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a b s t r a c t 

A wide variety of high temperature experimental data obtained in this study complement the data on 

the oxidation of the two di-isobutylene isomers presented in Part I and offers a basis for an extensive 

validation of the kinetic model developed in this study. Due to the increasing importance of unimolec- 

ular decomposition reactions in high-temperature combustion, we have investigated the di-isobutylene 

isomers in high dilution utilizing a pyrolysis microflow reactor and detected radical intermediates and 

stable products using vacuum ultraviolet (VUV) synchrotron radiation and photoelectron photoion co- 

incidence (PEPICO) spectroscopy. Additional speciation data at oxidative conditions were also recorded 

utilizing a plug flow reactor at atmospheric pressure in the temperature range 725–1150 K at equivalence 

ratios of 1.0 and 3.0 and at residence times of 0.35 s and 0.22 s, respectively. Combustion products were 

analyzed using gas chromatography (GC) and mass spectrometry (MS). Ignition delay time measurements 

for di-isobutylene were performed at pressures of 15 and 30 bar at equivalence ratios of 0.5, 1.0, and 

2.0 diluted in ‘air’ in the temperature range 90 0–140 0 K using a high-pressure shock-tube facility. New 

measurements of the laminar burning velocities of di-isobutylene/air flames are also presented. The ex- 

periments were performed using the heat flux method at atmospheric pressure and initial temperatures 

of 298–358 K. Moreover, data consistency was assessed with the help of analysis of the temperature and 

pressure dependencies of laminar burning velocity measurements, which was interpreted using an em- 

pirical power-law expression. Electronic structure calculations were performed to compute the energy 

barriers to the formation of many of the product species formed. The predictions of the present mech- 

anism were found to be in adequate agreement with the wide variety of experimental measurements 

performed. 

© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

As highlighted in Part I [1] of this study, di-isobutylene has 

een identified as one of six blendstocks made from biomass that 

ive the highest efficiency gains for downsized, boosted, spark- 

gnition (SI) engines and has the fewest barriers towards imple- 
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Table 1 

Laminar burning velocity measurements of di-isobutylene/air flames. 

Fuel Pressure (atm) Temperature (K) ϕ Method Source 

DIB 1 377–455 ∼1 Bunsen burner [12] 

DIB-1 1, 3 400, 450 0.6–1.5 Spherical flame [13] 

DIB-1 1, 3, 5 298, 373, 453 0.7–1.6 Spherical flame [15] 

DIB-2 1 298, 373, 453 0.8–1.6 Spherical flame [17] 

DIB-1 1 428 0.9–1.5 Spherical flame [21] 

DIB 1 298, 318, 338, 358 0.7–1.4 Heat flux burner p.w. 
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entation in the ground transportation market [2] . The name 

i-isobutylene is usually applied to a mixture of two isomers: 

,4,4-trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene, abbrevi- 

ted here as DIB-1 and DIB-2, respectively. In the market, di- 

sobutylene is often available as a mixture of DIB-1 and DIB-2 in 

 3:1 ratio and will be abbreviated as DIB. 

Part I of this study exclusively focuses on the low-to- 

ntermediate temperature kinetics of DIB; ignition delay times 

IDTs) and speciation measurements were obtained in a rapid com- 

ression machine and in a jet-stirred reactor, respectively, dur- 

ng DIB oxidation and were validated with a new detailed kinetic 

echanism to describe its oxidation. Here we present an inves- 

igation of the high-temperature model development and valida- 

ion on the relevant experimental targets, such as IDTs and laminar 

urning velocities (LBVs) of DIB across a wide range of conditions. 

n [2] , more than 400 blendstocks (compounds and fuel mixtures) 

ere considered and were down selected to forty blendstocks with 

esirable fuel properties for advanced SI engines [3] . Thereafter, 

he list of compounds was further refined based on a merit func- 

ion used to identify blendstocks that gave the highest efficiency 

ain in a downsized, boosted SI engine. The most important in- 

ut to the merit function was the research octane number (RON) 

nd octane sensitivity of the blendstocks [4] . Finally, the list was 

arrowed down based on techno-economic and life-cycle analyzes, 

ncluding a criterion that the blendstock would reduce greenhouse 

as emission by at least 60% compared to petroleum-based fuels. 

his yielded six blendstocks, including DIB, with the fewest barri- 

rs to market. 

To the best of our knowledge, no study exists investigating the 

nimolecular decomposition of the two isomers under anaerobic 

onditions. This has motivated us to study unimolecular decompo- 

ition of DIB in a pyrolysis micro-reactor, which is more relevant at 

igh temperature ( � 1100 K) combustion conditions. The first ded- 

cated study of DIB-1 and DIB-2 oxidation in a shock tube allowed 

or the development and first validation of a detailed kinetic model 

y Metcalfe et al. [5] . Mixtures of primary reference fuels (PRFs) 

ith DIB have also been studied in a shock tube [6] . Subsequent 

tudies in shock tubes were aimed at improving the Metcalfe et al. 

5] model by Hu et al. [7] or construction of a new model (also

ased on [5] ) by Li et al. [8] . Later Yin et al. [9] showed that the

ow-temperature chemistry is dominated by hydrogen abstraction 

eactions. 

Recent work by Terracciano et al. [10] examined both DIB-1 

nd DIB-2 at stoichiometric conditions and at atmospheric pressure 

n a jet-stirred reactor and identified intermediates using tune- 

ble vacuum ultraviolet (VUV) and time-of-flight mass spectrom- 

try. They found that the ignition characteristics were greatly de- 

endent on C 4 and C 7 fragment production and decomposition for 

oth isomers and that the tert-butyl radical was a dominant in- 

ermediate species. Additionally, the DIB-1 isomer produced larger 

uantities of C 4 over C 7 compounds, while the opposite result was 

ound for the DIB-2 isomer, with it favoring C 7 over C 4 compounds. 

The adiabatic laminar burning velocity, S L , plays an important 

ole in rate of fuel oxidation in SI engines, therefore its determina- 

ion for different hydrocarbons has a long history [11] . The first S 
L a

2 
easurements for DIB/air near-stoichiometric mixtures were per- 

ormed by Albright et al. [12] at atmospheric pressure at several 

nitial temperatures in the temperature range of 377–455 K using 

he flame cone method. The authors noted that the variation of 

urning velocity with temperature is different for various hydro- 

arbons, while the rate of change for DIB is lowest compared to 

 -hexane, n -heptane, iso -octane, and toluene. 

Revitalized interest in DIB as a fuel supplement inspired several 

ecent flame studies summarized in Table 1 . Zheng et al. [13] mea- 

ured burning velocities of DIB-1/air flames in a constant vol- 

me combustion bomb at initial mixture temperatures of 400 and 

50 K, at 1 and 3 atm, comparing linear and non-linear stretch 

orrection approaches. These measurements were compared to the 

redictions of the kinetic model developed by Andrae and Kovács 

14] , and the mechanism developed by the authors [13] . The model 

f Zheng et al. [13] combines the di-isobutylene sub-mechanism by 

etcalfe et al. [5] with a reduced core C 0 –C 4 model based on the 

SC-II mechanism. 

Hu et al. [15] determined burning velocities of DIB-1/air flames 

n a broad range of temperatures from 298 to 453 K and at 1, 

, and 5 atm in spherical flames applying the non-linear stretch 

orrection. The authors found that the model from Metcalfe et al. 

5] notably over-predicts their S L measurements and suggested 

everal modifications to improve its performance. First, the core 

 0 –C 4 model was replaced by AramcoMech2.0 [16] , and second, 

igh-level ab initio calculations were used to update several rate 

onstants of important DIB-1 reactions. Moreover, the tempera- 

ure and pressure dependencies of the burning velocity were in- 

erpreted using the following empirical equation [11] : 

 L = S L 0 ( T / T 0 ) 
α
( p/ p 0 ) 

β (1) 

hich relates the burning velocity, S L , at initial temperature T and 

ressure p to that at the reference temperature T 0 and pressure p 0 . 

he power exponents α and β were approximated by polynomial 

unctions of the equivalence ratio ϕ [15] . 

A subsequent study from the same group [17] aimed to deter- 

ine the burning velocity of DIB-2 at 1 atm and the same initial 

emperatures of 298, 373, and 453 K allowing for direct compar- 

son with DIB-1 [15] S L measurements. It was found that DIB-2 

urns faster than DIB-1, with the difference increasing from 1 to 

 cm s –1 for lean flames, to 5–7 cm s –1 in rich flames at both

oom and elevated temperatures. The model presented by Hu et al. 

15] was found to be in better agreement with the burning veloci- 

ies of DIB-2 compared to the Metcalfe et al. [5] model. 

