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ABSTRACT: The relative rates of C-C and C-H β-scission reactions of isobutyl radicals (2-9 

methylpropan-1-yl, C4H9) were investigated with shock tube experiments at temperatures of (950 10 

to 1250) K and pressures of (200 to 400) kPa. We produced isobutyl radicals from the 11 

decomposition of dilute mixtures of isopentylbenzene and observed the stable decomposition 12 

products, propene and isobutene. These alkenes are characteristic of C-C and C-H bond scission, 13 

respectively. Propene was the main product, approximately 30 times more abundant than 14 

isobutene, indicating that C-C β-scission is the primary pathway. Uncertainty in the ratio of 15 

[isobutene]/[propene] from isobutyl decomposition is mainly due to a small amount of side 16 

chemistry, which we account for using a kinetics model based on JetSurF 2.0. Our data are well-17 

described after adding chemistry specific to our system and adjusting some rate constants. We 18 

compare our data to other commonly used kinetics models: JetSurF 2.0, AramcoMech 2.0 and 19 

multiple models from Lawrence Livermore National Laboratory (LLNL). With the kinetics 20 

model, we have determined an upper limit of 3.0 % on the branching fraction for C-H β-scission 21 

in the isobutyl radical for the temperatures and pressures of our experiments. While this agrees 22 

with previous high quality experimental results, many combustion kinetics models assume C-H 23 

branching values above this upper limit, possibly leading to large systematic inaccuracies in 24 

model predictions. Some kinetics models additionally assume contributions from 1,2-H shift 25 

reactions – which for isobutyl would produce the same products as C-H β-scission – and our 26 



2 
 

upper limit includes possible involvement of such reactions. We suggest kinetics models should 27 

be updated to better reflect current experimental measurements.  28 

1. INTRODUCTION 29 

Alkyl radicals are ubiquitous in combustion chemistry.1-3 They are typically formed from 30 

hydrocarbon decomposition or from radical attack on hydrocarbons and will readily decompose 31 

at high temperatures via β-scission (Scheme 1, R1b and R1a). While C-H bond scission 32 

preserves the original carbon chain and produces reactive H atoms, C-C bond scission breaks up 33 

the carbon chain and produces an alkyl radical. For example, in isobutyl (2-methylpropan-1-yl, 34 

C4H9) radicals (Scheme 1), C-H scission leads to isobutene (iC4H8) and H while C-C scission 35 

leads to propene (C3H6) and methyl (CH3) radicals. Scissions of C-C bonds are favored over 36 

scission of C-H bonds, due mainly to the lower strength of the C-C bond.1, 4 The competition 37 

between these reactions partially determines the intermediate alkenes and radicals in 38 

hydrocarbon combustion and pyrolysis; because H atoms are a source of chain branching in 39 

combustion systems, the balance can affect predictions of fuel properties.   40 

Scheme 1. Decomposition of the isobutyl radical.  41 

 42 

Since β-scissions are endothermic, their rate constants are often calculated from the 43 

reverse reactions – radical addition to an alkene5-7 – and have additional uncertainties associated 44 

with the thermodynamics. While there have been some direct high quality measurements of 45 
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decomposition rate constants7 and relative rate constants for C-H and C-C scission,8-10 current 46 

combustion kinetics models use a large range of rate constants,6, 11-15 most based on the reverse 47 

reactions.6, 12, 15-19 There is continuing debate about the influence of 1,2 H-shift isomerizations in 48 

small alkyl radicals, as reflected by conflicting assumptions and rates constants between the 49 

above referenced combustion models (Note: an x,y H-shift refers to a shift in the radical center 50 

from the x position to the y position via a hydrogen transfer.20). In alkyl radicals such as n-propyl 51 

and isobutyl, a 1,2 H-shift isomerization followed by beta C-C scission leads to the same 52 

products as C-H scission in the initial radical. The isobutyl case is illustrated in Scheme 1 where 53 

both R1b and R1c lead to isobutene and H. While we will argue later that the 1,2 H shift in 54 

isobutyl is unimportant, it cannot be distinguished from direct C-H scission based on the end 55 

products. Studies in the literature of C-H bond scission8, 21-23 and 1,2 H shifts9-10, 24-28 have 56 

yielded conflicting results, and this literature will be briefly reviewed in the discussion section 57 

and compared to our results.8-10, 21-28     58 

In previous work,29-30 we have used kinetics models based on JetSurF 2.0 to understand 59 

the chemistry in our shock tube and have observed generally good agreement between the model 60 

and our experiments. However, comparison of the experimental yields of some products with 61 

predictions from JetSurF 2.06 suggests that the model rate constants for C-H β-scission are too 62 

large relative to competing C-C bond scission. For example, in recent work29 on the reaction of 63 

H and CH3 with n-butane, JetSurF 2.0 greatly overpredicted the amount of butene from n-butyl 64 

decomposition (JetSurF calculated the rate constants for n-butyl decomposition from the reverse 65 

reactions.66 
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Table 1. Rate constants for unimolecular reactions of isobutyl (R1a, R1b and R1c) used in common combustion models. Parameters 67 
are for the equation k = A×Tn×exp(-Ea/RT). A is in units of mol, s, cm; Ea/R is in K. 68 

 69 

Model Reaction 
Rate Constants and Troe Parameters as Stated in the 

Mechanism Comments 

(k1b + k1c)/ 
k1a 

at 1200 K 
and 101.3 

kPa 

JetSurF 2.06 

iC4H8+H (+M) 
↔ iC4H9 (+M) 

k∞ = 1.33 × 1013 × exp(-1640.85 / T) 
k0 = 6.26 × 1038 × T-6.66 × exp(-3522.54 / T) 

A= 1.0, T3 = 1000.0, T1 = 1310.0, T2 = 48 097.0 
 

Same as JetSurF rate 
constant for C3H6 + H ↔ n-

C3H7 from Tsang.31 
21.6 % 

C3H6 + CH3 

(+M) ↔ iC4H9 

(+M) 

k∞ = 9.60 × 1010 × exp(-4027.6 / T) 
k0 = 1.30 × 1028 × T-4.27 × exp(-1223.4/ T) 

