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Abstract
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 unimolecular decomposition reactions in high-temperature combustion, we have
investigated the di-isobutylene isomers in high dilution utilizing a pyrolysis micro reactor and
detected radical intermediates and stable products using vacuum ultraviolet (VUV) synchrotron
radiation and photoelectron photoion coincidence (PEPICO) spectroscopy. Additional speciation

data at oxidative conditions were also recoreoHeedted utilizing a plug flow reactor at atmospheric

pressure in the temperature range frem-725-K-+t6—1150 K at equivalence ratios of 1.0 and 3.0

and at a residence time 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 900—1400 K using a high-pressure shock-tube
facility. New measurements of the laminar burning velocities of di-isobutylene/-+air flames are
also presented. Experiments have been 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 the-laminar burning velocity
measurements, which was interpreted using an empirical 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 mechanism were found to be in

goed-adequate agreement with the wide variety of the-experimental measurements performed.
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1. Introduction

As highlighted in Part I [1] of this study, di-isobutylene has been identified as one of six
blendstocks made from biomass that give the highest efficiency gains for downsized, boosted,
spark-ignition (SI) engines and has the fewest barriers towards implementation in the ground
transportation market [2]. The name di-isobutylene is usually applied to a mixture of two
isomers: 2,4,4-trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene, abbreviated here as DIB-1
and DIB-2, respectively. In the market, di-isobutylene is often available as a mixture of DIB-1
and DIB-2 in a 3:1 ratio-efB4B-1-to-BIB-2; and will be abbreviated as DIB.

Part | of this study exclusively focuses on the low-to-intermediate temperature kinetics
of DIB; ignition delay times (IDTs) and speciation measurements were obtained in a rapid
compression machine and in a jet-stirred reactor, respectively, during DIB oxidation and were
validated with a new detailed kinetic mechanism to describe its oxidation. Here we present an
investigation of the high-temperature model development and validation onf the relevant
experimental targets, such as IDTs and laminar burning velocities (LBVSs) of DIB across a wide
range of conditions. In [2], more than 400 blendstocks (compounds and fuel mixtures) were
considered and were down_-selected to forty blendstocks with desirable fuel properties for
advanced Sl engines [3]. NextThereafter, the list of compounds was further refined based on a
merit function used to identify blendstocks that gave the highest efficiency gain in a downsized,
boosted Sl engine. The most important input to the merit function was en-the research octane
number (RON) and octane sensitivity of the blendstocks [4]. Finally, the list was narrowed down
based on techno-economic and life-cycle analyses, including a criterion that the blendstock
would reduce greenhouse gas emission by at least 60% compared to petroleum-based fuels. This

yielded six blendstocks, including DIB, with the fewest barriers to market-which-alse-ineludes

BiB.



To eur—surprise—and-to-the best of our knowledge, no study exists investigating the

unimolecular decomposition of the two isomers under anaerobic conditions. This has motivated

us to study the—unimolecular decomposition of DIB in a pyrolysis micro-reactor—, which

becomeis more relevant at high temperature (= 1100 K) combustion conditions. The first

dedicated study of DIB-1 and DIB-2 oxidation in a shock tube allowed for the development and
first validation of a detailed kinetic model by Metcalfe et al. [5]. Mixtures of primary reference
fuels (PRF) with DIB have also been studied in a shock tube [6]. Subsequent studies in shock
tubes were aimed at improvement of the model of Metcalfe et al. [5] by Hu et al. [7] or
construction of a new model (also based on [5]) by Li et al. [8]. Later Yin et al. [9] showed that
the low-temperature chemistry is dominated by hydrogen abstraction reactions.

Recent work by Terracciano et al. [10] examined both DIB-1 and DIB-2 under—at
stoichiometric conditions and at atmospheric pressure in a jet-stirred reactor; and identified
intermediates using turabletuneable vacuum ultraviolet (VUV) and time-of-flight mass
spectrometry. They found that the ignition characteristics were greatly dependent on C4 and C7
fragment production and decomposition for both isomers and that the tert-butyl radical was a
dominant intermediate species. Additionally, the DIB-1 isomer produced larger quantities of Cs
over C7 compounds, while the opposite result was found for the DIB-2 isomer, with it favoring
Cr over C4 compounds.

The adiabatic laminar burning velocity, S., plays an important role fer-in rate of fuel
oxidation in Sl engines, therefore its determination for different hydrocarbons has a long history
[11]. The first SL measurements for DIB-+/-air near-stoichiometric mixtures were performed by
Albright et al. [12] at atmospheric pressure at several initial temperatures within-in the range 377
— 455 K range-using the flame cone method. The authors noted that the variation of the burning
velocity with temperature is different for various hydrocarbons, while the rate of change for DIB

is lowest compared to n-hexane, n-heptane, iso-octane, and toluene.



Table 1. Laminar burning velocity measurements of di-isobutylene/-+-air flames.

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

DIB 1 377 — 455 "1 Bunsen burner [12]
DIB-1 1,3 400, 450 06-15 Spherical flame [13]
DIB-1 1,35 298, 373, 453 0.7-16 Spherical flame [14]
DIB-2 1 298, 373, 453 08-16 Spherical flame [15]
DIB-1 1 428 09-15 Spherical flame [63]

DIB 1 298, 318, 338, 358 0.7-14 Heat flux burner p.w.

Revitalized interest in DIB as a fuel supplement inspired several recent flame studies
summarized in Table 1. Zheng et al. [13] measured burning velocities of DIB-1/--air flames in
a constant volume combustion bomb at initial mixture temperatures of 400 and 450 K, at 1 and
3 atm, comparing linear and non-linear stretch correction approaches. These measurements were
compared to the predictions of the kinetic model developed by Andrae and Kovacs [16], and the
mechanism developed by the authors [13]. The model of Zheng et al. [13] combines the di-
isobutylene sub-mechanism by Metcalfe et al. [5] with a reduced core Co—C4 model based on
the USC-II mechanism.

Hu et al. [14] determined burning velocities of DIB-1-+/-air flames in a broader range of
temperatures from 298 to 453 K and at 1, 3, and 5 atm in spherical flames applying the non-
linear stretch correction. The authors found that the model from Metcalfe et al. [5] notably over-
predicts their SL measurements and suggested several modifications to improve its performance.

First, the core Co—C4 model was replaced by AramcoMech2.0 [17], and second, high-level ab



initio calculations were used to update several rate constants of important DIB-1 reactions.
Moreover, the temperature and pressure dependences of the burning velocity were interpreted

using the following empirical equation [11]
St = Sto (T/To)* (p/po)? (1),

which relates the burning velocity, S, at initial temperature T and pressure p to that at the
reference temperature To and pressure po. The power exponents a and f were approximated by
polynomial functions of the equivalence ratio; ¢; [14].

A subsequent study from the same group [15] aimed to determine the burning velocity of
DIB-2 at 1 atm and the same initial temperatures of 298, 373, and 453 K allowing for direct

comparison with DIB-1 [14] with-Si. measurements-of B4B-1-{14}. It was found that DIB-2 burns

faster than DIB-1, with the difference increasing from 1-2 cm s in-for lean flames, up-to 5-7
cm s~tin rich flames at both room and elevated temperatures. The model presented by Hu et al.
[14] was found to be in better agreement with the burning velocities of DIB-2 compared to the
Metcalfe et al. [5] model.

Further development of the kinetic model for DIB-1 oxidation was presented by Yin et
al. [18]. The model improvement was achieved by modification of the rate constants of the
primary radicals’ isomerization, decomposition, their reactions with Oz as well as H-atom
abstraction reactions. These rate constants were derived using high-level quantum chemical
calculations [9, 18-20], and improved agreement with available experimental data for DIB-1
IDTs and Sts of rich flames compared to the medel-ef-Metcalfe et al. [5] model was
demonstrated. Yin et al. [18] concluded that their modified model exhibits “reasonable
agreement” with the shock tube data and laminar flame speeds, which calls for further analysis
of DIB oxidation at high temperatures based on additional experiments which have been

performed here.