Further development of the kinetic model for DIB-1 oxidation 

as presented by Yin et al. [18] . The model improvement was 

chieved by modification of the rate constants of the primary rad- 

cals’ isomerization, decomposition, reactions with O 2 as well as 

-atom abstraction reactions. These rate constants were derived 

sing high-level quantum chemical calculations [9 , 18-20] , and im- 

roved agreement with available experimental data for DIB-1 IDTs 

nd S L s of rich flames compared to the Metcalfe et al. [5] model

as demonstrated. Yin et al. [18] concluded that their modified 

odel exhibits “reasonable agreement” with the shock tube data 

nd laminar flame speeds, which calls for further analysis of DIB 
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a

xidation at high temperatures based on additional experiments 

hich have been performed here. 

Most recently the burning velocities of DIB-1 were determined 

n spherical flames at 1 atm and at an initial temperature of 428 K 

21] . Laich et al. implemented a multi-zone model to derive LBVs 

rom pressure traces and thus ignored stretch correction. These 

easurements [21] were compared with the results of Zheng et al. 

t 1 atm and appeared to be slightly higher (for fuel-lean mixtures) 

r lower (for fuel-rich mixtures) compared to the LBVs measured 

y Zheng et al. at 450 K [13] . 

A common approach to validate detailed kinetic mechanisms is 

o compare model predictions with the experimental data in co- 

rdinates of S L vs. ϕ, for a given initial p and T . However, this as-

essment is often possible for one dataset only, since the measure- 

ents are seldom performed at the same conditions, as shown in 

able 1 . To this end, analysis of the temperature and pressure de- 

endencies of the burning velocity interpreted in Eq. (1) can help 

ompare experimental results obtained at different conditions [11] . 

herefore, the objective of the present work is to determine LBVs 

f DIB/air flames at atmospheric pressure and different tempera- 

ures and analyze data consistency of the new results and experi- 

ents available in the literature. 

Additionally, in this study, unique speciation data were obtained 

n a microflow tube reactor at pyrolytic conditions as well as in 

 flow reactor at stoichiometric and fuel-rich conditions to fur- 

her improve the model. Moreover, new measurements of IDTs in a 

igh-pressure shock tube (HPST) extend the range of temperatures 

overed in rapid compression machines as presented in Part I [1] . 

The following paper is structured by first providing an overview 

f the experimental methodologies adopted in this study in 

ection 2 , followed by a brief description of our DFT analyzes and 

igh-temperature kinetic modeling of DIB in Section 3 . A discus- 

ion of the important findings from this study and model valida- 

ion using the new data follows in Section 4 and a summary along 

ith recommendations for future work are presented in Section 5 . 

. Experimental methods 

.1. Microflow tube reactor (PSI) 

The pyrolysis experiments of the two di-isobutylene isomers 

ere performed at the Vacuum Ultraviolet [22 , 23] beamline of the 

wiss Light Source, Paul Scherrer Institute (PSI), Switzerland. The 

i-isobutylene samples were diluted (0.05%) in Ar to suppress bi- 

olecular chemistry and expanded through a 100 μm pinhole into 

 resistively heated silicon carbide microreactor (40 mm length, 

 mm oD, 1 mm iD). The temperature of this Chen-type reactor 

as varied from room temperature to 1600 K [24] . The effective 

ressure and residence time in the microreactor were outlined by 

uan et al. [25] and Grimm et al. [26] and are in the range of 9–20

bar and 25–50 μs, respectively. Due to the small inner diameter 

1 mm) a direct measurement of the gas temperature is not possi- 

le without disturbing the flow conditions. We thus obtained only 

he wall temperature, which may overestimate the gas tempera- 

ure by up to 200 K according to Guan et al. [25] . The gas mix-

ure leaving the reactor expands into high vacuum (10 −5 mbar), 

here a molecular beam is formed, which preserves the reaction 

ixture, including reactive free radicals, thus providing a snap- 

hot of the unimolecular chemistry at the specific temperature. 

he reaction mixture in the expanding molecular beam is skimmed 

2 mm skimmer) and travels into the ionization volume of the Pho- 

oelectron Photoion Coincidence (PEPICO) end-station, where it is 

ntersected with the vacuum ultraviolet synchrotron (VUV) radi- 

tion [27 , 28] . A bending magnet produces the VUV synchrotron 

adiation, which is collimated onto a plane grating (150 l/mm), 

onochromatized, and focused onto the exit slit ( E / �E = 1500). 
3 
igher order radiation, also diffracted by the grating, is eliminated 

sing a rare gas filter with an Ar/Ne/Kr mixture, or by a MgF 2 win-

ow, as described in [23] . The PEPICO endstation was utilized to 

ecord photoionization mass spectra (PIMS) at different photon en- 

rgies to observe reactive intermediates and products as function 

f the temperature. PIMS were recorded for typically 60–120 s, and 

he integrated m / z peaks were plotted as function of the temper- 

ture to obtain the species profiles. To measure photoion mass- 

elected threshold photoelectron (ms-TPE) spectra, we scanned the 

hoton energies in 10–20 meV steps (averaged for 2–10 min per 

oint) to obtain well-resolved vibrational transitions from the neu- 

ral into the ion. This structure provides isomer-specific informa- 

ion if compared to a reference or simulated spectra [28 , 29] . To do

o, electrons with E kin < 10 meV were considered in the analysis, 

nd the hot electron contribution to the center signal of the imag- 

ng detector, i.e., the electrons with significant kinetic energy in the 

on-off axis momentum component, was subtracted as outlined in 

he approach by Sztaray and Baer [30] . Due to the absence of reli-

ble photoionization crosssection (PICS) for many of the intermedi- 

tes and reaction products, the speciation data in Figs. 2 and 6 can 

nly be seen as semi-quantitative. 

.2. Flow reactor (NREL) 

The analysis of the di-isobutylene isomers was performed in 

 straight quartz tube flow reactor operated under atmospheric 

aboratory conditions (0.85 atmospheres) in Golden, Colorado. The 

ow reactor set up was previously described in detail [31–33] . In 

rief, the reactor consists of a straight quartz tube that is open on 

he backend and is heated inside a ceramic furnace. The tempera- 

ure profile of the quartz tube was measured at one inch intervals 

hroughout the length of the tube at each temperature examined 

nd is incorporated into the simulations. Helium is utilized as the 

nert carrier gas and is introduced along with oxygen at the inlet of 

he quartz tube. The helium flow is adjusted to keep the residence 

ime of 0.35 s for ϕ = 1 and 0.22 s for ϕ = 3 constant through-

ut the temperature sweep. Oxygen flow rates were 0.018 standard 

iters per minute (slm) for ϕ = 1, and 0.0062 slm for ϕ = 3. He- 

ium flow rates ranged from 3.6 to 5.6 slm for ϕ = 1 and 5.9 to 8.0

lm for ϕ = 3. Liquid fuel is introduced via a syringe pump oper- 

ted at ambient laboratory conditions (20–22 °C) at a flow rate of 

0 μL/min to maintain very dilute conditions (approximately 300 

arts per million (ppm)) such that the stratification effect due to 

he parabolic velocity profile of the laminar tube reactor has a neg- 

igible effect on the sample mole fraction. Because the helium flow 

ate is adjusted throughout the experiment, the mole fractions of 

IB varied between 190 ppm and 430 ppm. A DIB density value of 

.716 g/mL at 20 °C from the Sigma Aldrich certificate of analysis 

as utilized to calculate fuel concentrations at each temperature. 

 full list of experimental conditions and results is included in the 

upplementary Material (Table S9). The effluent at the terminus 

f the reactor is sampled directly into an inert gas sampling line, 

eated to 95 °C to avoid any condensation of reaction products, 

nto two separate gas chromatography (GC) systems used to mea- 

ure and characterize the reaction species. The GC1 is equipped 

ith two identical 60 m × 0.25 μm × 0.25 μm DB-1 columns (Ag- 

lent Technologies) for simultaneous analysis of ≥ C 4 hydrocarbons 

uantitation utilizing a Flame Ionization Detector (FID) and posi- 

ive identification by a mass spectrometer (MS). The GC2 utilizes a 

ean switch with three columns; quantitation of the low molecu- 

ar weight hydrocarbon gasses is performed using an FID. Carbon 

ioxide (CO 2 ) and carbon monoxide (CO) are quantitated using two 

eparate Thermal Conductivity Detectors (TCDs). The low molec- 

lar weight gasses are separated on a Restek Rt-Alumina BOND 

0 m × 0.32 μm × 5 μm column, while CO 2 is quantitated on 

 Restek Rt-QPLOT 50 m × 0.32 μm × 5 μm column, and CO is 
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uantitated on a Restek Rt Mol Sieve 30 m × 0.53 μm × 50 μm 

olumn. The GC1 is calibrated using n -heptane as a standard, and 

pecies were quantitated using the effective carbon number (ECN) 

ethod [34] based on n -heptane response. The GC2 is calibrated 

ith standard gas mixtures of known concentration purchased 

rom Matheson Gas. A ± 15% measurement uncertainty is assumed 

or GC1, which is due to the use of the ECN method, sample de- 

ivery/sampling system variations, as well as the relatively higher 

olecular weight species measured in this system. The GC2 quan- 

ifies lower molecular weight species which are easier to evapo- 

ate and have direct calibration standards and the associated un- 

ertainty is assumed to be ±10%. 