A=0.565, T3 = 60 000.0, T1 = 534.2, T2 = 3007.2 
 

 

AramcoMech 
2.011-12 

iC4H9 (+M) ↔ 
C3H6 + CH3 

(+M) 

k(0.1 atm) = 3.15 × 1041 × T-9.5 × exp(16 850.8 / T) 
k(1.0atm)  = 6.75 × 1044 × T-10.07 × exp(18 724.3 /T) 
k(10.0 atm)  = 7.79 × 1044 × T-9.7 × exp(20 003.5 / T) 

k(100.0 atm)  = 3.61 × 1039 × T-7.78 × exp(19 919.0 / T) 
 

According to their code, 
“From K. Zhang estimated.” 

 

84.9 % 

iC4H9 ↔ tC4H9
 k = 3.56 × 1010 × T0.88 × exp (17 411.4 / T) 

 
From Matheu et al.32 

iC4H8 + H (+M) 
↔ iC4H9 (+M) 

k(0.0013 atm) = 7.99 × 1081 × T-23.161 × exp(11 191.1 / T) 
k(0.04 atm) =   4.24 × 1068× T-18.427 × exp(9895.8 / T) 

k(1.0 atm) =   1.04 × 1049 × T-11.5 × exp(7728.9 / T) 
k(10.0 atm) =  6.2 × 1041× T-8.892 × exp(7365.6 / T) 

 

From Miller and 
Klippenstein33 

 

iC4H8  + H 
(+M) ↔ iC4H9 

(+M) 

k(0.0013atm) =  1.85 × 1026 × T-5.83 × exp(1945.3 / T) 
k(0.04 atm) = 2.82 × 1030 × T-6.49 × exp (2753.0 / T) 
k(1.0 atm) = 3.78 × 1028 × T-5.57 × exp (3830.7 / T) 

k(10.0 atm) = 1.46 × 1025 × T-4.28 × exp (2640.8 / T) 
k(100.0 atm) =  4.22 × 1027 × T-4.39 × exp (9345.8 / T) 

From Miller and 
Klippenstein.33 According to 
their code, they “refit to one 

parameter to avoid problems 
with negative k.” 
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LLNL 
Aromatics15 

iC4H9 ↔ tC4H9
 

 
k =  3.560 × 1010 × T0.880 × exp(17 411.4 / T) 

 

From AramcoMech 1.319 
which does not cite a 
reference for this rate 
constant, although it is 

identical to the rate constants 
from Matheu et al.32 

 3.4 % 
iC4H8  + H ↔ 

iC4H9 
 

k = 6.250 × 1011 × T0.510× exp(1318.4 / T) 
 

From AramcoMech 1.319 who 
take the rate constant from 

Curran.1 
C3H6 + CH3 ↔ 

iC4H9 
 

k = 1.89 × 103 × T2.670 × exp(3447.1 / T) 
 

From AramcoMech 1.319 who 
take the rate constant from 

Curran.1 

LLNL 
Isooctane13 

iC4H9 ↔ iC4H8 
+ H 

 

k = 3.371 × 1013 × T0.124 × exp(16 938.4 / T) 
 

 

10.3 % 
iC4H9 ↔ C3H6 

+ CH3 
k = 9.504 × 1011 × T0.773 × exp(15 448.8 / T) 

Estimate decomposition rate 
constant as described by 
Curran et al.18 in 1998: 

“because alkyl radical β-
scission is endothermic, we 

now calculate the rate 
constant in the reverse, 

exothermic direction, i.e., the 
addition of an alkyl radical.” 

LLNL 
Biodiesel14 

iC4H9 ↔ iC4H8 
+ H 

k = 4.980 × 1032 × T-6.23 × exp(20 164.0 / T)  
6.8 % 

iC4H9 ↔ C3H6 
+ CH3 

k = 1.640 × 1037 × T-7.40 × exp(19 459.5 / T)  

70 
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These observations have prompted us to examine the unimolecular reactions of the 71 

isobutyl radical, which is the basis for branched systems in many detailed kinetic models. In 72 

Table 1, we compare rate constants for the unimolecular reactions of isobutyl (R1a, R1b and 73 

R1c) from several commonly used and well-vetted kinetics models.12-15 The branching ratio of 74 

(k1b + k1c) / k1a varies between the models by up to a factor of 25 at 1200 K and 101.3 kPa. Some 75 

models6, 13-14 assume isobutene will be produced from C-H β-scission while others12 assume it’s 76 

almost entirely from 1,2-H shift isomerization. Westbrook, Mehl, Pitz, and colleagues at the 77 

Lawrence Livermore National Laboratory (LLNL) have published multiple models,13-15 with a 78 

range of branching ratios for R1b + R1c, that are typically lower than the other models (C-H 79 

scission branching of 10 % or less). Only their toluene and aromatics model15 includes 1,2-H 80 

shift isomerization, but with a rate constant that makes it less important than in AramcoMech 81 

2.0.12 These variations show that branching ratios of C-H β-scission and 1,2-H shifts should be 82 

further clarified to prevent incorrect model predictions of, for example, ignition delay times 83 

(which can be sensitive to the branching between C-H and C-C scission34) or incorrect analysis 84 

of experimental data.  85 

Here, we assess a range of models in the recent literature and carry out experiments with 86 

isobutyl to better define its actual behavior. We pyrolyzed dilute mixtures of isopentylbenzene 87 

and a radical scavenger in argon to create the isobutyl radical under conditions where it only 88 

undergoes unimolecular decomposition, yielding either propene and CH3 or isobutene and H. 89 