Most recently the burning velocities of DIB-1 were determined in spherical flames at 1

atm and initial temperature of 428 K [63]. Laich et al. implemented a multi-zone model to derive

LBVs from pressure traces and thus ignoreding stretch correction. These measurements [63]

were compared with the results of Zheng et al. at 1 atm and appeared to be slightly abevehigher

(for lean mixtures) or belewlower (for rich mixtures) than the LBVs measured my Zheng et al.

at 450 K [13].4nleanandrich-mixtures—respectively

A common approach tofer validateien of-detailed kinetic mechanisms is to compare
model predictions with the experimental data in coordinates of St vs. ¢, for a given initial p and
T. However, this assessment is often possible for one dataset only, since the measurements are
seldom performed at the same conditions, as shown in Table 1. To this end, analysis of the
temperature and pressure dependencies of the burning velocity interpreted in Eq. (1) can help
compare experimental results obtained at different conditions [11]. Therefore, the objective of
the present work is to determine LBVs of DIB/—+-air flames at atmospheric pressure and different
temperatures and analyze data consistency of the new results and experiments available in the
literature.

Additionally, #—thisin this study, unique speciation data were obtained in a microflow

tube reactor at pyrolytic conditions as well as in a flow reactor at stoichiometric and rich

conditions to eptimize-further improve the model. Moreover, new measurements of IDTs in a

high-pressure shock tube (HPST) extend the range of temperatures covered in rapid compression
machines as presented in Part | [1s1i].

The following paper is structured by first providing an overview of the experimental
methodologies adopted in this study in Section 2, followed by a brief description of our DFT
analyses and high-temperature kinetic modelling of DIB in Section 3. A discussion of the
important findings from this study and model validation using the new data follows in Section 4

and a summary along with recommendations for future work are presented in Section 5.



2. Experimental methods

2.1 Microflow tube reactor (PSI)

The pyrolysis experiments of the two di-isobutylene isomers were performed at the
x04db Vacuum Ultraviolet [21, 22] beamline of the Swiss Light Source, Paul Scherrer Institute,
Switzerland. The di-isobutylene samples were diluted (0.05%) in Ar to suppress bimolecular
chemistry and expanded via-through a 100 um pinhole into a resistively heated silicon carbide
microreactor (40 mm length, 2 mm oD, 1 mm iD). The temperature of this Chen-type reactor
was varied from room temperature to 1600 K [23]. The effective pressure and residence time in

the microreactor were outlined by Guan et al. [24] and Grimm et al. [65] and are estimated-to-be

a-in the range of few-tens9-—20 -ef-mbar and £625-266-50 s, respectively. Fhe-Due to the small

inner diameter (1 mm) a direct measurement of the gas temperature is not possible without

disturbing the flow conditions. We thus obtained only the wall temperature, which may measured

outersurface-temperatures-of-the-reactor-may-over-estimate the gas temperature by up to 200 K

according to Guan et al. [24]. The gas mixture leaving the reactor is expanded into high vacuum
(107° mbar), where a molecular beam is formed, which preserves the reaction mixture, including
reactive free radicals, thus providing a snapshot of the unimolecular chemistry at the specific
temperature. The reaction mixture in the expanding molecular beam is skimmed (2 mm skimmer)
and travels into the ionization volume of the Photoelectron Photoion Coincidence (PEPICO) end-
station, where it is intersected with the vacuum ultraviolet synchrotron (VUV) radiation [25, 26].
A bending magnet produces the VUV synchrotron radiation, which is collimated onto a plane
grating (150 I/mm), monochromatized, and focused onto the exit slit (E/AE = 1500). Higher order
radiation, also diffracted by the grating, is eliminated using a rare gas filter with an Ar/Ne/Kr
mixture, or by a MgF2 window, as described in [22]. The PEPICO end-station was utilized to
record photoionization mass spectra (PIMS) at different photon energies to observe the-reactive

intermediates and products as function of the temperature-dependent. PIMS were recorded for




typically 60—120 s, and the integrated m/z peaks were plotted as a-function of the temperature

to obtain the species profiles. Photoion-mass-selected-threshold-photoelectron-spectra-{ms-TFRES)

[26,-27}-To measure the-photoion mass-selected threshold photoelectron (ms-TPE) spectra, we

scanned the photon energies in 10-20 meV steps (averaged for 2—10 min per point) to obtain

well-resolved vibrational featurestransitions from the neutral into the ion. This structure provides

isomer-specific information if compared to a reference or simulated spectra [26, 27]. Therefore,

Eelectrons with Ekin <10 meV were considered in the analysis, and the hot electron contamination

contribution ef-to the center signal of the imaging detector, i.e., the electrons with significant

Kinetic energy in the non-off axis momentum component, was subtracted usirg-as outlined in the

approach by Sztaray and Baer [28]. Due to the absence of reliable photoionization cross-section

(PICS) for many of the intermediates and reaction products, the speciation data ien Fig. 2 and 6

can at best only be seen as semi-quantitative.

2.2 Flow reactor (NREL)
The analysis of di-isobutylene isomers was performed in a straight quartz tube flow

reactor operated under atmospheric laboratory conditions (0.85 atmospheres) in Golden,

Colorado. The flow reactor set up has been previously described in detail [29-31]. In brief, the
reactor consists of a straight quartz tube that is open on the backend and is heated inside a ceramic

furnace.|[The temperature profile of the quartz tube was measured at one inch intervals throughout

the length of the tube at each temperature examined and is incorporated into the simulations. |

ire2iHelium is utilized as the inert carrier gas and is introduced along with oxygen- at the inlet of
the quartz tube. The helium flow is adjusted-toadjusted to keep the residence time of 0.35 s for

¢ =1 and 0.22 s for ¢ = 3 constant throughout the temperature sweep. Oxygen flow rates were




0.018 standard liters per minute (slm) for ¢ = 1, and 0.0062 slm for ¢ = 3. Helium flow rates

ranged from 3.6 to 5.6 slm for ¢ = 1 and 5.9 to 8.0 slm for ¢ = 3. Liquid fuel is introduced via a

syringe pump operated at ambient laboratory conditions (20°C — 22°C) at a flow rate of 10

pL/min_to maintain very dilute conditions (approximately 300 parts per million (ppm)

concentration) such that the stratification effect due to the parabolic velocity profile of the

laminar tube reactor has neqgligible effect on the sample mole fraction. Because the helium flow

rate is adjusted throughout the experiment, mole fractions of DIB varied between 190 ppm and

430 ppm. A DIB density value of 0.716 g/mL at 20°C from the Sigma Aldrich certificate of

analysis was utilized to calculate fuel concentrations at each temperature. A full list of

experimental conditions and results is included in the StSupplementary Material (Table S9). The

effluent at the terminus of the reactor is sampled directly into an inert gas sampling line, heated

to 95°C to avoid any condensation of reaction products, into two separate gas chromatography

(GC) systems used to measure and characterize the reaction species. GC1 is equipped with two
identical 60 m x 0.25 um x 0.25 um DB-1 columns (Agilent Technologies) for simultaneous
analysis of > Cs hydrocarbons quantitation utilizing a Flame lonization Detector (FID) and
positive identification by a mass spectrometer (MS). GC2 utilizes a Dean switch with three
columns; quantitation of the low molecular weight hydrocarbon gases is performed using an FID.
Carbon dioxide (CO2) and carbon monoxide (CO) are quantitated using two separate Thermal
Conductivity Detectors (TCDs). The low molecular weight gases are separated on a Restek Rt-
Alumina BOND 30 m x 0.32 um x 5 um column, while CO2 is quantitated on a Restek Rt-
QPLOT 50 m x 0.32 um x 5 um column, and CO is quantitated on a Restek Rt Mol Sieve 30 m
x 0.53 um x 50 um column. GC1 is calibrated using n-heptane as a standard, and species were
quantitated using the effective carbon number method [32] based on n-heptane response. GC2 is
calibrated with standard gas mixtures of known concentration purchased from Matheson Gas. A

+15% measurement uncertainty is assumed for GC1, which is due to the use of the ECN method,

10



sample delivery/sampling system variations, as well as the relatively higher molecular weight
species measured in this system. GC2 quantitates lower molecular weight species which are
easier to evaporate and have direct calibration standards and the associated uncertainty is

assumed to be +10%.