.3. High-pressure shock-tube (NUIG) 

The HPST at Galway has been described in detail previously 

35] and is only discussed briefly here. It has a uniform cross- 

ection area of 63.5 mm inner diameter consists of a 3 m long 

river section to hold high pressure gas, 5.7 m long driven sec- 

ion that contains the test mixture and a 30 mm double diaphragm 

ection with pre-scored aluminum discs of appropriate thickness, 

hich separates the driver and driven sections and enables im- 

roved control over the shock wave generated. 

By varying the Mach number of the shock wave, the final com- 

ressed conditions of the test gas are also varied. Part of helium 

river gas is replaced with a heavier inert gas (nitrogen) to delay 

he arrival of the contact surface at the end-wall and to increase 

he measuring times ( ≥1.5 ms). Six PCB 113B24 piezoelectric pres- 

ure transducers are mounted on the side wall of the tube and one 

istler 603B sensor on the end-wall are used to extrapolate the 

hock velocity at the end-wall. The Kistler sensor is also used to 

ecord pressure profiles that are used to record/measure the IDTs. 

he measured shock velocity is used to calculate the compressed 

ressure and temperature using the ‘reflected shock’ routine in 

aseq [36] . The tolerance on the calculated pressure was limited to 

0.5 bar of the target pressure and no pre-ignition pressure rise 

as observed during the experiments. The test fuel (DIB-1 98.5%) 

as supplied by Sigma Aldrich®. The other gasses used in this 

tudy, nitrogen (99.99%), oxygen (99.99%), argon (99.96%), and he- 

ium (99.97%), were purchased from BOC Ireland. The experimental 

easurements are given in Supplementary Material (Table S9). 

.4. Flat flames (Lund) 

The heat flux method allows for the stabilization of a pre- 

ixed, flat, non-stretched flame over the perforated burner plate 

nd for determining the laminar burning velocity [37] . The method 

s based on the control of the temperature profile in the plate us- 

ng thermocouples inserted in several perforation holes. When the 

ow rate of the unburned mixture is equal to the burning veloc- 

ty of the adiabatic flame, the temperature profile is flat [37] . Thus, 

y varying the flow rate, the state of adiabatic flame stabilization 

an be accurately defined through interpolation. The heat flux re- 

uired for the flame stabilization over the burner plate is realized 

y the difference in temperatures of the plenum chamber, which 

eeps the required initial temperature of the gas mixture and the 

eating jacket around the burner head, both controlled by wa- 

er baths. Initial gas temperature in the present experiments was 

et in the 298–358 K range, while the temperature of the heating 

acket was 368 K. At some conditions, often in rich flames of heavy 

ydrocarbons and/or when the temperature difference is relatively 

mall, the flames become unstable. In this case, an extrapolation 

rocedure is used, which still allows for the determination of the 

urning velocity, yet with somewhat higher experimental uncer- 

ainty. A review of the well-established heat flux method, its de- 

elopment, description of the experimental setup as well as of the 
4 
ata processing algorithms was presented by Alekseev et al. [37] . 

IB with a DIB-1/DIB-2 molar ratio of 3:1 and certified purity of 

6.9% was delivered by Sigma-Aldrich, and the oxidizer was syn- 

hetic air (21% O 2 + 79% N 2 1% relative uncertainty) delivered by 

inde. The equivalence ratio, ϕ, of the mixtures with air was varied 

rom 0.7 to 1.4. All experimental results with associated uncertain- 

ies are tabulated in the Supplementary material. Modeling of the 

remixed free-propagating planar adiabatic flames was performed 

sing ANSYS Chemkin 18 [38] . The solutions were tested for grid- 

ndependence. The number of grid points was typically 750–850. 

. Kinetic modeling and DFT analysis 

.1. Computational details 

All calculations were performed using Gaussian 16 [39] . The 

round state and transition state structures were optimized using 

he B3LYP/6-31G(df,p) level of theory. Structures were confirmed to 

e minima or transition states by the absence or presence of one 

maginary frequency. Intrinsic reaction coordinate calculations con- 

rmed that the transition states connected the appropriate reac- 

ant and product geometries. Energy calculations were performed 

sing the G4 composite method on all optimized reactant, prod- 

ct, and transition state geometries [40] . The G4 composite method 

as previously been benchmarked against various computational 

ethods and shown to compute accurate dissociation energies for 

pen- and closed-shell systems (1.08 and 1.48 kcal mol –1 , respec- 

ively) and transition state energy barriers [41–43] . The G4 ener- 

ies at 10 0 0 K and the kinetic parameters were computed using a 

odified version of GoodVibes [44] . To interpret the results from 

he microflow work at the VUV beamline, we calculate ionization 

nergies, equilibrium structures, and vibrational modes of inter- 

ediates and products at B3LYP/6-311 ++ G(d,p). Adiabatic ioniza- 

ion energies were refined by optimizing the neutral and ion state 

f the desired molecule and considering the zero-point energy 

t the CBS-QB3 level of theory. Photoion mass-selected threshold 

hotoelectron spectra were analyzed using either reference spec- 

ra or a Franck-Condon approach as implemented in eZspectrum 

45] or Gaussian16, to assign m/z peaks in the mass spectrum 

somer-selectively. The stick spectra were convoluted with a Gaus- 

ian function to account for the rotational envelope of each vibra- 

ional band and compared with the experimental spectrum. 

The location of the weakest C 

–C and C 

–H bonds and the result- 

ng radical fragments give a first insight into the high-temperature 

ombustion reaction pathways. At high combustion temperatures 

 � 1100 K), unimolecular dissociation and radical bimolecular hy- 

rogen abstraction reactions are expected to be prominent. Com- 

uting the bond dissociation enthalpies (BDE) for the two isomers 

ill identify the initial combustion reactions at elevated tempera- 

ures. The BDEs for DIB-1 and DIB-2 are presented in Fig. 1 , and

he weakest bonds for DIB-1 and DIB-2 correspond to carbon–

arbon (C 

–C) fission with similar BDEs (72 kcal mol –1 ) . Addition- 

lly, the weakest C 

–H bonds were identified because these are as- 

umed to be the most likely position for H-atom abstraction by 

 radical intermediate. The weakest C 

–H bond for both DIB-1 and 

IB-2 is on the terminal primary carbon, alpha to the double bond 

ue to the formation of resonance stabilized radical intermediates. 

his is expected for DIB-2; however, for DIB-1, the central sec- 

ndary carbon has the weakest C 

–H BDE as determined by Yin 

t al. [17] . H-atom abstraction from the central carbon forming a 

adical will likely induce higher steric hindrance with the tert -butyl 

roup than the radical formed on the terminal carbon. Therefore, 

he added steric contribution for the radical intermediate results 

n a higher BDE value for the central carbon vs. the primary car- 

on. The BDE trends presented here agree with the computed BDE 

rends by Terracciano et al. [10] . The next Sections 3.2 to 3.4 de-
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Fig. 1. Carbon–carbon and carbon–hydrogen bond dissociation enthalpies (BDE, in 

kcal mol –1 ) computed using the G4 composite theory at 298 K. Dashed lines indi- 

cate bond dissociation. 
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cribe how the rate constants for the high-temperature reactions 

lasses were obtained for the chemical kinetic model. 

.2. Pyrolytic reactions 

Unimolecular decomposition reactions involving C 

–C bond 

leavage producing methyl and C 7 olefin tertiary radicals and retro- 

ne reaction producing two iso -butene molecules are adapted from 

46] and [47] , respectively. Other bimolecular channels are in- 

luded assuming analogous pressure dependent rates calculated 

t CCSD(T)/cc-pVTZ level of theory on propene potential energy 

urface by Ye et al. [48] . The decomposition of DIB-1 forming 2- 

ethyl allyl and tert -butyl radicals was described as an association 

eaction in the reverse direction using analogies from 1-butene 

hemistry. 

.3. H-atom abstraction reactions 

The analogous propene rate constants were used for DIB pri- 

ary allylic H-atom abstraction by Ḣ atoms and ĊH 3 radicals [49] . 

o simulate H-atom abstraction reactions from the secondary al- 

ylic site, respective 1-butene (C 4 H 8 -1) analogies were used [50–

2] . The rate constants for abstraction from the primary hydrogen 

ite were adopted analogously to iso -octane kinetics [53 , 54] since 

he presence of the C 

= C has no influence on this site. Comparison 

f C 

–H BDEs for the primary carbon of DIB-1 and DIB-2 (100.1 and

00.6 kcal mol –1 , respectively) with iso -octane’s primary carbon 
ig. 2. Semi-quantitative temperature dependent species profiles measured during the th

ssuming constant pressure and residence time of 15 mbar and 50 μs respectively coverin

n the initial fuel concentration (see Table S3). 