The alkene products – quantified post-shock using gas chromatography (GC) with flame 90 

ionization (FID) and mass spectrometric (MS) detection – are stable and provided a direct 91 

measure of the branching ratio of the competing channels. Uncertainties related to any secondary 92 

chemistry were minimized by the dilute conditions and the use of a radical scavenger. Side 93 
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chemistry was further probed by varying the mixture composition and employing a kinetics 94 

model based on JetSurF 2.0.6 Experimental results were compared with our adjusted kinetics 95 

model and with predictions from the models listed in Table 1.  96 

2. EXPERIMENTAL 97 

2.1 Shock tube with GC/MS detection 98 

All experiments were performed using the National Institute of Standards and Technology 99 

(NIST) heated shock tube reactor.30, 35-37 The reactor and sampling system were maintained at 393 100 

K. Sample gas mixtures containing reactants and radical precursors were prepared in holding tanks 101 

and a 150 torr (20 kPa) sample was introduced into the driven section of the shock tube. The driver 102 

section was pressurized to (140 to 270) kPa and the shock wave generated by rupture of a 103 

cellophane diaphragm separating the driven and driver sections. Shock conditions of (200 to 400) 104 

kPa and (950 to 1250) K were created for (500 ± 50) μs prior to re-expansion and cooling.30, 37 105 

Within a few seconds of the shock, a valve and loop system was used to withdraw a sample of the 106 

post-shock gas for quantitative analysis using a Hewlett-Packard 6890N gas chromatograph (GC) 107 

equipped with dual flame ionization detectors (FIDs) and an Agilent 5975 mass spectrometer 108 

(MS). Neat 1 ml portions at 102.3 kPa pressure were introduced onto two GC columns, a 30 m x 109 

0.53 mm i.d. Restek Rt-Alumina (aluminum oxide porous layer) capillary column for separating 110 

species C5 or less37 and a 30 m x 0.53 mm i.d. Restek Rtx-1 column for larger molecules. The 111 

effluent from the Rtx-1 column was split with an Agilent microfluidic splitter (Dean’s Switch) and 112 

injected simultaneously into an FID and the MS. The FID detectors were used for product 113 

quantification while the MS provided product identification. The GC oven temperature was held 114 

at 213 K (-60 °C) for 3 min following injection, then increased by 8 K/min to 383 K (110 °C), then 115 

increased by 15 K/min to 473 K (200 °C), and finally held at 473 K for (4 to 14) min. 116 
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The sensitivity of the FID to small alkenes was calibrated with a standard alkene mixture 117 

(Matheson, 100 μL/L ethene, propene, n-butene, n-pentene and n-hexene in He, concentration 118 

accurate to 5 %), as well as hydrocarbon gas mixtures prepared in-house with calibrated 119 

manometers. The Matheson standard was measured intermittently during experiments to ensure 120 

proper GC/MS function. We estimate that the analytical uncertainty (2 σ) for small hydrocarbons 121 

(including propene and isobutene) in our system to be 6 %. This is expected to increase to about 122 

12 % near detection limits, typically about 0.01 μL/L (ppm). We did not have samples for many 123 

of the larger aromatic compounds detected in our system, so the analytical uncertainty for these 124 

compounds is expected to be higher, approximately 12 %. 125 

Table 2 gives a summary of experimental conditions. We made three different reagent 126 

mixtures and performed about 25 individual shocks at different temperatures for each mixture. 127 

Each mixture contained isopentylbenzene (Sigma Aldrich, ≥97.0 %) and 1,3,5-trimethylbenzene 128 

(Sigma Aldrich, 99 %) diluted with Ar (Matheson, 99.999 % high purity). The 1,3,5-129 

trimethylbenzene was distilled to remove m-xylene contaminants, but still contained small 130 

amounts of other trimethylbenzene isomers (≤ 0.6% of [1,3,5-trimethylbenzene]) and 131 

benzaldehyde (≤ 0.02% of [1,3,5-trimethylbenzene]).  132 

Table 2. Experimental conditions.  All concentrations are in μL/L (ppm). 133 

Mixture 
Temperature 

Range (K) 

Pressure 
Range 
(kPa) 

[isopentyl
benzene] 

[1,3,5-
trimethylb
enzene] 

[chloro 
cyclo 

pentane] 

[4-vinyl 
cyclo 

hexene] 

[cyclo 
hexene] 

A 1088 – 1251 
243 – 
284 

385 9085 63 68 - 

B 950 – 1125 
243 – 
375 

1705 27470 60 57 - 

C 993 – 1226 
212 – 
405 

122 32768 - 54 60 
 134 

The temperature of the shocked gas was measured with the decomposition of a variety of 135 

internal temperature standards (Table 3), including chlorocyclopentane (Sigma Aldrich, 99 %), 136 
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4-vinylcyclohexene (Sigma Aldrich, 98 %), and cyclohexene (Sigma Aldrich >99 %). The rate of 137 

decomposition of these compounds can be found with first-order kinetics: 138 

01
lndecomp

t

A
k

t A

 
  

 
                                                         (E1) 139 

where kdecomp is the decomposition rate constant of the standard at the temperature of the 140 

shockwave (Tshock), t is the time of the shock, (500 ± 50) μs, and A is the integrated peak intensity 141 

of the temperature standard before the shock (A0) or at time, t. The temperature can then be 142 

determined using the Arrhenius parameters (Ea and A, where kdecomp = A×exp(-Ea/RTshock) and R 143 

is the gas constant) listed in Table 3. Shock pressures were calculated using the ideal shock 144 

equation with the temperature of the driver section before the shock, the temperature of the 145 

driven section during the shock, and the composition of the mixture. 146 

Table 3. Internal temperature standards  147 

Compound 
Decomposition 

products 
Temperature 

range (K) 
log10A (s-

1) 
Ea/R (K) 

isopentylbenzene* Benzyl + isobutyl 1120 – 1260 16.19 34 215 
Cyclohexene C2H4 + 1,3-butadiene 1080 – 1240 15.1538 33 51438 