2.3 High-pressure shock-tube (NUIG)

The HPST at NUIG has been described in detail previously [33] and is only discussed
briefly here. This HPST with a uniform cross-section area of 63.5 mm inner diameter consists of
a 3 m long driver section to hold high pressure gas, 5.7 m long driven section that contains the
test mixture and a 30 mm double diaphragm section with pre-scored aluminum discs of
appropriate thickness, which separates the driver and driven sections and enables improved
control over the shock wave generated.

By varying the Mach number of the shock wave, the final compressed conditions of the
test gas are also varied. Part of helium driver gas is replaced with a heavier inert gas (nitrogen)
to delay the arrival of the contact surface at the end-wall and to increase the measuring times (>
1.5 ms). Six PCB 113B24 piezoelectric pressure transducers are mounted on the side wall of the
tube and one Kistler 603B sensor on the end-wall are used to extrapolate the shock velocity at
the end-wall. The Kistler sensor is also used to record pressure profiles that are used to
record/measure the IDTs. The measured shock velocity is used to calculate the compressed
pressure and temperature using the ‘reflected shock’ routine in Gaseq [34]. The tolerance on the
calculated pressure was limited to + 0.5(se3) bar of the target pressure and no pre-ignition pressure

rise was observed during the experiments._The test fuel (DIB-1 98.5%) was supplied by Sigma

Aldrich®. The other gases used in this study, nitrogen (99.99%), oxygen (99.99%), argon

(99.96%), and helium (99.97%), were purchased from BOC lreland. The experimental

measurements are given in Supplementary Material (Table S9).
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2.4 Flat flames (Lund)

The heat flux method allows for the stabilization of a premixed, flat, non-stretched flame
over the perforated burner plate and for determining the laminar burning velocity [35]. The
method is based on the control of the temperature profile in the plate using thermocouples
inserted in several perforation holes. When the flow rate of the unburned mixture is equal to the
burning velocity of the adiabatic flame the temperature profile is flat [35]. Thus, by varying the
flow rate, the state of adiabatic flame stabilization can be accurately defined through
interpolation. The heat flux required for the flame stabilization over the burner plate is realized
by the difference in temperatures of the plenum chamber, which keeps the required initial
temperature of the gas mixture and the heating jacket around the burner head, both controlled by
water baths.- Initial gas temperature in the present experiments was set in the 298 -358 K range,
while the temperature of the heating jacket was 368 K. At some conditions, often in rich flames
of heavy hydrocarbons and/or when the temperature difference is relatively small, the flames
become unstable. In this case, an extrapolation procedure is used, which still allows for the
determination of the burning velocity, yet with somewhat higher experimental uncertainty. A
review of the well-established heat flux method, its development, description of the experimental
setup as well as of the data processing algorithms was presented by Alekseev et al. [35]. DIB
with a DIB-1/DIB-2 molar ratio of 3:1 and technical-certified purity =990f 96.9% was delivered

by Sigma-Aldrich, the oxidizer was synthetic air (21% Oz +79% N2} 1% relative uncertainty)

delivered by Linde. The equivalence ratio, ¢, of the mixtures with air was varied from 0.7 to 1.4.

All experimental results with associated uncertainties are tabulated in the Supplementary
material. Modeling of the premixed free-propagating planar adiabatic flames was performed
using ANSYS Chemkin 18 [36]. The solutions were tested for grid-independence. The number

of grid points was typically 750—850.
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3. Kinetic modeling and DFT Analysis

3.1. Computational details

All calculations were performed using Gaussian 16 [37]. The ground state and transition
state structures were optimized using the B3LYP/6-31G(df,p) level of theory. Structures were
confirmed to be minima or transition states by the absence or presence of one imaginary
frequency. Intrinsic reaction coordinate calculations confirmed that the transition states
connected the appropriate reactant and product geometries. Energy calculations were performed
using the G4 composite method on all optimized reactant, product, and transition state
geometries [38]. The G4 composite method has previously been benchmarked against various
computational methods and shown to compute accurate dissociation energies for open- and
closed-shell systems (1.08 and 1.48 kcal mol=, respectively) and transition state energy barriers
[39-41]. The G4 energies at 1000 K and the kinetic parameters were computed using a modified
version of GoodVibes [42]. To interpret the results from the microflow work at the VUV
beamline, we calculate ionization energies, equilibrium structures, and vibrational modes of
intermediates and products at B3LYP/6-311++G(d,p). Adiabatic ionization energies were
refined by optimizing the neutral and ion state of the desired molecule and considering the zero-
point energy at the CBS-QB3 level of theory. Photoion mass-selected threshold photoelectron
spectra were analyzed using either reference spectra or a Franck-—Condon approach as
implemented in eZspectrum [43] or Gaussianl6, to assign m/z peaks in the mass spectrum
isomer-selectively. The stick spectra were convoluted with a Gaussian function to account for

the rotational envelope of each vibrational band and compared with the experimental spectrum.
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Fig. 1. Carbon—carbon and carbon-hydrogen bond dissociation enthalpies (BDE, in kcal /mol-2)

computed using the G4 composite theory at 298K. Dashed lines indicate bond dissociation.

The location of the weakest C—C and C—H bonds and the resulting radical fragments give
a first insight into the high-temperature combustion reaction pathways. At high combustion

temperatures_ (= 1100 K), unimolecular dissociation and radical bimolecular hydrogen

abstraction reactions are expected to be prominent. Computing the bond dissociation enthalpies
(BDE) for the two isomers will identify the initial combustion reactions at elevated temperatures.
The BDEs for DIB-1 and DIB-2 are presented in Fig. 1, and the weakest bonds for DIB-1 and
DIB-2 corresponds to carbon—carbon (C-C) fission with similar BDEs are-same-(of 71.8-and
7247 kcal mol L) respectively. Additionally, the weakest C—H bonds were identified because
these are assumed to be the most likely position for H-abstraction by a radical intermediate. The
weakest C-—H bond for both DIB-1 and DIB-2 is on the terminal primary carbon, alpha to the
double bond due to the formation of resonancethy stabilized radical intermediates. This is

14



expected for DIB-2; however, for DIB-1, ene-might-expect-the central secondary carbon te
centainhas the weakest C-——H BDE as determined by Yin et al. [15]. H-abstraction from the
central carbon forming a radical will likely induce higher steric hindrance with the tert-butyl
group than the radical formed on the terminal carbon. Therefore, the added steric contribution
for the radical intermediate results in a higher BDE value for the central carbon vs. the primary
carbon. The BDE trends presented here agree with the computed BDE trends by Terracciano et

al. [10]._The next Sections 3.2 to 3.4 describe how the rate constants for the high-temperature

reactions classes were obtained for the chemical kinetic model.

3.2 Pyrolytic reactions
Unimolecular decomposition reactions involving C—C bond cleavage producing methyl
and Cr olefin tertiary radicals and retro-ene reaction producing two isobutene molecules are
adapted from [44] and [45], respectively. Other bimolecular channels are included assuming
analogous pressure dependent rates calculated at CCSD(T)/cc-pVTZ level of theory on propene
potential energy surface by Ye et al. [46]. The decomposition of DIB-1 forming 2-methyl allyl
and tert-butyl -radicals was described as an association reaction in the reverse direction using

analogies from 1-butene chemistry.

3.3 H-atom abstraction reactions
The analogous propene rate constants were used for DIB primary allylic H-atom
abstraction by H atoms and CHz radicals [47]. To simulate H-atom abstraction reactions from
the secondary allylic site, respective 1-butene (CsHs-1) analogies were used [48-50]. The rate
constants for abstraction from the primary hydrogen site were adoapted analogously to iso-
octane kinetics [51, 52] since the presence of C=C has no influence on this site. Comparison of

C—H BDEs for the primary carbon of DIB-1 and DIB-2 (100.1 and 100.6 kcal /mol-,

15



respectively) with iso-octane primary carbon C-—H BDEs (100.5 and 100.6 kcal /mol-) [62],

further justifies this adoaptation.