5 
 

–H BDEs (100.5 and 100.6 kcal mol –1 ) [55] , further justifies this 

doption. 

.4. DIB radical decomposition reactions 

The primary allylic (iC 8 D 4 -5R) DIB radicals decompose via β- 

cission to allene (C 3 H 4 -a) and neo -pentyl radical (neo ̇C 5 H 11 ), for

hich analogous i ̇C 4 H 7 radical decomposition rates from Tranter 

t al. [56] were used. The β-scission reaction rate coefficients of 

rimary (iC 8 D 4 -1R) radical and secondary allylic (iC 8 D 3 -5R) radical 

re taken from Wang et al. [46] . 

The detailed kinetic model including different reaction classes 

iscussed in Part I, as well as thermodynamic and transport pa- 

ameters and species dictionary are available as Supplementary 

aterial to Part I [1] . 

. Results and discussion 

.1. Microflow reactor (PSI) 

Since at high combustion temperatures, unimolecular reactions, 

uch as C 

–C and C 

–H bond cleavage reactions of DIB-1 and -2, 

re becoming increasingly important, we investigated these reac- 

ions and compare them to the ones summarized in Fig. 1 . We fo-

us especially on the appearance of reactive and elusive molecules, 

hich cannot be detected using conventional chemical analysis 

ools such as gas chromatography mass spectrometry (GC/MS). Due 

o the unavailability of reliable photoionization cross sections, our 

peciation data is based on relative mass signal levels and thus 

o be treated as semi-quantitative. Nevertheless, our data reveals 

nparalleled insights into the early stage of the high-temperature 

ombustion mechanism, including detection of reactive radicals as 

 function of the reactor temperature. The decomposition reac- 

ions of DIB-1 ( m/z 122, 1 ) is investigated as a function of the

eactor temperature by applying photoionization mass spectrom- 

try (PIMS) at 10.5 eV photon energy. The semi-quantitative ex- 

erimental species profiles as function of the reactor temperature 

re depicted in Fig. 2 , and a selection of mass spectra are pre-

ented in the supporting information (Fig. S1). DIB-1 starts to de- 

ompose in the pyrolysis microreactor at around 800 K, with the 

ppearance of reactive species at m/z 56 and 55. To assign iso- 

ers to the respective m/z values in the PIMS ( Fig. 2 ), we utilized

hotoion mass-selected threshold photoelectron spectroscopy (ms- 

PES), which has been shown to be a versatile tool to get isomer- 
ermal decomposition of DIB-1. Symbols: experiment, lines: model from this study 

g temperatures from 300 to 1800 K. The fractional abundance is normalized based 



N. Lokachari, G. Kukkadapu, B.D. Etz et al. Combustion and Flame 251 (2023) 112547 

Fig. 3. Photoion mass-selected threshold photoelectron spectra (ms-TPES) of the intermediates and reaction products in the temperature range 975–1175 K. PES denotes 

photoelectron spectra from the literature. Species are isomer-selectively assigned using either Franck-Condon (FC) simulations or reference data (solid lines). 

Fig. 4. Reaction mechanisms of the DIB-1 decomposition at unimolecular pyrolytic conditions. The fuel destruction is initiated by either a t ̇C 4 H 9 ( 2 , m/z 57) and i ̇C 4 H 7 (3, 

m/z 55) radical formation or by hydrogen transfer from the CH 3 groups to yield iso -butene ( 4 ). 

6 
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Fig. 5. Mass spectra of the decomposition of DIB-2 taken at 10.5 eV photon energy 

at varying pyrolysis temperature. The species assignments, based on the ms-TPES, 

can be found in the text. 
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pecific data in kinetics and flame experiments, by comparing the 

xperimental spectrum to reference or Franck-Condon simulated 

nes [57 , 58] . Fig. 3 . reveals, the formation of iso -butene ( m/z 56, 4 )

nd 2-methylallyl radicals ( m/z 55, i ̇C 4 H 7 , 3 ), in the reaction mix-

ure (see Figs. 2 and 3 )(Bold numbers are used later in Fig. 4 ). In

ddition, we find traces of tert -butyl radicals ( m/z 57, t ̇C 4 H 9 , 2 ) es-

ecially at low reactor temperatures, however, due to the lability of 

he C 

–H bond, the radical rapidly decomposes in a hydrogen loss 

eaction to form iso -butene, which is in agreement with the lowest 

 

–C bond dissociation energy (71.8 kcal mol –1 at 298 K) in Fig. 1 .

t higher photon energies and 800 K reactor temperature, disso- 

iative ionization of DIB-1 sets in, giving rise to m/z 57 fragments, 

hich were added to the parent signal. A reference spectrum of 

IB-1 without pyrolysis can be found in Fig. S1. Due to the high 

bundance of iso -butene, DIB-1 can undergo also a retro-ene re- 

rrangement reaction, where the hydrogen of the tert -butyl group 

s shifted to the CH 2 group in the center of the molecule afford- 

ng two equivalents of iso -butene. Thus, the initial fuel decompo- 

ition channel of DIB-1 at unimolecular conditions is a branching 

ielding either t ̇C 4 H 9 ( 2 , m/z 57) and i ̇C 4 H 7 ( 3 , m/z 55) radicals or

so -butene ( Fig. 4 , m/z 56). This result is in agreement with the

eakest BDE calculated for DIB-1 ( Fig. 1 ). 

At reactor temperatures as high as 1200 K, 2-methyl allyl 

i ̇C 4 H 7 ) radical ( 3 , m/z 55) vanishes, while the C 3 H 4 ( m / z 40),

ethyl radical ( m / z 15), and C 4 H 6 ( m / z 54) signals increase. Ms-

PE spectra verify that both C 3 H 4 -a ( 5 , m/z 40) and C 3 H 4 -p ( 6 ,

/z 40) contribute to the signal at m / z 40 ( Fig. 3 ), while 1,3-

utadiene ( 7 , m/z 54) and hydrogen atoms are also produced in 

mall quantities. These reactions were confirmed by pyrolyzing 3- 

romo-2-methylpropene (see Supplementary material), which is a 

ell-known precursor for i ̇C 4 H 7 ( 3 , m/z 55), yielding also the pre-

iously mentioned products, as summarized in Fig. 4 . Iso -butene 

 m / z 56, 4 ) is one of the major products, but it slowly decreases

t around 10 0 0 K, Fig. 2 (a), while allyl radicals ( m / z 41, 8 , Ċ 3 H 5 -

) are generated by methyl radical loss and a rearrangement re- 

ction as shown in Fig. 4 and verified by pyrolysis measurements 

f plain iso -butene (see Supplementary material). Allyl radicals are 

lso prone to hydrogen loss to produce allene 5 and propyne 6 

both m/z 40) and, thus, also contribute to m / z 40. Another hydro-

en loss yields propargyl ( ̇C 3 H 3 , m / z 39, 9 ) radicals [59] . 

In DIB-2, the double bond is shifted towards the center of the 

olecule compared to DIB-1, which results in a large number of 

easible decomposition pathways yielding multiple fragments, pre- 

ented in Fig. 5 . Thus, DIB-2 fuel destruction pathways are more 

omplex than those of DIB-1. The fuel decomposition starts at 
7 
round 800 K (see Fig. 6 ), where we observe methyl radicals at 

/z 15, C 5 H 7/8 ( m/z 67, 68), C 6 H 9/10 ( m/z 81, 82) and m/z 96 and 97

rom C 7 H 12/13 species. Above 1400 K, further decomposition chan- 

els open up, which can be assigned to ethylene ( m / z 28), propar-

yl ( m / z 39), allene, propyne ( m / z 40), allyl ( m / z 41), along with

 4 ( m / z 52–56) and C 5 H 6 ( m/z 66) species. More insight on the

eaction mechanism and the parallel and sequential reactions can 

e obtained by plotting the reactor temperature dependent species 

rofiles, as depicted in Fig. 6 . It is evident that closed shell species

uch as m/z 82 (C 6 H 10 ), 96 (C 7 H 12 ), and 68 (C 5 H 8 ) are formed in

arallel with methyl radicals ( m/z 15). A large signal at m/z 97 is 

lso observed at 1150 K in Fig. 5 . We may be tempted to assign this

o the Ċ 7 H 13 radical formed after initial methyl radical loss. How- 

ver, close inspection of this fragment utilizing cation velocity map 

maging revealed a broad velocity distribution of this cation per- 

endicular to the molecular beam, which indicates kinetic energy 

elease in cation fragmentation. In addition, a reference ms-TPES 

f the un-pyrolyzed DIB-2 is given in Fig. S4j, which shows the ap- 

earance of m/z 97 at ca. 10 eV. Therefore, it is in fact formed by

issociative ionization of DIB-2 at elevated reactor temperatures, as 

ointed out recently [60] . Above 1300 K reactor temperature, the 

ignal of the closed shell species C 6 H 10 ( m/z 82), C 7 H 12 ( m/z 96),

nd C 5 H 8 ( m/z 68) degrade again ( Fig. 6 ) to yield secondary prod-

cts such as C 6 H 8 , C 6 H 6 , C 5 H 6 , C 5 H 5 , C 4 H 4 , and C 3 H 4 . Propargyl

adicals ( ̇C 3 H 3 ) are observed at the highest reactor temperatures. 