4-vinylcyclohexene** 2 × 1,3-butandiene 1000 – 1120 14.6038-39 
29 53738-

39 

Chlorocyclopentane HCl + cyclopentane 880 – 1020 13.7839 24 45639 

*Value from this work. 148 
** Rate constant for 4-vinylcyclohexene based on the relative rate measurements of Awan et 149 

al.39 with the absolute rate derived from cyclohexene decomposition from Tsang (1981).38 The 150 

rate consant for chlorocyclopentane by Awan et al.39 is also relative to the cyclohexene rate 151 

constant from Tsang (1981).38 152 

2.2 Chemical Modeling 153 

In Section 3 we will show that side chemistry only weakly affects the experimental 154 

maximum for the C-H to C-C beta scission ratio, but that it significantly impacts the minimum 155 

possible value. To better understand our results, we have created a chemical kinetic model with 156 

the Cantera software package.40 The key chemistry described by our model includes the 157 
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unimolecular decomposition of isopentylbenzene, the chemistry of 1,3,5-trimethylbenzene, and 158 

the radical-induced decomposition of isopentylbenzene. Most rate constants for small-molecule 159 

hydrocarbon reactions were taken from JetSurF 2.0.6 To these are added additional reactions to 160 

describe chemistry of isopentylbenzene and the radical scavenger, 1,3,5-trimethylbenzene; 1,3,5-161 

trimethylbenzene chemistry was previously added to JetSurF by Sheen and coworkers.29, 41 In 162 

Table 4 are shown rate constants for the most important reactions, as defined by a sensitivity 163 

analysis (described later in this section) and a reaction path analysis that is in the supplemental 164 

information. The reaction path analysis highlights which reactions are important in the 165 

production and loss of isobutyl, propene and isobutene. Our full kinetics model is also available 166 

in the supporting information.  167 

Some reactions were modeled as reversible, with the reverse rates calculated with the 168 

thermochemistry; these reactions have a reversible arrow (↔) in Table 4. Other reactions, mostly 169 

those of the larger aromatic compounds, were input as irreversible, because we could not find 170 

reliable thermochemistry. For these reactions, we ensured that only the forward reaction is 171 

important in our system, usually due to the extremely dilute concentrations of the reactants for 172 

the reverse process. To distinguish C6H5C5H10 radicals – isopentylbenzene (C6H5C5H11) with one 173 

H abstracted from reaction with H or CH3 – we add “p-”, “t-”,“s-”, or “b-” to denote a the radical 174 

center on the primary, tertiary, secondary (not adjacent to aromatic ring) and benzylic carbons, 175 

respectively. 176 

Table 4. Key reactions and their rate constants used in the kinetics model. Parameters are for the 177 
equation k = A×Tn×exp(-Ea/RT). A is in units of mol, s, cm; Ea/R is in K. 178 

Reaction log10(A) n Ea/R Reference 

R1a propene + CH3 ↔ isobutyl 
k0 28.11 -4.27 1223.4 JetSurF 2.06 
k∞ 13.30 0 5787.0 Curran 20061 

R1b 
+ 

R1c 
isobutene + H ↔ isobutyl 

k0 38.80 -6.66 3522.5 JetSurF 2.06 

k∞ 13.24 0 1808.0  
Tsang and 

Walker 198942 
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R2a isopentylbenzene → benzyl + isobutyl k 16.29 0 37 309 This work 
R2b isopentylbenzene → 2-phenyl ethyl + isopropyl k 16.53 0 49 818 This work 

107 2 × CH3 ↔ C2H6
a 

k∞ 14.38 -0.34 0 
Blitz et al.43 

k0 50.58 -10.03 1102.6 

1500 2-phenylethyl → styrene + H k 6.579 1.991 16 156 
Tokmakov 
and Lin44 

1499 2-phenylethyl → C6H5 + C2H4 k 11.235 0.783 19 477 
Tokmakov 
and Lin44 

R3a 

isopentylbenzene + H → b-C6H5C5H10 + H2
b k 13.92 0 2696.8 

Estimate 
based on 
JetSurF6 

isopentylbenzene + CH3 → b-C6H5C5H10· + CH4
c k 11.32 0 3270.9 

Estimate 
based on 
JetSurF6 

R3b 
isopentylbenzene + H → s-C6H5C5H10 + H2

d k 6.08 2.4 2249.9 Tsang 198845 
isopentylbenzene + CH3 → s-C6H5C5H10· + CH4

d k -0.29 3.46 2760.2 Tsang 198845 

R3c 
isopentylbenzene + H → t-C6H5C5H10 + H2

e k 5.78 2.4 1300.0 Tsang 199046 
isopentylbenzene + CH3 → t-C6H5C5H10· + CH4

e k -0.044 3.46 2314.0 Tsang 199046 

R3d 
isopentylbenzene + H → p-C6H5C5H10 + H2

f k 6.08 2.54 3400.0 Tsang 199046 
isopentylbenzene + CH3 → p-C6H5C5H10· + CH4

f k -0.044 3.65 3600.0 Tsang 199046 

815 1,3,5-TMB + H ↔ 3,5-dimethylbenzyl + H2 k 14.07 0 3900 
Sheen et al. 

201341  

814 1,3,5-TMB + H ↔ m-Xylene + CH3 k 14.52 0 4300 
Sheen et al. 

201341  

1512 1,3,5-TMB + CH3 → 3,5-dimethylbenzyl + CH4
g k 11.98 0 4780.6 

Estimate 
based on 
JetSurF6 

816 1,3,5-TMB ↔ 3,5-dimethylbenzyl + H k 15.97 0 44 900 
Baulch et al. 

199447 

805 benzyl + CH3 ↔ ethylbenzene k 13.08 0 111.2 
Brand et al. 

199048 

1510 3,5-dimethylbenzyl + CH3 → EDMBh k 13.08 0 111.2 
Brand et al. 