3.4 DIB radical decomposition reactions

The primary allylic (iCsD4-5R) DIB radicals {i€sB4-5R)}-decompose via [3-scission to

allene (CsHs-a) and neo-pentyl radical (neo-CsHi1), for which analogous iCsH7 radical

decomposition rates from Tranter et al. [53] were used-fremTFranteret-al—f53}. The B-scission

reaction rate coefficients of primary (iCsDs-1R) radical {iSsB4-1R}-and secondary allylic (iCsDs-
5R) radical {{SsBs-5R)-are taken from Wang et al. [44].
The detailed kinetic model including different reaction classes discussed in Part I, as well

as thermodynamic and transport parameters and species dictionary areis available as

Supplementary}t Material to Part I [1].

4. Results and discussion

4.1 Microflow reactor (PSI)
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Fig 2. Semi-guantitative Ftemperature dependent species profiles measured\[szl]\[LNs] during the
thermal decomposition of DIB-1.- Symbols: experiment, lines: medehngmodel from this study
assuming constant pressure and residence time of 15 mbar and 50 us respectively covering
temperatures from 300 — 1800 K. The fractional abundance is normalized based on the initial
fuel concentration (see Table S3).
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Fig. 3. Photoion mass-selected threshold photoelectron spectra (ms-TPES) of the intermediates

and reaction products_in the temperature rangeat 975-—1175 K. PES is photoelectron spectra

from the literature. Species are isomer-selectively assigned using either Franck-—Condon_(FC)

simulation or reference data (solid lines).

Since at high combustion temperatures unimolecular reactions, such as C—C and C—H

bond cleavage reactions of DIB-1 and -2, are becoming increasingly important, we investigated

these reactions and compare them to the ones summarized in Fig. 1. We focus especially on the

appearance of reactive and elusive molecules, which cannot be detected using conventional

chemical analysis tools such as gas chromatography mass spectrometry (GC/MS). Due to the

unavailability of reliable photoionization cross section, our speciation data is based on relative

mass signal levels and thus to be treated as semi-quantitative. Nevertheless, our data reveals

unparalleled insight into the early stage of the high temperature combustion mechanism,

including detection of reactive radicals as a function of the reactor temperature. The
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decomposition reactions of DIB-1 (m/z 122, 1) hashave-beenis investigated as a function of the
reactor temperature by applying photoionization mass spectrometry (PIMS) at 10.5 eV photon

energy. —The semi-quantitative experimental species profiles as function of the reactor

temperature are depicted in Fig. 2 and a selection of mass spectra are presented in the supporting
information (Figure S1). DIB-1 starts to decompose in the pyrolysis microreactor at around 800

K, with the appearance of reactive species at m/z 56 and 55. To assign isomers to the respective

m/z values in the PIMS (Fig. 2), we utilized Pphotoion mass-selected threshold photoelectron

speetra-spectroscopy (ms-TPES), which has been shown applied as versatile tool to get isomer-

specific data in kinetics and flame experiments, by comparing the experimental spectrum to

reference or Franck--Condon simulated ones [66, 67]. shewn-n-Fig. 3. -reveals, in-comparisen

isobutene (m/z 56, 4) and 2-methylallyl radicals (m/z 55, iC4Hz, 3), respectively_in the reaction

mixture (see Figure 2 and Fig—3)(Bold numbers are used later in Fig. 4). In addition, WWwe find

traces of tert-butyl radicals (m/z 57, tCCaHg, 2) especially at low reactor temperatures, however,
due to the lability of the C—H bond, the radical rapidly decomposes in a hydrogen loss reaction

to form isobutene, which is in agreement with the lowest C-—C bond- dissociation energy (71.8

kcal /mol? at; 298 K) in Fig. 1. At higher photon energies and 800 K reactor temperature,

dissociative ionization of DIB-1 sets in, giving rise to m/z 57 fragments, which were treated as

parent signal. A reference spectrum of DIB-1 without pyrolysis can be found in Figure S1. Due

to the high abundance of iso-butene, H-is—tkehythat-DIB-1 can undergoes also a retro-ene
rearrangement reaction-(retre-ene}, where the hydrogen of the tert-butyl group is shifted to the
CHz2 group in the center of the molecule affording two equivalents of isobutene. Thus, the initial
fuel decomposition channel of DIB-1 at unimolecular conditions is a branching yielding either
tCCaHo (2, m/z 57) and iCC4H7 (3, m/z 55) radicals or isobutene (Fig. 4, m/z 56). This result is in

agreement with the weakest BDE calculated for DIB-1 (Fig. 1).
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At reactor temperatures as high as 1200 K, 2-methyl allyl (iCsH7) radical (3, m/z 55)

vanishes, while the CsHa (m/z 40), methyl radical (m/z 15), and CsHs (m/z 54) signals increase.

Ms-TPE spectra verify that both CsHs-a (5, m/z 40) and CsHa-p (6, m/z 40) contribute to the

signal at m/z 40 (Fig. 3), while 1,3-butadiene (7, m/z 54) and hydrogen radicals-atoms are also

produced in small quantities. These reactions were confirmed by pyrolyzing 3-bromo-2-
methylpropene (see Supplementary Material), which is a well-known precursor for iCsH7 (3, m/z
55), yielding also the previously mentioned products, as summarized in Fig. 4. Isobutene (m/z
56, 4) is one of the major products, but it slowly decreases at around 1000 K, Fig. 2(a), while
allyl radicals (m/z _41, 8, CsHs-a) areis generated by a-methyl radical loss and a rearrangement
reaction as shown in Fig. 4 and verified by pyrolysis measurements of plain isobutene (see
Supplementary material). Allyl radicals are also prone to hydrogen loss to produce allene 5 and

propyne 6 (both m/z 40) and, thus, also contribute to m/z 40. Another hydrogen loss yields

propargyl (CaHs, m/z 39, 9) radicals [54].

m/z 56 - X
CH, - N = N

2 m/z 15 m/z 41 8
_> —_—
4
H
ﬂ\/K—' -H

1

—» ——C—
m/z 55 -CH, 5
(=]
< . —_—
— Q + _ N —
)\ °/K g H 9
2 3 R m/z 39
m/z 57 m/z 55 -CHj 6

> N m/z 54

H
7

Fig. 4. Reaction mechanisms of the DIB-1 decomposition at unimolecular pyrolytic conditions.

The fuel destruction is initiated by either a tCsHo (2, m/z 57) and iC4H7 (4, m/z 55) radical

formation or by hydrogen transfer from the CHs groups.
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In DIB-2, the double bond is shifted towards the center of the molecule, which results in
a large number of feasible decomposition pathways yielding multiple fragments, presented in
Fig. 5. Thus, DIB-2 fuel destruction pathways are more complex than those of DIB-1. ]The fuel
decomposition starts at around 800 Kers], where we observe methyl radicals at m/z 15(se71, CsH7s
(m/z 67, 68), CeHar10 (M/z 81, 82) and m/z 96 and 97 from C7Ha2/13 species. Above 1400 K, further
decomposition channels open up, which can be assigned to ethylene (m/z 28), propargyl (m/z
39), allene, propyne (m/z 40), allyl (m/z 41), along with C4 (m/z 52-56) and CsHs (m/z 66)
species. More insight on the reaction mechanism and the parallel and sequential reactions can be
obtained by plotting the reactor temperature dependent species profiles, as depicted in Fig. 6. It
is evident that closed shell species such as m/z 82 (CsHao), 96 (C7H12), and 68 (CsHs) are formed
in parallel together-with a-methyl radicals (m/z 15). A large signal at m/z 97 is also observed at
1150 K in Fig. 5. We may be tempted to assign this to the CS7H1s radical formed after initial
methyl radical loss. However, close inspection of this fragment utilizing cation velocity map
imaging revealed a broad velocity distribution of this cation perpendicular to the molecular beam,

which indicates Kinetic energy release in cation fragmentation. In addition, a reference ms-TPES

of the un-pyrolyzsed DIB-2 is given in Fig. S4j, which shows the appearance of m/z 97 at ca. 10

eV. Therefore, it is in fact formed by dissociative ionization of DIB-2 at elevated reactor

temperatures, as pointed out recently [68]. Above 1300 K reactor temperature, the signal of the

closed shell species CsHio (m/z 82)), C7H12 (m/z 96), and CsHs (m/z 68) degrade again (Fig. 6) to
yield secondary products such as CeHs, CsHs, CsHs, CsHs, CsHa, and CsHa. Propargyl radicals

(CCsHz3) are observed at the highest reactor temperatures.
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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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Fig. 6. Semi-quantitative Ftemperature 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).