Photoion mass-selected threshold photoelectron spectroscopy 

 Fig. 7 ) was applied to assign reactive intermediates and sta- 

le products isomer-selectively for each mass channel. While for 

maller fragments only a few isomers exist, the spectra are not dis- 

ussed in detail here, but they are presented in the Supplementary 

aterial (Fig. S4) together with reference spectra or Franck-Condon 

imulations to prove their identity. We assigned m/z 15, 28, 39, 40, 

1, 42, 52, and 54 to methyl, ethylene, propargyl, allene/propyne, 

llyl radicals, propene, vinylacetylene, and 1,3-butadiene/2-butyne, 

espectively. Despite the precursor being acyclic, we also identify 

ve- and six-membered rings, such as cyclopentadienyl ( m/z 65), 

yclopentadiene ( m/z 66), fulvene ( m/z 78) and benzene ( m/z 78) 

n unimolecular conditions. The spectra of the remaining species 

re depicted in the Supplementary material (Fig. S4). 

As indicated by the species profiles in Fig. 6 , we observe deple- 

ion of the fuel at around 950 K, while intermediates of the com- 

osition C 5 H 8 ( m/z 68), C 6 H 10 ( m/z 82) and C 7 H 12 ( m/z 96) arise

ogether with a methyl radical. 

Thus, DIB-2 ( 10 ) decomposition is initiated by fission of the 

eakest C 

–C bond ( Fig. 1 , 71.1 kcal mol –1 at 298 K) resulting in

 demethylation reaction yielding tetramethyl allyl radicals 11 ( m/z 

7), which are subject to three branching reactions as depicted in 

ig. 8 . The tetra-methyl allyl radical ( 11) can be stabilized by fur- 

her hydrogen atom loss to yield 2,4-dimethyl-1,3-pentadiene 12 

I24C7D13, m/z 96). The experimental ms-TPE spectrum of m/z 96 

s depicted in Fig. 7 and shows good agreement with the Franck- 

ondon simulation of I24C7D13. The calculated adiabatic ionization 

nergy at 8.25 eV (CBS-QB3) also agrees well with the first feature 

f the spectrum. We have evaluated further 12 different C 7 H 12 iso- 

ers (see Supplementary material, Table S1, m/z 96) with six- and 

ve-membered ring species, but the agreement of the calculated IE 

nd the Franck-Condon envelope was not satisfying. 

Besides the previously mentioned hydrogen loss, tetra-methyl 

llyl 11 can formally lose a methyl group to yield isomers of the 

omposition C 6 H 10 ( m/z 82, 13 ). Ionization energies and Franck- 

ondon simulations have been performed for 15 different isomers. 

mongst the cyclic species, only 1-methylcyclopentene fits in the 

pectral energy range of the TPES (see Fig. 7 ). However, up to 

en C 6 species ionize below 9 eV and may also be formed upon 

ecomposition of DIB-2. We have fitted the experimental spec- 

rum using the Franck-Condon simulation of E- and Z-2-methyl- 
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Fig. 6. Semi-quantitative temperature dependent species profiles measured during the thermal decomposition of DIB-2. Symbols: experiment, lines: modeling. Note that due 

to the absence of ionization cross sections for most of the species, we can only provide fractional signal abundances (see Table S4). 

Fig. 7. Photoion mass-selected threshold photoelectron spectra of larger species appearing during the decomposition of DIB-2, as measured in a 1150–1500 K reactor tem- 

perature range. Reference spectra from [27 , 61] . 
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-3-pentadiene, E- and Z-4-methyl-1–3-pentadiene as well as 1- 

ethylcyclopentene and a good agreement can be achieved. How- 

ver, we cannot exclude contributions of other branched C 4 - or C 6 - 

hains. From a chemical perspective though, the formation of these 

somers should involve multiple methyl migration steps, which are 

nlikely in these systems at unimolecular conditions. 

The third parallel decomposition channel occurring at lower 

eactor temperatures is accompanied by a formal Ċ 2 H 5 loss and 

ields m/z 68. Since C 5 H 6 and Ċ 5 H 5 species are cyclic isomers, 

t would be obvious that the C 5 H 8 isomers are also cyclic, how- 

ver, the spectrum of m/z 68 is dominated by isoprene 14 based 

n the comparison with its reference TPE spectrum. Due to the 

ather broad peaks, cyclopentene can however not be fully ruled 

ut to also contribute to the spectrum. Ethyl radicals, however, 

re only observed in very low concentrations below 950 K reac- 
8

or temperature. Furthermore, ethyl radical abstraction would only 

e available after multiple rearrangement reactions and, in the ab- 

ence of their products, it is deemed unlikely. The appearance of 

/z 68, isoprene 14 , still has to be understood. The tetramethyl 

llyl radical 11 may be subject to a ring-closure reaction afford- 

ng a dimethyl cyclopentanyl radical 15 , which can demethylate 

o form 3-methylcyclopentene 16 as observed in the ms-TPES in 

ig. 7 . However, branching is likely to occur and the five-membered 

ing in 15 may expand to a methyl cyclohexyl radical 17 . Hydro- 

en loss will probably yield three different methyl cyclohexene iso- 

ers ( 18, 19 , and 20 ). The ms-TPES of m/z 96 did not show any

ndication for methyl cyclohexenes. Just recently, we found that 

etro-Diels–Alder reactions are typical pathways for the decompo- 

ition of 6-membered ring species at pyrolysis conditions [62] . In- 

eed, a retro-Diels–Alder (4 + 2 cyclo reversion) reaction of the 
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Fig. 8. Reaction mechanisms of the DIB-2 decomposition at unimolecular pyrolytic conditions. 
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ethyl cyclohexenes ( 18, 19 , or 20 , m/z 96) can explain the ap-

earance of ethylene/isoprene 14 , ethylene/1,3-pentadiene ( 21 ), or 

ropene/1,3-butadiene ( 22 ), according to Fig. 8 . Ab initio branching 

atios among the individual decomposition channels would require 

xtensive quantum chemical exploration of the potential energy 

urface, which is beyond the scope of this manuscript. Neverthe- 

ess, pyrolysis microreactor experiments have revealed important 

etails of the initial fuel destruction pathways of DIB-2. Further 

ecomposition reactions of the intermediates can explain, e.g., the 

ormation of cyclopentadiene 23 and cyclopentadienyl 24 , which is 

nitiated via demethylation of the methyl-cyclopentenyl radical 25 . 

ethyl cyclopentadienes 26 ( m/z 80) are the precursors of fulvene 

 m/z 78, 27 ), also yielding benzene ( m/z 78, 28 ) at higher pyrolysis

emperatures. 

In Figs. 2 and 6 , we present not only semi-quantitative experi- 

ental species profiles, measured during the thermal decomposi- 

ion of DIB-1 and DIB-2, respectively, but also show a qualitative 

omparison to predictions of the present model. Our model does 

ot account for the temperature or pressure gradient in the reac- 

or. In addition, we used the measured reactor surface temperature 

f 300 to 1600 K without further correction. ( Section 2 ). For mod-

ling the current experiments we assumed a constant pressure of 

5 mbar and a residence time of 50 μs, with temperature varying 

rom 300 to 1800 K. Furthermore, as pointed out in Section 2.1 , 

he fractional abundances from mass spectrometric signals need 

enormalization using the photon energy and species-dependent 

hotoionization cross section, which are unavailable for many early 
e

9 
ntermediates and products detected in this study [63] . Thus, our 

pproach used here can be seen as semi-quantitative. Nevertheless, 

he decomposition of DIB-1 and the formation of major products, 

uch as iso -butene, allene/propyne and methyl radicals shown in 

ig. 2 (a) are well captured by the present model mechanism. In 

he case of DIB-2, the difference between the measurements and 

odeling is somewhat higher, up to a factor of two for the ma- 

or products Fig. 6 (a). The variation of the key intermediates, such 

s hexadiene, I24C7D13 and isoprene with temperature is in qual- 

tative agreement with experiments, thus substantiating fuel de- 

truction pathways at pyrolytic conditions shown in Figs. 4 and 8 . 

n summary, our semi-quantitative and isomer-selective approach 

eveals the initial C 

–C bond cleavage reaction triggering the high 

emperature combustion chemistry of both DIB-1 and -2. In addi- 

ion, we obtained a comprehensive reaction mechanism specifying 

he fate of the first fuel radicals, tert -butyl and 2-methyl allyl in 

ase of DIB-1 and methyl and tetramethyl-allyl for DIB-2. 

