JSR for the oxidation of DIB-1 and 

he DIB-1/DIB-2 mixtures respectively. The experiments were 

onducted at 10 atm over a temperature range 720 – 1200 K, 

t ϕ = 1.0 with an initial fuel mole fraction of 10 0 0 ppm. The

odel is in adequate agreement with most of the species over a 

ide range of experimental conditions as shown in Figs. 12 and 

3 ( ϕ = 1.0 and 10 atm). Additional validation plots ( ϕ = 0.5 and 

.0 at 10 atm) of DIB-1 and the mixture (DIB-1 and DIB-2) are 

ncluded as Supplementary material. 
sents the authors' peer-reviewed, accepted manuscript. 
ailable from the relevant publisher.
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Fig. 12. Neat DIB-1 oxidation species profiles for 10 0 0 ppm DIB-1 and ϕ = 1.0, at p = 10 atm and τ = 0.7 s in the JSR. Points are new experimental results, and lines 

represent current DIB model simulations. For clarity of species nomenclature, please refer to the dictionary provided in the supplemental material. 
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Conversion of the neat DIB-1 and DIB-2 mixtures starts at ≈
00 K and ≈ 780 K, respectively, at all equivalence ratios. A higher 

eactivity is observed in both experiments and simulation as the 

ixtures get leaner at a given temperature, Fig. 12 (a), Fig. 13 (a), 

ig. S1(a), Fig. S2(a) and Fig. S3(a). In these JSR experiments, 

X O2 ] increases as the mixtures get leaner while the [X Fuel ] is 

nchanged. Higher [X O2 ] is expected to increase the efficacy of the 
13 
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ow temperature pathways which explains the higher reactivity of 

he leaner mixtures. 

. Uncertainties in DIB chemistry and modeling needs 

From the comparison of simulated speciation profiles against 

easurements from the RCM and JSR experiments, it can be in- 
sents the authors' peer-reviewed, accepted manuscript. 
ailable from the relevant publisher.
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Fig. 13. Oxidation species profiles for DIB mixture containing 750 ppm DIB-1 + 250 ppm DIB-2 at ϕ = 1.0 at 10 atm, τ = 0.7 s in the JSR. Points are new experimental 

results, and lines represent current DIB model simulations. For clarity of species nomenclature, please refer to the dictionary provided in the supplemental material. 
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erred that the mechanism performs adequately in capturing the 

uel conversion profiles and formation of the global oxidation 

roducts (H 2 O, CO, CO 2 ) and major intermediates (e.g.: iso-butene, 

ethane, ethylene) with discrepancies in mole fractions being 

argely within a factor of two. The comparison of the IDTs also 

hows a similar level of adequate mechanism performance in pre- 

icting the global reactivity. However, significant discrepancies are 

bserved when comparing the experimental and simulated pro- 
14 
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les of some intermediates such as 2,4-dimethyl-1,3-pentadiene 

I24C7D13), isoprene, benzene and toluene. These discrepancies 

n both global reactivity and the formation of some of the inter- 

ediates may be due to three reasons. First, we rely heavily on 

nalogies to the oxidation of smaller hydrocarbons to develop the 

echanism due to the lack of targeted experimental studies on 

eactions of the fuel with reactive radicals (such as Ḣ, ȮH and 

 ̇O ) and the reactions of iso-olefin radicals. The approach of using 
2 
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nalogies, as shown here, helps in developing a mechanism which 

an reasonably predict the global reactivity trends and the speci- 

tion measurements. But some differences might be unavoidable 

ue to the intrinsic uncertainties arising by using kinetic informa- 

ion from smaller molecules which often are not heavily branched. 