199048 

a. Rate not given in format recognized by Cantera. We fit “fit 5” from the supporting 179 

information of Biltz et al.43 to a standard Troe equation (least squares fit) from (800 to 180 

1150) K and (100 to 500) kPa.  181 

b. From reaction 673 of JetSurF, Toluene + H → benzyl + H2. Scaled to number of labile 182 

hydrogens and activation energy decreased by 12.5 kJ/mol because it’s a secondary, not 183 

primary, carbon. 184 

c. From reaction 676 of JetSurF, Toluene + CH3 → benzyl + CH4. Scaled to number of 185 

labile hydrogens and activation energy decreased by 12.5 kJ/mol because it’s a secondary 186 

not primary, carbon. 187 

d. D Rate constant originally for H abstraction from the secondary carbon of n-butane. 188 

e. B Rate constant originally for H abstraction from the tertiary carbon of isobutene. 189 

f. C Rate constant originally for H abstraction from the primary carbon of isobutene. 190 

g. G From reaction 676 of JetSurF, Toluene + CH3 → benzyl + CH4. Scaled to number of 191 

labile hydrogens. 192 

h. H Same rate constant as benzyl + CH3. 193 
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 194 

Our simulation accounts for chemistry during and after the shock. First, the simulation 195 

temperature was held at the temperature of the shock, Tshock, for 500 μs. The post-shock 196 

temperature decay was then modeled with 4 isothermal time steps that approximate the 197 

temperature decrease of the experimental shock: 250 μs at 0.875 Tshock, 250 μs at 0.75 Tshock, 500 198 

μs at 0.5 Tshock, and 1 s at 393 K (the wall temperature of the shock tube). The simulation held the 199 

number density of the gas constant, so pressure decreased with temperature. As later discussed 200 

(section 4.2), the concentrations of most species of interest, including isobutene and propene, 201 

were unaffected by post-shock chemistry. The simulation assumed that the beginning of the 202 

shock produced (independent of temperature) 1 μL/L of H atoms, to approximately match m-203 

xylene concentrations (as described in section 3.1, m-xylene is a tracer for H atoms) at low 204 

temperatures. This accounts for a small number of radicals produced from unknown sources.  205 

We identified key model reactions, listed in Table 4, with a sensitivity analysis using the 206 

MUM-PCE 0.1 software package published by Sheen.49-52 Sensitivities are defined by equation 207 

(E2), wherein Sm,i is the sensitivity of ηm – the model prediction of a species concentration or 208 

ratio of species in the shock tube – to the ith rate constant, θi :  209 

,
m i

m i

i m

d
S

d

 

 
                                                               (E2) 210 

The derivative in the above equation is computed by calculating ηm using the kinetics model and 211 

with the ith rate constant increased by 1 %.  While the kinetics model includes 1523 different 212 

rate constants, most reactions are unimportant to the output of the model, ηm, either because they 213 

are too fast to be a rate limiting reaction, are too slow to be competitive with product-forming 214 

steps, or don’t involve key species in the shock tube. We tested the sensitivity of the model to 215 

eleven experimentally observed species: methane, ethane, ethylene, ethylbenzene, 1-ethyl-3,5-216 



13 
 

dimethylbenzene (EDMB), propene, isobutene, benzene, toluene, m-xylene and styrene. With a 217 

sensitivity cutoff of 5 % of the maximum sensitivity for any reaction, we found 28 reactions to 218 

affect modeling of at least one of the eleven target species. This decreased to only 14 reactions 219 

when just considering the ratio of propene to isobutene; all 14 of these reactions are included in 220 

Table 4.  221 

The rate constants for these key reactions were optimized manually to match the 222 

experimental results, with choices derived from a critical analysis of information from the 223 

literature and present experiments. Our rate constant choices and adjustments will be described 224 

in the modeling results section (section 4.1).  225 

 We also compared our data to commonly used kinetics models: JetSurF 2.0 226 

(unmodified)6, AramcoMech 2.012 and LLNL.13-15 For these models, we did not modify any 227 

parameters or rate constants for isobutyl, but added any necessary isopentylbenzene and 1,3,5-228 

trimethylbenzene chemistry, with associated rates taken from our modified JetSurF 2.0 model 229 

unless otherwise indicated. LLNL provides many different models, but all our LLNL 230 

mechanisms were based on their “toluene, ethyl-, propyl, & -butyl benzene” model15 because it 231 

contained much of the necessary aromatic chemistry. We will call this model “LLNL aromatics.” 232 

In this model, 1,3,5-trimethylbenzene chemistry was assumed to have the same rate constants as 233 

toluene in the LLNL model, but scaled appropriately to the number of labile -CH3 or -H groups. 234 

There are two other rate constants for the decomposition of isobutyl (R1) among the LLNL 235 

mechanisms (Table 1). We substituted these rate constants into the LLNL aromatics model to 236 

make the “LLNL isooctane” model (with rate constants for R1 typically used in the LLNL 237 

alkane mechanisms) and “LLNL biodiesel” (with rate constants for R1 typically used in 238 

mechanisms published in 2010 or earlier). 239 
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3. EXPERIMENTAL RESULTS 240 

3.1 Product Distributions 241 

Scheme 2. The decomposition of isopentylbenzene. 242 

 243 

The goal of our experiment was to create the isobutyl radical – from the pyrolysis of 244 

isopentylbenzene, R2a in  245 

Scheme 2 – under dilute conditions where it undergoes only unimolecular decomposition 246 

(since the lifetime of isobutyl is expected to be less than 1 μs under our conditions,6, 12, 15 we 247 

predict that less than 0.1 % of isobutyl undergoes bimolecular reaction with the inhibitor or other 248 

species) and then to observe the stable alkene products to deduce the cracking pattern. To test for 249 

systematic experimental errors, we varied the concentration of isopentylbenzene by a factor of 250 