.2. Flow reactor (NREL) 

Flow reactor results in comparison to the DIB model in this 

tudy, are presented in Fig. 9 (a–e) for ϕ = 1 and Fig. 10 (a)–(e)

or ϕ = 3. In general, consumption of the parent DIB-1 and DIB- 

 is well captured by the model for both isomers. As was observed 

n other studies [5 , 10] , the formation of iso -butene is observed in

ignificantly higher concentrations for DIB-1 versus DIB-2 at both 

quivalence ratios. This is also supported by DFT analysis ( Fig. 1 ) 
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Fig. 9. Flow reactor analysis at ϕ = 1.0 and 0.85 atm with a residence time of 0.22 s for (a) the consumption of DIB isomers and formation of iso -butene from both isomers, 

(b) formation of C 1 –C 3 species from DIB-1, and (c) other major products formed from DIB-1, (d) formation of C 1 −C 3 species from DIB-2, and (e) other major products formed 

from DIB-2, across the temperature range of 725–1125 K. 
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nd pyrolysis microflow reactor results which shows that DIB-1 

ainly dissociates into C 4 fragments leading to iso- butene prod- 

cts, while DIB-2 mainly forms I24C7D13 Figs. 9 (e) and 10 (e). At 

n equivalence ratio of 1, benzene and toluene formation both are 

nder-predicted by the model for DIB-1 but are well captured for 

he DIB-2 isomer. For the DIB-2 isomer, ethane at high temper- 

ture is over-predicted while the methane is under-predicted. In 

ig. 10 (b), the C 1 –C 3 species are well captured by the model, ex- 

ept for the formation of acetylene. For the DIB-2 isomer, several 

f the C 1 –C 3 species predictions are poor, especially above 950 K. 

DIB-1 and DIB-2 we also examined at ϕ = 3 and at tempera- 

ures in the range 80 0–110 0 K to simulate conditions more suscep- 
10 
ible to soot formation, Fig. 10 . These conditions are more similar 

o those in the pyrolysis microflow reactor. In particular, the 5-fold 

xcess of the benzene formation at ϕ = 3 in DIB-2, as compared 

o DIB-1, may be owed to the unimolecular fuel decomposition 

hannels to benzene, observed in Fig. 8 . Again, conversion of the 

arent compound and formation of iso -butene are well predicted, 

ig. 10 (a), with a much higher concentration of iso -butene being 

bserved for the DIB-1 isomer, in-line with other studies [5 , 10] . 

his is also supported by the DFT analysis ( Fig. 1 ). Another ma- 

or product observed in flow reactor results was isoprene, which 

as underpredicted by the model for both DIB-1 and DIB-2. Iso- 

rene was also detected in the microflow reactor for DIB-2 py- 
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Fig. 10. Flow reactor analysis at ϕ = 3.0 and 0.85 atm with a residence time of 0.22 s for (a) the consumption of DIB isomers and formation of iso -butene from both isomers, 

(b) formation of C 1 −C 3 species from DIB-1, and (c) other major products formed from DIB-1, (d) formation of C 1 −C 3 species from DIB-2, and (e) other major products formed 

from DIB-2, across the temperature range of 800–1125 K. 
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olysis, Fig. 5 (b). Interestingly, hexadiene was measured in lower 

oncentrations in the flow reactor than predicted by the model, 

ig. 10 (e), which seems to be in contradiction to the measurement- 

rediction for the microflow reactor results, Fig. 6 , but could be 

ue to uncertainties in the quantification. 

.3. DFT analysis of high temperature reactions 

A computational analysis was performed to gain further insight 

nto the reaction pathways leading to the observed products for 
11 
IB-1 and DIB-2. The reaction pathway analysis computed for DIB- 

 is presented in Fig. 11 . For comparison with the high tempera- 

ure flow reaction analysis, all energies were computed at a tem- 

erature of 10 0 0 K. The primary unimolecular dissociation reac- 

ion occurs with an energy barrier of 22.4 kcal mol –1 forming two 

ragments, iso -butenyl (2-methyl-allyl) and tert -butyl radical. Hy- 

rogen atom loss from the tert -butyl radical, or hydrogen addi- 

ion to iso -butenyl radical forms iso -butene. Iso -butene was the pri- 

ary product detected in the flow reactor analysis for DIB-1 at 

oth equivalence ratios ( Figs. 9 and 10 ). Subsequent H-atom ab- 
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Fig. 11. Reaction diagram for DIB-1. Reactions are initiated by either C –C bond dissociation (left path) or bimolecular H-atom abstraction (right path). All energies are relative 

to the initial starting fuel, DIB-1, and presented in kcal mol –1 , calculated using the G4 composite method at 10 0 0 K. Energies in parentheses refer to the change in Gibbs 

free energies for the reaction, while energies with double dagger correspond to transition state energy barriers. 
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traction reactions from iso -butene and radical recombination of 

so -butenyl radicals lead to the formation of 2,5-dimethylhexadiene 

25DM15HD). This product was observed in the flow reactor anal- 

sis in low yields. 

Bimolecular H-atom abstraction reactions are likely to compete 

ith unimolecular dissociation. As shown in Fig. 11 , three radi- 

al intermediates, DIB-1_A, DIB-1_B, and DIB-1_C, can be formed 

ollowing H-atom abstraction by a hydroxyl radical. Interestingly, 

he energetic trend determined for the three radical intermedi- 

tes for DIB-1 does not match the trend predicted from the BDE 

nalysis. This is due to the effect of entropy on the formation 

f the radical intermediates, which becomes more substantial at 

levated ( ≥10 0 0 K) temperatures. Therefore, the second weakest 

 

–H BDE results in the most favorable reaction pathway forming 

IB-1_A radicals. These react further by C 

–C dissociation form- 

ng 2,4-dimethyl-1,3-pentadiene (I24C7D13) with an energy barrier 

f 35.5 kcal mol –1 . DIB-1_B radicals react further via C 

–C fission, 

orming 1,2-propadiene and neopentyl radicals or via a H-shift iso- 

erization forming DIB-1_C radicals. The isomerization requires a 

ower energy barrier (32.2 kcal mol –1 ) compared to C 

–C bond fis- 

ion (47.7 kcal mol –1 ); however it forms a less stable radical in 

omparison to DIB-1_B. DIB-1_C radicals, formed either via H-atom 

bstraction from DIB-1 or through isomerization from DIB-1_B, dis- 

ociate further into iso -butenyl radicals and iso- butene with an en- 

rgy barrier of 21.9 kcal mol –1 . The primary penta- and hexadiene 

roducts formed through the bimolecular pathways (I24C7D13 and 

5DM15HD) are observed in the flow reactor analysis in low yields, 

igs. 9 and 10 . 

The analogous analysis was also performed for the high- 

emperature reaction pathways of DIB-2, presented in Fig. 12 . Uni- 

olecular dissociation of DIB-2 leads to a tetramethyl-substituted 

llyl radical, which, upon H-atom abstraction, can form I24C7D13. 

urther reactivity of this pentadiene product is of interest for soot 

recursor formation chemistry. Similarly, bimolecular H-atom ab- 

traction reactions from DIB-2 lead to I24C7D13 through the rad- 

cal intermediates, DIB-2_B and DIB-2_C. Lastly, DIB-2_C radicals 

ere found to have a second higher energy reaction pathway lead- 

ng to iso -butenyl radicals and iso -butene. This reaction requires an 

nergy barrier that is about 10 kcal mol –1 higher than the path 

orming I24C7D13. The 2,4-dimethyl-1,3-pentadiene is expected to 

e the dominant product from the decomposition of DIB-2; how- 

ver, low yields were observed in the high temperature flow reac- 

or analysis. Therefore, it is assumed that at elevated temperatures, 

24C7D13 reacts quickly, forming cyclopentadiene isomers and/or 

romatic products. 
12 
This difference in reactivity and the sooting tendency for the 

IB isomers is dependent on the chemical structure and the 

ocation of the double bond. DIB-1 mainly dissociates into C 4 

ragments, leading to iso -butene products that delay and limit 

oot precursors (products containing one aromatic ring). DIB-2 

rimarily forms I24C7D13, which can easily undergo cyclization 

orming sootier aromatic products. Moreover, for comparison iso - 

utene contains a predicted yield sooting index (YSI) of 36.5 while 

24C7D13 contains a predicted YSI of 65.4 [64] . Therefore, the 

24C7D13 formation is the main contributor to the dramatic differ- 

nce in the sooting tendency for the DIB isomers, which is already 

bserved at unimolecular conditions as five and six-membered 

ings such as fulvene and benzene in the microflow reactor results. 