Photoion mass-selected threshold photoelectron spectroscopy (Fig. 7) was applied to assign
reactive intermediates and stable products isomer-selectively for each mass channel. While for

smaller fragments only a few isomers exist, the spectra are not discussed in detail here, but they
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are presented in the Supplementary Material (Fig. S4) togetheralong with reference spectra or
Franck-—Condon simulations to prove their identity. We assigned m/z 15, 28, 39, 40, 41, 42, 52,
and 54 to methyl, ethylene, propargyl, allene/propyne, allyl radicals, propene, vinylacetylene,
and 1,3-butadiene/2-butyne, respectively. Despite the precursor being acyclic, we also identify
five- and six-membered rings, such as cyclopentadienyl (m/z 65), cyclopentadiene (m/z 66),
fulvene (m/z 78) and benzene (m/z 78) in unimolecular conditions. The spectra of the remaining

species are depicted in the Supplementary material (Fig. S4).
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[G8]
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 temperature range.

Reference spectra from [25] and [55].

As indicated by the species profiles in Fig. 6, we observe depletion of the fuel at around
950 K, while intermediates of the composition CsHs (m/z 68), CeH1o (m/z 82) and C7H12 (m/z 96)

arise together with a methyl radical.
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Fig. 8. Reaction mechanisms of the DIB-2 decomposition at unimolecular pyrolytic conditions.

Thus, DIB-2 (10) decomposition is initiated by fission of the weakest C-—C bond (Fig. 1,

71.1 kcal /mol* at; 298 K) resulting in a demethylation reaction yielding tetramethyl allyl

radicals 11 (m/z 97), which are subject to three branching reactions—{see as depicted in Fig. 8).
The tetra-methyl allyl radical (11) can be stabilized by further hydrogen atom loss to yield 2,4-

dimethyl-1,3-pentandiene 12 (124C7D13, m/z 96). The experimental ms-TPE spectrum of m/z

96 is depicted in Fig. 7 and shows good agreement with the Franck—Condon simulation of
124C7D13. The calculated adiabatic ionization energy at 8.25 eV (CBS-QB3) also agrees well

with the first feature of the spectrum. We have evaluated further 12 different CzHi2 isomers (see

Supplementary Material, Table S1, m/z 96) with six- and five-membered ring species, but the

agreement of the calculated IE and the Franck-—Condon envelope was not satisfying.
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Besides the previously mentioned hydrogen loss, tetra-methyl allyl 11 can formally lose a
methyl group to yield isomers of the composition CsHio (m/z 82, 13). lonization energies and
Franck-—Condon simulations have been performed for 15 different isomers. Amongst the cyclic
species, only 1-methylcyclopentene fits in the spectral energy range of the TPES (see Fig. 7).
However, up to ten Ces species ionize below 9 eV and may also be formed upon decomposition
of DIB-2. We have fitted the experimental spectrum using the Franck-—Condon simulation of E-
and Z-2-methyl-1-3-pentadiene, E- and Z-4-methyl-1-3-pentadiene as well as 1-
methylcyclopentene and a good agreement can be achieved. However, we cannot exclude
contributions of other branched Ca- or Ce-chains. From a chemical perspective, though, the
formation of these isomers should involve multiple methyl migration steps, which are unlikely
in these systems at unimolecular conditions.

The third parallel decomposition channel occurring at lower reactor temperatures is
accompanied by a formal CG2Hs loss and yields m/z 68. Since CsHs and CCsHs species are cyclic
isomers, it would be obvious that the CsHs isomers are also cyclic, however, the spectrum of m/z
68 is dominated by isoprene 14 based on the comparison with its reference TPE spectrum. Due
to the rather broad peaks, cyclopentene can however not be fully ruled out to also contribute to
the spectrum. Ethyl radicals, however, are only observed in very low concentrations below 950

K reactor temperature. Furthermore, ethyl radical abstraction weuld—makewould only be

available after multiple rearrangement reactions pessisle-and, in the absence of their products, it
is deemed unlikely. The appearance of m/z 68, isoprene 14, still has to be understood. The tetra-
methyl allyl radical 11 may be subject to a ring-closure reaction affording a di-methyl
cyclopentanyl radical 15, which can demethylate to form 3-methylcyclopentene 16 as observed
in the ms-TPES in Fig. 7. However, branching is likely to occur and the five-membered ring in
15 may expand to a methyl cyclohexyl radical 17. Hydrogen loss will probably yield three

different methyl cyclohexene isomers (18, 19, and 20). The ms-TPES of m/z 96 did not show
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any indication for methyl cyclohexenes. Just recently, we found that retro-Diels—Alder reactions
are typical pathways for the decomposition of 6-membered ring species at pyrolysis conditions
[56]. Indeed, a retro-Diels—Alder (4+2 cyclo reversion) reaction of the methyl cyclohexenes (18,

19, or 20, m/z 96) can explain the appearance of ethylene/isoprene 14, ethylene/1,3-pentadiene

(21), or propene/1,3-butadiene (22), according to Fig. 8. Ab initio branching ratios among the
individual decomposition channels would require extensive quantum chemical exploration of the
potential energy surface, which is beyond the scope of this manuscript. Nevertheless, pyrolysis
microreactor experiments have revealed important details of the initial fuel destruction pathways
of DIB-2. Further decomposition reactions of the intermediates can explain, e.g., the formation
of cyclopentadiene 23 and cyclopentadienyl 24, which is initiated via demethylation of the
methyl-cyclopentenyl radical 25. Methyl cyclopentadienes 26 (m/z 80) are the precursors of

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

In Figures 2 and 6, we present not only semi-gquantitative experimental species profiles-,

measured during the thermal decomposition of DIB-1 and DIB-2, respectively, but also show a

qualitative comparison to shew-predictions of the present model. OurFhe model does not take

inte-account neither-for the temperature prefile-or pressure gradient in the reactor. In addition,

we used the measured reactor surface temperature of 300 to 1600 K without further correction.

and-the-effectivegas-temperature—(Section 2). For the-modeling the current experiments we

assumed a constant pressure of 9-—2015 mbar and a residence time H[pHe]\[meof 25--50 us, with

temperature varying from 300 — 1800 K. Furthermore, as pointed out in Section 2.1, the fractional

abundances rely-enfrom mass spectrometric signals_need —without-renormalization using the

photon energy and species-dependent photoionization cross seetiensection, which are

unavailable for many early intermediates and products detected in this study-and-the-unknown

sampling function of intermediates and products. [57] Thus, the quantification of the mass
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spectral-signals—is—tentative—at-bestour approach used here can be seen as semi-quantitative.

Nevertheless, the eensumption-decomposition of DIB-1 andand the -formation of major products:

such as isobutene, allene/propyne and methyl radicals shown in Fig. 2(a) are well captured by

the present model mechanism. In the case of DIB-2, the difference between the measurements

and modeling is somewhat higher, up to a factor of two for the major products (Fig. 5(a)).
depicted-in-Fig—5(a)—altheugh-thThe variation of the key intermediates, such as hexadiene,
124C7D13 and isoprene with temperature is in qualitative agreement with experiments, thus
substantiating fuel destruction pathways at pyrolytic conditions shown in Figs. 4 and 8. In

summary, our semi-guantitative and isomer-selective approach reveals the initial C—C bond

cleavage reaction triggering the high temperature combustion chemistry of both DIB-1 and -2.