14, the concentration of radical scavenger by a factor of 3.5, and the ratio of scavenger to 251 

isopentylbenzene from 16 to 270. Product tables for all mixtures are in the supporting 252 

information. The products of five selected shocks from mixture C are given in Table 5, which 253 

lists all compounds detected at concentrations about 1 % or greater of propene (excluding 254 
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products from the temperature standards). Concentrations of the 10 most abundant products 255 

(methane < propene < toluene < 1-ethyl-3,5-dimethylbenzene (EDMB) < ethylbenzene < styrene 256 

< m-xylene < ethane < isobutene < benzene) for mixture B are shown as a function of 257 

temperature in Figure 1. 258 

Table 5. Products with the 10 highest concentrations for 5 select shocks from mixture C. All 259 
concentrations in μL/L. 260 

T 
(K) 

p 
(kPa) 

C3H6 CH4 Toluene EDMB m-xylene 

1045 272 0.400 0.771 0.105 0.00819 0.124 
1097 303 2.03 2.76 0.632 0.123 0.652 
1121 329 4.02 5.23 1.41 0.346 1.17 
1155 357 16.7 18.1 7.02 2.42 3.72 
1194 383 37.2 37.6 17.2 7.35 8.24 

T 
(K) 

p 
(kPa) 

Styrene 
Ethyl-

benzene 
Benzene isoC4H8 Ethane 

1045 272 0.0911 0.000 0.0119 0.0109 0.000 
1097 303 0.388 0.132 0.109 0.0502 0.0469 
1121 329 0.509 0.303 0.245 0.0959 0.0818 
1155 357 2.24 1.12 1.28 0.331 0.312 
1194 383 4.41 2.48 2.40 0.749 0.691 
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Figure 1. Products of mixture B as a function of temperature. 262 
 263 
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 264 

Scheme 3. Possible radical attack on isopentylbenzene by H and CH3. For C6H5C5H10 – 265 
isopentylbenzene with one H abstracted – the prefixes “p-”, “t-”, “s-” and “b-” denote a radical 266 
center on the primary, tertiary, secondary and benzyl carbons, respectively. 267 
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The two most abundant products are propene and methane. Propene is primarily formed 268 

from the C-C β-scission of isobutyl radicals (R1a in Scheme 1), and methane is the main product 269 

of the CH3 formed stoichiometrically in the same reaction. Methyl radicals can also be produced 270 

by a variety of side reactions (Scheme 2 and Scheme 3), resulting in methane concentrations that 271 

are slightly higher than those of propene. We also observed small amounts of ethane, produced 272 

primarily from the self-recombination of methyl radicals. 273 

CH3 + CH3 (+M) ↔ C2H6 (+M)                                                               (R107) 274 

Little isobutene is observed – one to two orders of magnitude less than propene – indicating that 275 

few isobutyl radicals decompose via C-H scission (R1b) or 1,2 H-shift isomerization (R1c). Both 276 

R1b and R1c lead to the same product, isobutene, so our experiment measures the combined 277 

branching ratio of these two channels, (k1b + k1c)/k1a. We will often refer to the two channels that 278 

make isobutene together as R1b + R1c.  279 

The next most abundant products observed are toluene, ethyldimethylbenzene (EDMB) 280 

and ethylbenzene, all likely from the chemistry of benzylic radicals (i.e. benzyl and substituted 281 

benzyl species). Benzylic radicals are produced in large quantities from the decomposition of 282 

isopentylbenzene (R2a in Scheme 2, yielding benzyl) or from the reaction of H and CH3 with 283 

1,3,5-trimethylbenzene: 284 

1,3,5-trimethylbenzene + H → 3,5-dimethylbenzyl + H2                     (R815) 285 

1,3,5-trimethylbenzene + CH3 → 3,5-dimethylbenzyl + CH4             (R1512) 286 

Due to resonance stabilization, the benzylic radicals produced from R2a, R815 and R1512 are 287 

stable at our temperatures and do not readily abstract H from closed shell species; they primarily 288 

recombine with other radicals. Recombination of benzyl radicals with CH3 accounts for the 289 

observed ethylbenzene and EDMB: 290 
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    benzyl + CH3 → ethylbenzene                                                               (R805) 291 

3,5-dimethylbenzyl + CH3 → EDMB                                                  (R1510) 292 

Benzyl radicals from R2a can also react with 1,3,5-trimethylbenzene to produce the observed 293 

toluene (Figure 1 and Table 5): 294 

benzyl + 1,3,5-trimethylbenzene → 3,5-dimethylbenzyl + toluene   (R1511) 295 

The reaction of 1,3,5-trimethylbenzene with H can produce m-xylene via R814. m-296 

Xylene was always observed, but in smaller concentrations than most of the other aromatic 297 

products, like toluene and ethylbenzene.  298 

1,3,5-trimethylbenzene + H → m-xylene + CH3                     (R814) 299 

Since most H radicals react with 1,3,5-trimethylbenzene (because of its large excess) and the rate 300 

constant for R814 is known,41, 53 m-xylene is a tracer for H chemistry. The observed m-xylene 301 

concentration was typically (5 to 15) times lower than the sum of all products of methyl 302 

chemistry (CH4 + 2×C2H6 + EDMB + ethylbenzene). This indicates a low flux of H and, since H 303 

is typically more reactive than CH3, a low concentration of H in the shock tube. This is 304 

consistent with the expectation that R1b + R1c, which make H, is unfavorable compared to R1a. 305 

The kinetics model supports this conclusion, predicting H concentrations (100 to 4000) times 306 

lower than CH3 concentrations.  307 

 We detected styrene and benzene, typically at concentrations 10 % and 3 % of the 308 

propene concentration, respectively. A minor decomposition pathway of isopentylbenzene (R2b, 309 

Scheme 2) will produce 2-phenylethyl, which can then decompose to make either styrene or 310 

benzene (R1500 and R1499, Scheme 2). Styrene and benzene can also be formed from H and 311 