.4. High-pressure shock-tube (NUIG) 

The IDTs for DIB-1 were measured in the HPST (NUIG) at pres- 

ures and temperatures relevant to practical applications. The IDT 

ata exhibited no negative temperature coefficient (NTC) behav- 

or in the temperature range investigated and the logarithms of 

DTs vary non-linearly with the inverse temperature, Fig. 13 . The 

rends in the chemical kinetic model simulations agree well with 

he experimentally measured IDTs at 15 bar, Fig. 13 (a) and 30 bar, 

ig. 13 (b). Quantitatively, the simulations are overall slow by 25–

0% at 15 bar and agree well at 30 bar where most of the simula-

ions are within the experimental error bars. 

A flux analysis for DIB-1 was performed that shows the major 

eaction paths from the kinetic model ( ϕ = 1.0 in air, at p = 30 bar,

 = 1200 K and at 20% fuel consumed, Fig. 14 ). A high temper-

ture of 1200 K was selected because of the focus of this pa- 

er and 30 bar because it is relevant for SI engine applications. 

he most important decomposition pathways of DIB-1 at 1200 K 

roduce either iso- butene or its related radicals. The unimolec- 

lar decomposition reaction producing 2-methylallyl (i ̇C 4 H 7 ) and 

ert-butyl (t ̇C 4 H 9 ) radicals accounts for 36% of DIB-1 consumption, 

hich agrees with the observation in the microflow reactor exper- 

ments and the DFT analysis discussed above. H-atom abstraction 

eactions at primary allylic and alkyl sites resulting in 12% and 20% 

f the fuel’s consumption respectively, The fuel radicals formed 

ainly lead to the products iC 4 H 8 and i ̇C 4 H 7 . H-atom addition re-

ctions to the C 

= C double bond and a chemically activated channel 

ontribute 7% and 3% of the fuel conversion to iso -butene and its 

adicals, respectively. At this condition, in total, about ∼65% of DIB- 

 consumption proceeds via the formation of iso- butene and hence 

t is a critical fragment in modeling the IDTs and LBVs of DIB-1. 
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Fig. 12. Reaction diagram for DIB-2. Reactions are initiated by either C –C bond dissociation (left path) or bimolecular H-atom abstraction (right path). All energies are relative 

to the initial starting fuel, DIB-2, and presented in kcal mol –1 , calculated using the G4 composite method at 10 0 0 K. Energies in parentheses refer to the change in Gibbs 

free energies for the reaction, while energies with double dagger correspond to transition state energy barriers. 

Fig. 13. The current model predictions for DIB-1 IDTs measured at NUIG HPST at ϕ = 0.5, 1.0, 2.0 fuel in air at 15 bar (a) and 30 bar (b). 
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Figure 15 depicts the controlling chemistry for DIB-1 IDT pre- 

ictions at the same conditions as the flux diagram, Fig. 14 , i.e., 

t ϕ = 1.0 in air, p = 30 bar, and T = 1200 K. Most of the sensi-

ive reactions shown correspond to iso -butene chemistry and only 

wo reactions correspond to DIB-1 chemistry. The unimolecular de- 

omposition of DIB-1 (iC 8 D 4 = t ̇C 4 H 9 + i ̇C 4 H 7 ) significantly pro-

otes the system’s reactivity by the processes clearly observed un- 

er unimolecular conditions. Thus, i ̇C 4 H 7 radicals react with H ̇O 2 

nd CH 3 ̇O 2 radicals thereby converting less reactive radicals to rel- 

tively more reactive ȮH and CH 3 ̇O radicals, promoting reactivity. 

n addition, the recently updated cyclo-addition channel [65] of 

lkenyl peroxy radical (iC 4 H 7 ̇O 2 ) producing CCYCCOOC-t1 from ref. 

66] , promotes reactivity, since its decomposition pathways pro- 

uce reactive species such as CH 2 O, CH 2 CO, H ̇CO and ĊH 3 radi-

als. In addition, the small radical reactions, Ḣ + O 2 = Ӧ + ȮH, 
˙
 + O 2 ( + M) = H ̇O 2 ( + M), significantly promote reactivity. H-atom

bstraction from the alkyl site on DIB-1 (forming iC 8 D 4 -1R) inhibits 

eactivity, since it consumes Ḣ atoms and eventually produces res- 

nance stabilized radicals. The representative chain termination re- 

ctions, i ̇C 4 H 7 + ĊH 3 = aC 5 H 10 and ĊH 3 + H ̇O 2 = CH 4 + O 2 also

educe reactivity. 

.5. Laminar burning velocities (Lund) 

Figure 16 shows the laminar burning velocities of DIB/air flames 

easured in the present study, as well as DIB-1/air [15] , and DIB- 

/air [17] flames investigated in spherical flames at atmospheric 

ressure and at the unburned gas temperatures of 298 K. Asso- 
13 
iated uncertainties of the present measurements, determined fol- 

owing the procedures presented by Alekseev et al. [37] , are shown 

n Fig. 16 and other figures as error bars. The major factors con- 

ributing to the total uncertainties are the scatter in the recorded 

emperature profiles of the burner plate and uncertainty in the 

ow rates. The latter also determines the uncertainty in the equiv- 

lence ratio, presented in Fig. 16 with horizontal error bars. The 

verall accuracy is typically ± 0.5–1.0 cm s –1 , worse in rich mix- 

ures. The burning velocities of DIB-2/air flames reported by Yin 

t al. [17] are slightly higher than those of DIB-1/air flames re- 

orted by Hu et al. [15] , while the present measurements are close 

o these two datasets within the overlapping experimental uncer- 

ainties. Also shown in Fig. 16 are predictions of the mechanism 

eveloped in the present study for DIB/air flames, which are in 

ood agreement with the measurements especially in lean and sto- 

chiometric mixtures. 

Figure 17 presents all the measurements performed in the 

resent work at initial temperatures of 298, 318, 338, and 358 K. 

he present model nicely reproduces the shape of the S L vs. ϕ
urve, as well as the trend of increasing burning velocities at 

igher temperatures. Four temperatures at each equivalence ratio 

llow for data consistency analysis similar to that performed for 

ethylcyclohexane/air flames [67] . The temperature dependence of 

he laminar burning velocity can be interpreted using an empir- 

cal expression S L = S L 0 ( T / T 0 ) 
α , assuming constant pressure, see

q. (1) , as it was demonstrated in many flame studies [11] . Thus, in

og-log scale, S L vs. temperature should obey linear trends at each 

quivalence ratio, as illustrated in Figs. 18 and 19 for lean and rich 
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Fig. 14. Flux analysis using the current model for DIB-1 at ϕ = 1.0 in air, 30 bar at 1200 K and 20% fuel consumption, proceeds via various pathways producing iso -butene 

and/or its related radicals. 
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ames, respectively. Indeed, the present measurements shown as 

mall symbols accurately follow the empirical expression for all ϕ. 

he trendlines based on these results are extrapolated to the high- 

st temperatures visited in the literature and all available data for 

IB, DIB-1, and DIB-2 are also shown. 

In stoichiometric mixtures, shown in Fig. 18 , the results of Al- 

right et al. [12] agree with the trendline only at the lowest tem- 

erature of their study (377 K), while, at higher temperatures, 

hey systematically deviate from the expected dependence. There- 

ore, they concluded that the variation of the di-isobutylene S L 
ith temperature is the lowest as compared to other hydrocarbons 

tudied [12] . 

The burning velocities of DIB-1 and DIB-2 obtained in the 

ame laboratory by Hu et al. [15] and Yin et al. [17] , respec-

ively, show better agreement with the trendlines for lean mix- 

ures in Fig. 18 . In rich mixtures presented in Fig. 19 , the devia-

ion increases mostly because the difference in the S L of DIB-2 and 

IB-1 increases at these conditions as was demonstrated by Yin 

t al. [17] . Note that the uncertainties of their measurements (not 

hown in Figs. 18 and 19 to avoid clutter) were about 1–3 cm/s 

nd thus some deviation from the trendlines is expected. As men- 
14 
ioned above, the DIB studied in the present work is a 3:1 mixture 

f DIB-1 and DIB-2, if the burning velocity dependence on com- 

osition is monotonic one may expect that the burning velocities 

f di-isobutylene should be in-between the values obtained by Hu 

t al. [15] and Yin et al. [17] , which is observed in the rich mix-

ures, Fig. 19 . 