In addition, we obtained a comprehensive reaction mechanism specifying the fate of the first fuel

radicals, tert-butyl and 2-methyl allyl in case of DIB-1and methyl and tetramethyl-allyl for DIB-

2.

4.2 Flow reactor (NREL)

Flow reactor results in comparison to the DIB model in this study, are presented in Fig.
9(a-e) for ¢ = an-equivalenceratio-of-1 and Fig. 10(a)-—(e) for ¢ =an-equivalenceratio-of 3. In
general, consumption of the parent DIB-1 and DIB-2 is well captured by the model for both
isomers. As was observed by-in other studies [5, 10], the formation of isobutene is observed in
significantly higher concentrations for DIB-1 versus DIB-2 at both equivalence ratios. This is
also supported by DFT analysis (Fig. 1) and Microflow reactor results which shows that DIB-1
mainly dissociates into C4 fragments leading to isobutene products, while DIB-2 mainly forms
124C7D13 Fig. 9(e) and Fig. 10(e). At an equivalence ratio of 1, benzene and toluene formation

both are under-predicted by the model for DIB-1; but are well captured for the DIB-2 isomer.
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For the DIB-2 isomer, ethane at high temperature is over-predicted while the methane is

underpredicted. In Figure 10(b), the C1—Cs species are well captured by the model. ]exeept—fw

%he—ﬁepma{ien—ef—aeetylene\[spllﬂ[pelz]. For the DIB-2 isomer, several of the Ci1—Cs species

predictions are poor, especially above 950 K.
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Fig. 9. Flow reactor analysis at ¢ = 1.0 and 0.85 atm with a residence time of 0.22 -s for (a) the
consumption of DIB isomers and formation of isobutene from both isomers, (b) formation of
C1—Cs species from DIB-1, and (c) other major products formed from DIB-1, (d) formation of
C1—Cs 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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Fig. 10. Flow reactor analysis at ¢ = 3.0 and 0.85 atm with a residence time of 0.22 -s for (a) the
consumption of DIB isomers and formation of isobutene from both isomers, (b) formation of
C1—Cs species from DIB-1, and (c) other major products formed from DIB-1, (d) formation of
C1—Cs species from DIB-2, and (e) other major products formed from DIB-2, across the

temperature range of 800725-1125 K.

DIB-1 and DIB-2 we also examined at pan-eguivalenceratio-of = 3 and at temperatures

in the range 800-1100 K to simulate conditions more susceptible to soot formation, Fig. 10.
These conditions are more similar to those in the pyrolysis microflow reactor. In particular, the
5-fold excess of the benzene formation at ¢ = 3an-egquivalenceratio-of-3 in DIB-2, as compared
to DIB-1, may be owed to the unimolecular fuel decomposition channels to benzene, observed
in Fig.ure 8. Again, conversion of the parent compound and formation of isobutene are well
predicted, (Fig. 10(a}), with a much higher concentration of isobutene being observed for the
DIB-1 isomer, in-line with other studies [5, 10]. This is also supported by the DFT analysis (Fig.
1). Another major product observed in flow reactor results was isoprene, which was
underpredicted by the model for both DIB-1 and DIB-2. Isoprene was also detected in the
microflow reactor for DIB-2 pyrolysis, Fig. 5(b). Interestingly, hexadiene was measured in lower

concentrations in the flow reactor than predicted by the model, Fig. 10(e), which seems to be in
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contradictionary to the microflow reactor results, Fig. 6, but could be due to uncertainties in the

quantification.

4.3 DFT Analysis of High Temperature Reactions

A computational analysis was performed to gain further insight into the reaction
pathways leading to the observed products for DIB-1 and DIB-2. The reaction pathway analysis
computed for DIB-1 is presented in Fig. 11. For comparison with the high temperature flow
reaction analysis, all energies were computed at a temperature of 1000 K. The primary
unimolecular dissociation reaction occurs with an energy barrier of 22.4 se13jkcal /mol-* forming
two fragments, iso-butenyl (2-methyl-allyl) and tert-butyl radical. Hydrogen —atom loss from
the tert-butyl radical, or hydrogen addition to iso-butenyl radical forms isobutene. Isobutene was
the primary product detected in the flow reactor analysis for DIB-1 at both equivalence ratios
(Figs. 9 and 10). Subsequent H-abstraction reactions from isobutene and radical recombination
of iso-butenyl radicals lead to the formation of 2,5-dimethylhexadiene (25DM15HD). This
product was observed in the flow reactor analysis in low yields.

Bimolecular H-atom abstraction reactions are likely to compete with the-unimolecular
dissociation-meehanism. As shown in Fig. 11, three radical intermediates, DIB-1_A, DIB-1_B,

and DIB-1_C, can be formed following H-atom abstraction by a hydroxyl radical. Interestingly,

the energetic trend determined for the three radical intermediates for DIB-1 does not match the
trend predicted from the BDE analysis. This is due to the effect of entropy on the formation of
the radical intermediates, which becomes more substantial at elevated (> 1000 K) temperatures
{e—1000K). Therefore, the second weakest C-——H BDE becomes-results in the most favorable
reaction pathway forming DIB-1_A radicals. Fhe-most-stableradical-TheseBIB-1-A; reacts
further by C—C dissociation forming 2,4-dimethyl-1,3-pentadiene (124C7D13) with an energy
barrier of 35.5 kcal /mol-t. DIB-1_B_radicals reacts further via C-C fission, forming 1,2-

propadiene and neopentyl radicals or via a H-shift isomerization forming DIB-1_C radicals. The
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isomerization requires a lower energy barrier (32.2 kcal f/mol-t) compared to C—C bond fission
(47.7 kcal /mol-2);; however it forms a less stable radical in comparison to DIB-1_B. DIB-1_C

radicals, formed either via H-atom abstraction from DIB-1 or through isomerization from DIB-

1 B, dissociates further into iso-butenyl radicals and isobutene with an energy barrier of 21.9
kcal mol™. The primary penta- and hexadiene products formed through the bimolecular
pathways (124C7D13 and 25DM15HD) are observed in the flow reactor analysis in low yields,
Figs. 9 and 10.

The analogous analysis was also performed for the high-temperature reaction pathways
of DIB-2, presented in Fig. 12. Unimolecular dissociation of DIB-2 leads to a tetramethyl-
substituted allyl radical, which, upon H-atom abstraction, can form 124C7D13. Further reactivity
of this pentadiene product is of interest for soot precursor formation chemistry. Similarly,
bimolecular H-abstraction reactions from DIB-2 lead to 124C7D13 through the radical
intermediates, DIB-2_B and DIB-2_C. Lastly, DIB-2_C radicals wereas found to have a second
higher energy reaction pathway leading to iso-butenyl radicals and isobutene. This reaction

requires an energy barrier that is about a-10 kcal /mol=2 higher higherenergy-barrierthan the path

forming 124C7D13. ]The pentadiene is expected to be the dominant product from the
decomposition of DIB-Z\[Bpm; however, low yields were observed in the high temperature flow
reactor analysis. Therefore, it is assumed that at elevated temperatures, 124C7D13 reacts quickly,
forming cyclopentadiene isomers and/or aromatic products.

This difference in reactivity and the sooting tendency for the DIB isomers is dependent
on the chemical structure and the location of the double bond. DIB-1 mainly dissociates into Ca
fragments, leading to isobutene products that delay and limit soot precursors (products
containing one aromatic ring). DIB-2 primarily forms 124C7D13, which can easily undergo
cyclization forming sootier aromatic products. Moreover, for comparison isobutene contains a

predicted yield sooting index (YSI) of 36.5 while 124C7D13 contains a predicted YSI of 65.4
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[58]. Therefore, the 124C7D13 formation is the main contributor to the dramatic difference in
the sooting tendency -for the DIB isomers, which is already observed at unimolecular conditions

as five and six-membered rings such as fulvene and benzene in the microflow reactor results.