CH3 attack on isopentylbenzene (R3a, R3b, R3d and R3e, Scheme 3). Except for R3b, all of 312 

these side reactions produce propene as a coproduct of styrene or benzene, so subtracting styrene 313 
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and benzene from the propene concentration accounts for most known propene-producing side 314 

chemistry. This is typically a (10 to 15) % correction to the total propene concentration and – 315 

except for experiments with very low isopentylbenzene decomposition, < 3 ppm – never more 316 

than a 20 % correction. There is no similar way correct for secondary sources of isobutene, like 317 

R3c. Potential secondary isobutene will be shown (Section 4.2) to be the major cause of 318 

uncertainty in the minimum possible value of the C-H to C-C beta scission ratio. 319 

 We detected small amounts of isopropyl-benzene; isopropyl-methylbenzene; 320 

phenylbutene; 1-butene; 2-butene; dimethylstyrene; C5 compounds, which are likely isomers of 321 

pentene and pentane; acetylene; and allene. Typically, these species were less than 1 % of the 322 

abundance of propene. At lower temperatures (<1050 K) where secondary chemistry is most 323 

important, these species each comprise a maximum of 5 % of the propene concentration. 324 

Phenylbutene is a marker compound for H and CH3 attack on isopentylbenzene (Scheme 3), and 325 

allows estimation of the extent of these reactions (R3). We typically detected phenylbutene at 326 

concentrations 0.5 % or less of the propene concentration (the only exception is very low 327 

temperature experiments for mixture B). Mixture C – the mixture with the highest concentration 328 

of scavenger – had phenylbutene concentrations of 0.1 % or less of propene concentration. This 329 

indicates that radical attack on isopentylbenzene is minimal in our system. While bibenzyl (from 330 

R820) was detected in small amounts, we did not see any other bibenzylic species (from R1522 331 

and 1523), probably because these compounds are too large to elute from our columns.  332 

benzyl + benzyl → C6H5CH2-CH2C6H5                                                                        (R820) 333 

3,5-dimethylbenzyl + 3,5-dimethylbenzyl → C18H22                           (R1522) 334 

3,5-dimethylbenzyl + benzyl → C16H18                                                (R1523) 335 



20 
 

The bibenzyl detected, consequently, gives qualitative but not quantitative evidence of formation 336 

of other bibenzylic products. 337 

 Traces of a pentane and a pentene were identified by MS analysis and are probably 338 

isopentane and isopentene, which are likely from either the R3b or from the recombination of 339 

isobutyl with CH3: 340 

iC4H9 + CH3 → iC5H12                                                                        (R1517) 341 

The abundance of these compounds was 1 % or less than that of propene. This indicates that the 342 

decomposition lifetime of isobutyl is small enough to preclude much recombination (R1517). A 343 

reaction path analysis is available in the supporting information for the kinetics model, which 344 

includes various isobutyl recombination reaction, none of which compete with R2a. The low 345 

pentene and pentane concentrations also provide more evidence that secondary radical attack on 346 

isopentylbenzene is minimal. 347 

We also detected the decomposition products of our temperature standards: cyclopentene 348 

and small amounts of cyclopentadiene from chlorocyclopentane decomposition; 1,3-butadiene 349 

from 4-vinylcyclohexene decomposition; and 1,3-butadiene and ethene from cyclohexene 350 

decomposition.  351 

3.2 Kinetics of Isopentylbenzene Decomposition 352 

 Figure 2 shows an Arrhenius plot for the unimolecular decomposition of 353 

isopentylbenzene. The rate of total isopentylbenzene decomposition, k2,total, is calculated from the 354 

total loss of isopentylbenzene (E3), whereas kR2a (the rate of only R2a) is calculated from the 355 

production of propene and isobutene (E4): 356 

0
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t

k
t

 
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 
                                                       (E3) 357 
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where t is the shock time (500 μs). The subscript “0” indicates initial concentration (before the 359 

shock), and the subscript “t” indicates concentration at time, t. The subscript “R2a” was added to 360 

[propene], because measured styrene and benzene concentrations were subtracted from the 361 

propene concentration to correct for side chemistry, especially reaction R2b. Tables of individual 362 

rate constants for all experiments are given in the supporting information. An Arrhenius fit to the 363 

propene formation data calculated with equation E4 (Figure 2) gives the rate constant for 364 

reaction R2a (all uncertainties given in this section are 2 σ): 365 

k2a = 1016.29 ± 0.37 × exp(-(37 300 ± 900) K / T) s-1 366 

950 K to 1225 K 367 

This rate constant is very close to the decomposition rate constant of n-pentylbenzene found by 368 

Walker and Tsang54 of 1 × 1016 exp( -36 500 K / T) s-1, which is also plotted in Figure 2. Both 369 

reactions involve breaking a C-C bond to make benzyl radical and a primary radical, so their rate 370 

constants should be similar. The agreement in these rate constants is strong confirmation of the 371 

mechanism and suggests that we have accounted for all significant sources of propene. 372 

 The total rate constant, k2,total is found by fitting experimental data for total 373 

isopentylbenzene loss (k2,total, equation E3) to the Arrhenius equation: 374 

k2,total = 1016.42 ± 0.80 × exp(-(37 400 ± 2200) K / T) s-1 375 

1050 K to 1225 K 376 

In Figure 2 we only include points for k2,total with ≥10 % isopentylbenzene loss; at lower 377 

conversions (temperatures) these data are noisy and unreliable because the change in the n-378 

pentylbenzene concentration becomes comparable to our analytical precision. The determined 379 



22 
 

rate parameters for k2,total has a high uncertainty because only seven shocks had isopentylbenzene 380 

decomposition above 10 % and the temperature range is narrow. The rates of R2a (equation E4) 381 

are slightly lower than the total rate (E3). The difference between the two rates is about 15 % 382 

between (1150 and 1225) K, indicating that about 15 % of the isopentylbenzene is lost to 383 

reaction R2b or radical reactions. Assuming low amounts of radical attack on isopentylbenzene, 384 

we can find k2b by subtracting k2a from k2,total, and this data is plotted on the bottom panel of 385 