hus, to close the gap between the experiments and modeling ef- 

orts, additional reactions might be needed. Examples of the reac- 

ions which could improve the performance of the mechanism in- 

lude exploration of the low temperature chemistry of allylic per- 

xy radicals producing ˙ Q OOH-like radicals, and olefin KHP through 

he reaction sequences ( 2 ) → ( 10 ) → ( 12 ) → ( 14 ) → ( 15 ) , unimolecular

eactions of allyic- ̇ Q OOH radicals: IC8D4OOH3–1R ( 18 ) , decom- 

osition reactions of allylic radicals (IC8D3–5R ( 2 ) → I24C7D13 

 8 ) + ĊH 3 ) and addition/abstraction reactions of DIB isomers with 

˙ H, H ̇O 2 and CH 3 ̇O 2 radicals (see Fig. 5 for numbered reactions). 

he lack of accurate thermochemistry of intermediates may be an- 

ther important reason for these discrepancies. Finally, iso-olefin 

hemistry leads to the formation of diene intermediates (e.g.: 

imethyl- pentadiene, dimethyl-butadiene and isoprene) in signifi- 

ant amounts, and our current understanding of diene chemistry is 

nown to be severely lacking. We believe more robust models for 

IB and other iso-olefins could be improved further if dedicated 

tudies exploring the aforementioned three reasons are performed. 

It should be noted that some of the studies in the literature 

ave focused on accurate estimations of the thermochemistry of 

IB related species [55 , 56] , reactions of DIB with ȮH radicals and

ecomposition reactions of DIB radicals [57–61] , but we did not 

dopt the kinetics from these studies for several reasons. The ther- 

ochemistry was not adopted as the thermochemistry of only a 

elect set of species were computed and the thermochemistry of 

everal important species (and species classes) were not consid- 

red. Adopting the thermochemistry of the species available would 

isturb the internal consistency of the mechanism in capturing the 

hermochemistry. With regard to the reactions of DIB with ȮH, 

e found severe discrepancies between rates for H-atom abstrac- 

ion reactions by ȮH radicals from the ab-initio studies which are 

hown as Supplementary material. We also did not adopt the rates 

or the decomposition of DIB radicals as the rate parameters pro- 

ided by the study was limited to narrow temperature ranges (eg: 

00 – 800 K or 500 – 1000 K) as shown in the Supplementary ma- 

erial. Furthermore, the quality of the fits could also be improved 

ignificantly. 

. Conclusions 

DIB is one of the six fuel blendstocks short-listed for Co-Optima 

esearch [3] . DIB isomers are also important intermediates in the 

xidation of iso-octane; however, typical low-temperature kinetics 

s limited in the existing literature DIB mechanisms. Major discrep- 

ncies were noted in the IDT predictions of various literature sur- 

ogate models when compared against the new DIB-1 data from 

his study. This study presents a wide range of low temperature 

nd high-pressure experimental measurements, which can be a di- 

ect validation target for multi-component surrogate models fea- 

uring DIB-1 and/or DIB-2. A kinetic model has been developed 

hich can adequately reproduce the observed autoignition behav- 

or and species mole-fraction profiles. 

DIB-2 shows higher reactivity in comparison to DIB-1 for the 

onditions considered in this study. The influence of the position 

f the double bond for DIB was analysed via kinetic analyses per- 

ormed at 800 K and 20 atm shows that the (i) fate of the DIB alkyl

adical ( β-scission or reaction with O 2 ) and (ii) abstraction reac- 

ions (followed by reactions with hydroperoxyl radicals) are the 

ajor reaction channels that determine reactivity at these condi- 

ions. The current model can well capture the global reactivity tar- 

ets of the DIB isomers, including IDTs from two independent RCM 
15 
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acilities and local reactivity targets such as species profile mea- 

urements from a RCM and a JSR at various conditions. Our model 

s in adequate agreement with many of the stable intermediates 

ormed in the RCM sampling experiments and in the JSR experi- 

ents performed for the DIB isomers. However, the model needs 

urther investigation to improve the various radical addition path- 

ays to the double-bond and H-atom abstraction reactions high- 

ighted previously. These reaction classes are suitable candidates 

or future work. 
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