DIB-1_A 124C7D13

N ;;‘\g o/( (-37.8)

25DM15HD 1. 8
(-106.7) )]\ k J\k +OH_ M — 5 H)C=C=CH, + /k (6.0)
BDE 0~ DIB-1_B 12PD neopentyl
Fbutenyl £butyl DIB-1 o (-35.9) 3 Gt ra:fcal
radical radical (0.0) 6’\ . s
/ 25
J\ ' J\ M )’L ’ )I\ (-45.3)
Fbutene DIB-1_C Fbutenyl  Fbutene
(-24.5) (-24.4) radical

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

1000 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—11—Reaction
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(-44.4) (0.0) o )\)< 03"
A T K e
DIB2C . 124C7D13
(-26.2)
/J\ . )L (-22.2)
Fbutene

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

1000 K. Enerqgies 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—12—Reaction

4.4 High-pressure shock-tube (NUIG)

The IDTs for DIB-1 were measured in the HPST (NUIG) at pressures and temperatures
relevant to practical applications. The IDT data exhibited no negative temperature coefficient
(NTC) behavior in the temperature range investigated and the logarithm of IDTs vary non-
linearly with the inverse temperature, Fig. 13. The trends in the chemical kinetic model
simulations agree well with the experimentally measured IDTs at 15 bar, {Fig. 13(a) and 320
bar, {Fig. 13(b). Quantitatively, the simulations are overall slow by 25--50% at 15 bar and agree

well at 30 bar where most of the simulations are within the experimental error bars.
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Fig. 13. The current model predictions for DIB-1 IDTs measured at NUIG HPST at ¢ = 0.5,

1.0, 2.0 fuel in air at 15 bar (a) and 30 bar (b).
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Fig. 14. Flux analysis using the current model for DIB-1 at ¢ = 1.0 in air, 30 bar at 1200 K and
20% fuel consumption, proceeds via various pathways producing isobutene and/or its related

radicals.

A flux analysis for DIB-1 was performed that shows the major reaction paths from the
kinetic model (¢ = 1.0 in air, at p = 30 bar, T = 1200 K and at 20% fuel consumed, Fig. 14).- A
high temperature of 1200 K was selected because of that-the focus of this paper and 30 bar
because it is relevant for SI engines applications. The most important decomposition pathways
of DIB-1 at 1200 K produce either isobutene or its related radicals. The unimolecular

decomposition reaction producing 2-methylallyl (iC4H7) and tert-butyl (tCaHo) radicals accounts
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for 36% of DIB-1 consumption, which agrees with the observation in the microflow reactor
experiments and the DFT analysis discussed above. H-atom abstraction reactions at primary
allylic and alkyl sites resulting in 12% and 20% of the fuel’s consumption respectively, The fuel

radicals formed uaderso-B-scission-to-formmainly lead to the products iCsHs and iCaHzse1e). H-

atom addition reactions to the C=C double bond and a chemically activated channel contribute
7% and 3% of the fuel conversion to isobutene and its radicalssei7, respectively. At this
condition, in total, about ~65% of DIB-1 consumption proceeds via the formation of isobutene

and hence it is a critical fragment in modelling the IDTs and LBVs of DIB-1.

iC4H8 + H = tC4H9
iC8D4 + H = iC8D4-1R + H2
iC4H8 + 02 = iC4H7 + HO2
iC4H7 + CH3 (+M) = aC5H10...
CH3 + HO2 = CH4 + 02
iC4H702 = CCYCCOOC-t1 —
02+H=0 +OH —
H + 02 (+M) = HO2 (+M) —
iC4H7 + CH302 = iC4HT70 +... N
iC4H8 + HO2 = tC4H902 —
iC4H7 + HO2 = iC4H70 + OH E—
iC8D4 =tC4H9 + iC4H7 I

-0.7 -0.5 -0.3 -0.1 0.1 0.3

Fig. 15. Brute force sensitivity analysis representing reactions controlling DIB-1 IDTs using

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

Figure 15 depicts the controlling chemistry for DIB-1 IDT predictions at the same

conditions as the flux diagram, Fig. 14, i.e., at ¢ = 1.0 in air, p = 30 bar, and T = 1200 K. and
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Mmost of the sensitive

reactions shown correspond to isobutene chemistry and only two reactions correspond to [DIB-

1jee1s; chemistry. The unimolecular decomposition of DIB-1 (iCsDs = tCaHo + iCaHv)

significantly promotes the system’s reactivity by the processes clearly observed under
unimolecular conditions. Thus, iCsH7 radicals react with HO2 and CH3sO2 radicals thereby
converting less reactive radicals to relatively more reactive OH and CH3O radicals, promoting
reactivity. In addition, the recently updated cyclo-addition channel [59] of alkenyl peroxy radical
(iCsH702) producing CCYCCOOC-t1 from ref. [60], promotes reactivity, since its
decomposition pathways produce reactive species such as CH20, CH2CO, HCO and CHs
radicals. In addition, the small radical reactions, H + O2 = O + OH, H + Oz (+M) = HO2 (+M),
icagisignificantly promote reactivity. H-atom abstraction from the alkyl site on DIB-1 (forming
iCsDs-1R) exhibits a positive sensitivity coefficient, since it consumes H atoms and eventually
produces resonancethy stabilized radicals\[spzm. The representative chain termination reactions,

iC4H7+ CH3 = aCsH10 and CHz+ HO2 = CH4 + Oz reduces reactivity.

4.5 Laminar burning velocities (Lund)
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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, circles: DIB-1/=+

air [14], triangles: DIB-2/-+air [15].

Figure 16 shows the laminar burning velocities of DIB/—+-air flames measured in the
present study, as well as DIB-1/=-air [14], and DIB-2/-+air [15] flames investigated in spherical
flames at atmospheric pressure and at the unburned gas temperatures of 298 K. Associated
uncertainties of the present measurements, determined following the procedures presented by
Alekseev et al. [35], are shown in Fig. 16 and other figures as error bars. The major factors
contributing to the total uncertainties are the scatter in the recorded temperature profiles of the
burner plate and uncertainty in the flow rates. The latter also determines the uncertainty in the
equivalence ratio, presented in Fig. 16 with horizontal error bars. The overall accuracy is
typically +0.5—1.0 cm s7%, worse in rich mixtures. The burning velocities of DIB-2/-=+air flames
reported by Yin et al. [15] are slightly higher than those of DIB-1/-=-air flames reported by Hu
et al. [14], while the present measurements are close to these two datasets within the overlapping

experimental uncertainties. Also shown in Fig. 16 are predictions of the mechanism developed
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in the present study for DIB—+/-air flames, which are in good agreement with the measurements

especially in lean and stoichiometric mixtures.
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Fig. 17. Laminar burning velocity of DIB/-air flames at 1 atm and initial temperatures of 298,

318, 338, and 358 K. Symbols: present experiments, lines: model predictions.

Figure 17 presents all the measurements performed in the present work at initial

temperatures of 298, 318, 338, and 358 K. The present model nicely reproduces the shape of the

39



SL vs. ¢ curve, as well as the trend of increasing burning velocities at higher temperatures. Four
temperatures at each equivalence ratio allow for data consistency analysis similar to that
performed for methylcyclohexane/=-air flames [61]. The temperature dependence of the laminar
burning velocity can be interpreted using an empirical expression S = Sio (T/To)% assuming
constant pressure, see Eq. (1), as it was demonstrated in many flame studies [11]. Thus, in log-
log scale, St vs. temperature should ]obey linear trends \[qu\[AKzz]at each equivalence ratio, as
illustrated in Figs. 18 and 19 for lean and rich flames, respectively. Indeed, the present
measurements shown as small symbols accurately follow the empirical expression for all ¢. The
trendlines based on these results are extrapolated to the highest temperatures visited in the

literature and all available data for DIB, DIB-1, and DIB-2 are also shown.
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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).