The burning velocities of DIB-1/air flames measured by Zheng 

t al. [13] with an estimated uncertainty of 2% show mixed behav- 

or when compared to the trendlines in Figs. 18 and 19 . They better

gree with the literature data and expected trends at 450 K, while 

t 400 K the deviation is much higher with the datapoints lying 

ower by 5–8 cm/s. The values presented in these figures were ob- 

ained by non-linear stretch correction [13] , yielding consistently 

ower results compared to the linear one. Nevertheless, the rela- 

ive difference between these two approaches is about the same at 

00 and 450 K that indicates some inconsistency of the 400 K data 

f the study by Zheng et al. [13] . 

The LBV of DIB-1/air flames obtained by Laich et al. [21] at 

28 K better agree with the trendlines in Figs. 18 and 19 , though

ome datapoints, e.g., for ϕ = 0.9 and 1.4 are obvious outliers. It 

hould be noted that the measurements [21] were performed at 
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Fig. 15. Brute force sensitivity analysis representing reactions controlling DIB-1 

IDTs using the new model at ϕ = 1.0 in air, p = 30 bar, and T = 1200 K. 

Fig. 16. Laminar burning velocity of DIB/air flames at 1 atm and initial temperature 

of 298 K. Symbols: experiments, line: modeling. Squares: DIB/air, present study, cir- 

cles: DIB-1/air [15] , triangles: DIB-2/air [17] . 

Fig. 17. Laminar burning velocity of DIB/air flames at 1 atm and initial tempera- 

tures of 298, 318, 338, and 358 K. Symbols: present experiments, lines: model pre- 

dictions. 

Fig. 18. Laminar burning velocity of lean and stoichiometric DIB/air flames at 1 

atm and different initial temperatures. Symbols: experimental data, lines: trendlines 

based on the present measurements (solid symbols). 

Fig. 19. Laminar burning velocity of rich DIB/air flames at 1 atm and different 

initial temperatures. Symbols: experimental data, lines: trend lines based on the 

present measurements (solid symbols). 
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15 
quivalence ratios slightly different from the specific values shown 

n these plots; for example the maximum LBV of 70 cm/s was 

ound at ϕ = 1.08. 

The slope of each trendline shown in Figs. 18 and 19 in log- 

og scale yields the power exponents α, see Eq. (1) . Tempera- 

ure power exponents for hydrocarbons usually have moderate de- 

endence on the equivalence ratio with a minimum in the mix- 

ures possessing maximum burning velocity [11] . The power expo- 

ents α of DIB/air flames at atmospheric pressure derived from the 

resent experimental data as well as from the studies of Albright 

t al. [12] , Zheng et al. [13] , Hu et al. [15] and Yin et al. [17] are

resented in Fig. 20 . A linear least-square fit in logarithmic coordi- 

ates [68] was used to derive the power exponents α and their 

ncertainties shown in this plot as error bars. Conforming with 

he previous discussion, the variation of the LBV observed by Al- 

right et al. [12] contradicts other studies. The power exponents 

derived from the study by Zheng et al. [13] are systematically 
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Fig. 20. Power exponent α of DIB/air flames at atmospheric pressure. Symbols: 

present measurements, solid line: predictions of the present kinetic model, dashed 

line – empirical expression [15] . 

Fig. 21. Power exponents β of DIB-1/air flames. Symbols: derived from the mea- 

surements [13 , 15] , solid line: predictions of the present kinetic model, dashed line 

– empirical expression [15] . 
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igher than other datasets in Fig. 20 , though within overlapping 

rror bars reflecting lower than expected LBV values at 400 K as 

een in Figs. 18 and 19 . 

The predictions of the present mechanism also shown in 

ig. 20 are in good agreement with our experimental results as 

ell as with the power exponents α resulting from the measure- 

ents of Hu et al. [15] and Yin et al. [17] . Hu et al. [15] interpreted

heir measurements of DIB-1/air flames at different temperatures 

nd pressures using Eq. (1) and approximated the power exponents 

and β by polynomial functions of ϕ. Their empirical expression 

or the temperature power exponent agrees with the present re- 

ults as well, Fig. 20 . 

To analyze the data consistency in terms of the pressure depen- 

ence, the measurements of the DIB-1/air flames performed at 1 

nd 3 atm [13] , and at 1, 3, and 5 atm [15] were interpreted using

q. (1) . The power exponents β derived using a linear least-square 

t in logarithmic coordinates are shown in Fig. 21 and compared 
16 
ith the predictions of the present mechanism for DIB-1 as well 

s with the polynomial expression suggested by Hu et al. [15] . In 

he absence of reported error bars, the uncertainties of the power 

xponents were evaluated assuming the uncertainty of the burn- 

ng velocity of ± 2 cm/s at each equivalence ratio [13 , 15] . The two

eries of experimental data shown in Fig. 21 do not overlap. This 

ndicates some inconsistency of these measurements and/or un- 

erestimated experimental uncertainties. Predictions of the present 

inetic model shown in Fig. 21 substantiate the dataset by Hu et al. 

15] . For the pressure power exponents, different models indeed 

redict different dependencies, however, the shapes of the β – ϕ
urves are often similar as demonstrated for many hydrocarbons 

11] . One may conclude that the third-order polynomial expression 

15] should be used with caution outside its range of validity as it 

ay predict values of β which are too high in lean and too low 

n rich mixtures, even though this expression agrees with individ- 

al datapoints derived from their work within the equivalence ra- 

io range from 0.7 to 1.3. 

. Conclusions 

We have investigated the oxidation chemistry of the 2,4,4- 

rimethyl-1-pentene (DIB-1) and 2,4,4-trimethyl-2-pentene (DIB- 

) in a multipronged experimental and theoretical approach. We 

tarted with the unimolecular fuel decomposition mechanism of in 

 pyrolysis microreactor. The products and reactive intermediates, 

uch as radicals, were isomer-selectively detected using VUV syn- 

hrotron radiation and photoelectron photoion coincidence tech- 

iques. Although DIB-1 and DIB-2 only differ in the position of the 

ouble bond, the fuel destruction pathways are markedly differ- 

nt. DIB-1 breaks at the central C 

–C bond affording 2-methylallyl 

nd tert-butyl radicals, which rapidly yield iso -butene. The individ- 

ally observed intermediates decompose further and can explain 

he appearance of allyl, allene, propyne, the methyl radical, etc. 

IB-2 decomposition yields multiple products and is initiated by a 

ethyl radical loss reaction, affording tetra-methyl allyl radicals as 

rimary intermediates. Tetra-methyl allyl radicals decompose fur- 

her through three different reaction channels. Interestingly, ring 

losure reactions to 5- and 6-membered ring species are observed 

nd explain the formation of soot-precursors such as cyclopenta- 

ienyl, fulvene and benzene. These intermediates are, in general, 

esponsible for PAH formation and are not found in DIB-1. 

Oxidative experiments in a flow reactor at different equivalence 

atios also show a five-fold higher propensity towards benzene for- 

ation for DIB-2 as compared to DIB-1, which can explain the in- 

reased sooting tendency, and is in line with the unimolecular re- 

ction data. 

In addition, to study the decomposition under inert and oxida- 

ive conditions, this work presents wide range of experimental IDT 

easurements for DIB-1, a gasoline surrogate fuel, which can be a 

irect validation target of the multi-component surrogate models 

eaturing DIB-1. Our improved model can well capture the global 

eactivity targets of DIB-1 such as LBVs and IDT behavior from low 

o high temperatures at various conditions. The prominence of iso - 

utene chemistry to accurately model DIB-1 at high temperatures 

s highlighted via sensitivity and reaction pathway analyzes and is 

lso found upon the unimolecular decomposition of DIB-1 in the 

icroreactor. The kinetic analyzes of the DIB-1 reaction pathways 

erformed at 1200 K show that the unimolecular decomposition to 

ield methyl-allyl and tert -butyl radicals dominates but also that 

ydroxyl ( ̇OH) radical addition and abstractions, by hydroperoxyl 

H ̇O 2 ) and methyl peroxyl (CH 3 ̇O 2 ) radicals, are the major reason

or promoting the reactivity at these conditions. 

New measurements of the laminar burning velocities of DIB/air 

ames are presented. Experiments have been performed using the 

eat flux method at atmospheric pressure and initial temperatures 
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f 298–358 K. Moreover, data consistency was assessed with the 

elp of analysis of the temperature and pressure dependencies of 

he laminar burning velocity, which was interpreted using an em- 

irical power-law expression. The predictions of the present kinetic 

echanism were found in excellent agreement with the new mea- 

urements. The part II of our DIB study complements our dataset 

nd provides new insights into the reactions dominating under 

igh temperatures, which may aid the development of predictive 

ombustion models used for biomass-derived fuels. 
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