In stoichiometric mixtures, shown in Fig. 18, the results of Albright et al. [12] agree with
the trendline only at the lowest temperature of their study (377 K), while, at higher temperatures,
they systematically deviate from the expected dependence. Therefore, they concluded that the
variation of the di-isobutylene S. with temperature is the lowest as compared to other
hydrocarbons studied [12].

The burning velocities of DIB-1 and DIB-2 obtained in the same laboratory by Hu et al.
[14] and Yin et al. [15], respectively, show better agreement with the trendlines for lean mixtures
in Fig. 18. -In rich mixtures presented in Fig. 19, the deviation increases mostly because the
difference in the S. of DIB-2 and DIB-1 increases at these conditions as was demonstrated by
Yin et al. [15]. -H-sheuld-benotedNote that the uncertainties of their measurements (not shown
in Figs. 18 and 19 to avoid clutter) were about 1-3 cm/s and thus some deviation from the

trendlines is expected. As is-mentioned above, the DIB studied in the present work is a 3:1

41



mixture of DIB-1 and DIB-2,—thus. if the burning velocity dependence on composition is

monotonous one may expect that the burning velocities of di-isobutylene should be in-between
the datapeint-values obtained by Hu et al. [14] and Yin et al. [15], which is observed in the rich
mixtures, Fig. 19.

The burning velocities of DIB-1/—+-air flames measured by Zheng et al. [13] with an
estimated uncertainty of 2% show mixed behavior when compared to the trendlines in Figs. 18
and 19. -They better agree with the literature data and expected trends at 450 K, while at 400 K
the deviation is much higher with the datapoints lying lower by 5-8 cm/s.- The values presented
in these figures were obtained by non-linear stretch correction [13], yielding consistently lower
results compared to the linear one. -Nevertheless, the relative difference between these two
approaches is about the same at 400 and 450 K that indicates some inconsistency of the data-400
K data of the study by Zheng et al. [13].

The LBV of DIB-1/-+air flames obtained by Laich et al. [63] at 428 K better agree with

the trendlines in Figs. 18 and 19, though some datapoints, e.q.,- for ¢ = 0.9 and 1.4 are obvious

outliers. It should be noted that the measurements [63] were performed at equivalence ratios

slightly different from the specific values shown in these plots; for instanceexample the

maximum LBV of 70 cm/s was found at ¢ = 1.08.
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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).

The slope of each trendline shown in Figs. 18 and 19 in log-log scale yields the power

exponents «, see Eq. (1). Temperature power exponents for hydrocarbons usually have moderate
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dependence on the equivalence ratio with a minimum in the mixtures possessing maximum
burning velocity [11]. The power exponents a of DIB/+-air flames at atmospheric pressure

derived from the present experimental data as well as from the studies of Albright et al. [12],

Zheng et al. [13], Hu et al. [14] and Yin et al. [15] are presented in Fig. 20. A linear least-square

fit in logarithmic coordinates [64] was used to derive the power exponents o and their

uncertainties shown in this plot as error bars. Conforming with the previous discussion, the

variation of the LBV observed by Albright et al. [12] contradicts-te other studies. The power

exponents « derived from the study by Zheng et al. [13] are syistemaatically higher than other

datasets in Fig. 20, though within overlapping error bars reflecting lower than expected LBV

values at 400 K as seen in Figs. 18 and 19.

The predictions of the present mechanism also shown in Fig. 20 are in good agreement

with our experimental results_as well as with the power exponents « resulting from the

measurements of Hu et al. [14] and Yin et al. [15]. Hu et al. [14] interpreted their measurements

of DIB-1/—=-air flames at different temperatures and pressures using Eq. (1) and approximated
the power exponents o and S by polynomial functions of ¢. Their empirical expression for the

temperature power exponent agrees with the present results as well, Fig. 20.
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measurements, solid line: predictions of the present kinetic model, dashed line — empirical
expression [14].
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To analyze the data consistency in terms of the pressure dependence, the measurements

of the DIB-1/—-air flames performed at 1 and 3 atm [13], and at 1, 3, and 5 atm [14] were

interpreted using Eq. (1). The derived-power exponents S derived using a linear least-square fit

in logarithmic coordinates are shown in Fig. 21 and compared with the predictions of the present

mechanism for DIB-1 as well as with the polynomial expression suggested by Hu et al. [14]. In
the absence of reported error bars, the uncertainties of the power exponents were evaluated
assuming the uncertainty of the burning velocity of + 2 cm/s at each equivalence ratio [13, 14].
The two series of experimental data shown in Fig. 21 do not overlap. This indicates some
inconsistency of these measurements and/or underestimated experimental uncertainties.
Predictions of the present kinetic model shown in Fig. 21 substantiate the dataset by Hu et al.
[14]. For the pressure power exponents, different models indeed predict different dependencies,
however, the shapes of the  — ¢ curves are often similar as demonstrated for many hydrocarbons

[11]. One may conclude that the-shape—ef-the third-order polynomial expression [14] is
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ineorreetshould be used with caution outside its range of validity as it may predicting values of

S which are too high in lean and too low in rich mixtures, even though this expression agrees
with individual datapoints derived from their work within the equivalence ratio range from

0.718p2418 t0 1.3.

5. Conclusions

We have investigated the oxidation chemistry of the 2,4,4-trimethyl-1-pentene (DIB-1)
and 2,4,4-trimethyl-2-pentene (DIB-2) in a multipronged experimental and theoretical approach.
We started with the unimolecular fuel decomposition mechanism of in a pyrolysis microreactor.
The products and reactive intermediates, such as radicals, were isomer-selectively detected using
VUV synchrotron radiation and photoelectron photoion coincidence technigues. Although DIB-
1 and DIB-2 only differ in the position of the double bond, the fuel destruction pathways are
markedly different. DIB-1 breaks at the central C—C bond affording 2-methylallyl and t-butyl
radicals, which rapidly yield isobutene. The individually observed intermediates decompose
further and can explain the appearance of allyl, allene, propyne, the methyl radical, etc. DIB-2
decomposition yields multiple products and is initiated by a methyl radical loss reaction,
affording tetra-methyl allyl radicals as primary intermediates. Tetra-methyl allyl decomposes
further over three different reaction channels. Interestingly, ring closure reactions to 5- and 6-
membered ring species are observed and explain the formation of soot-precursors such as
cyclopentadienyl, fulvene and benzene. These intermediates are, in general, responsible for PAH
formation and are not found in DIB-1.

Oxidative experiments in a flow reactor at different equivalence ratios also show a five-
fold higher propensity towards benzene formation for DIB-2 as compared to DIB-1, which can
explain the increased sooting tendency, and is in line with the unimolecular reaction data.

In addition, to study the decomposition under inert and oxidative conditions, this work
presents wide range of experimental IDT measurements for DIB-1, a gasoline surrogate fuel,
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which can be a direct validation target of the multi-component surrogate models featuring DIB-
1. Our improved model can well capture the global reactivity targets of DIB-1 such as LBVs and
IDT behaviour from low to high temperatures at various conditions. The prominence of isobutene
chemistry to accurately model DIB-1 at high temperatures is highlighted via sensitivity and
reaction pathway analyses and is also found upon the unimolecular decomposition of DIB-1 in
the micro reactor. The kinetic analyses of the DIB-1 reaction pathways performed at 1200 K
shows that the unimolecular decomposition to yield methyl-allyl and tert-butyl radicals
dominates but also that ]hydroxy (OH) radical addition \[szsqand abstractions, by

hydroperoxyhydroperoxyl (HO2) and -and-methyl peroxy (CHzO) radicals, are the major reason

for promoting the reactivity at these conditions.

New measurements of the laminar burning velocities of DIB/-+-air flames are presented.
Experiments have been 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 the laminar burning velocity, which was
interpreted using an empirical power-law expression. The predictions of the present Kinetic
mechanism were found in excellent agreement with the new measurements. The part 11 of our
DIB study complements our dataset and provides new insights into the reactions dominating
under high temperatures, which may aid the development of predictive combustion models used

for biomass-derived fuels.
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