Figure 2 (black squares). Fitting this data gives:   386 

k2b = 10(17.0 ± 5.6) × exp(-(41 000 ± 15 000) K / T) s-1 387 

1050 K to 1225 K 388 

k2b, can also be calculated from the sum of styrene and benzene concentrations at high 389 

temperatures, >1080 K. This method (E5) also assumes under these conditions that the only 390 

source of styrene and benzene is reaction R2b (no reaction R3). 391 
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This data is plotted in the bottom panel of Figure 2 (red circles), and an Arrhenius fit to this data 393 

results in the following rate expression for R2b: 394 

k2b = 10(15.9 ± 1.6) × exp(-(38 000 ± 4000) K / T) s-1 395 

1080 K to 1225 K 396 

This value for k2b agrees within uncertainty with the value found by subtracting k2a from ktotal. If 397 

there were secondary production of styrene or benzene (for example reaction R3a), we would 398 

expect non-linear behavior for the Arrhenius plot; however, the Arrhenius plot is linear. To 399 

additionally ensure low interference from side chemistry, the above value for k2b was fitted only 400 

to data from mixture C with temperatures above 1080 K, because, based on our model, this data 401 
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is expected to have little side chemistry (R3). The kinetics model predicts that over 92 % of 402 

styrene and over 98 % of benzene are from R2b under these conditions. 403 
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Figure 2. Rate constants for decomposition of isopentylbenzene compared to literature values 406 
for n-pentylbenzene.54 The top panel features the rate constants for R2a (red circles), calculated 407 
from the formation of propene and isobutene (equation E3) and their Arrhenius fit (dashed red 408 
line). The bottom panel features the rate constants for R2b (red circles from equation E5, black 409 

squares from the difference between equations E3 and E4) and their Arrhenius fits (dashed red 410 
line and solid black line). The total rate constant (blue triangles from equation E3) is shown in 411 
both panels with its Arrhenius fit (blue dotted line). 412 
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3.3 Isobutene/Propene Ratios 413 

Experiments with all mixtures show propene to be formed in much larger (15 × to 50 ×) 414 

concentrations than isobutene, indicating that β-scission of the C-C bond is much faster than 415 

ejection of H. The combined branching ratio of R1b + R1c is given by:  416 

1 1

1
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b c
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Per previous discussion, subtracting out styrene and benzene from the propene concentration is a 418 

small correction to account for side chemistry from R2b, R3a, R3d and R3e. 419 
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Figure 3. Experimental values of (k1b + k1c)/k1a calculated with equation E6 as a function of 421 

temperature for all mixtures. Experimental values are expected to have contributions from 422 
unaccounted-for side chemistry. 1,3,5-TMB = 1,3,5-trimethylbenzene. IPB = isopentylbenzene. 423 

Experimental values of (k1b + k1c)/k1a, from equation E6 are plotted in Figure 3. The ratio 424 

decreases slightly with temperature and shows up to a factor of 1.7 systematic variation with the 425 
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mixture, a result we believe is caused by secondary isobutene sources, e.g. from radical-induced 426 

decomposition of isopentylbenzene (Scheme 3). As shown in Figure 3, we measured a ratio of 427 

about 5 % at 1100 K when there was 16 times as much radical scavenger as isopentylbenzene. 428 

This decreased to about 4 % when there was 24 times as much radical scavenger, and further 429 

decreased to about 2.5 % when there was 267 times as much radical scavenger. The branching 430 

fraction of R1b + R1c should increase with temperature because of its higher activation energy 431 

compared to R1a. The data in Figure 3 show the opposite trend, likely because side chemistry – 432 

for example the H abstraction reactions in Scheme 3 – will be proportionally more important at 433 

the lower temperatures in which very little isopentylbenzene decomposes.  434 

As shown in Figure 3, the ratio for mixture C is nearly temperature independent above 435 

1150 K with a value of (2.5 ± 0.1) % (2 σ standard deviations, from experimental scatter). This is 436 

our best experimental estimate for (k1b + k1c)/k1a, because we expect the least side chemistry 437 

under these conditions: high temperatures and high radical scavenger concentrations. Since it is 438 

unclear how much isobutene is directly from isobutyl decomposition even in mixture C, this 439 

value is best interpreted as an upper limit for the branching ratio of R1b + R1c.  440 

4. CHEMICAL MODELLING RESULTS 441 

4.1 Choice of Rate Constants  442 

The model includes our best estimates of rate constants based on literature values and 443 

sometimes (the decomposition of isopentylbenzene, for example) our experimental data. Table 4 444 

summarizes the rate constants of the main reactions. 445 

 JetSurF 2.06 gives both R1a and R1b in terms of the reverse reaction and calculates the β-446 

scission reactions by using detailed balance and thermodynamics (Keq = kforward/kreverse). The only 447 

experimental value of the reverse of R1a (i.e. k-R1a, CH3 addition to the central carbon of 448 
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propene) appears to be the 1987 measurement of  Baldwin et al.,55 which was taken at 753 K, 449 

temperatures much lower than those of our experiments. There appears to be only a single 450 

experimental study of the R1a forward reaction,56 and it is early work at much lower 451 

temperatures. At 1100 K, literature rate constants for R1a vary by about a factor of four: high-452 

pressure rates constants calculated from thermodynamics by Curran1 are 20 % faster than ab 453 

initio and RRKM calculations from Knyazev and Slagle,7 a factor of two faster than rates from 454 

ab initio and transition state theory calculated rates by Ratkiewicz57 and a factor of four faster 455 

than early experiments by Metcalfe and Trotman-Dickenson.56   We adjusted the high pressure 456 

limit until the rate constants of R1a matched theoretical values of Curran.1 As the fastest value, 457 

the Curran rate constant better matched the experimental data for (k1b + k1c)/k1a.  458 

For R1b, JetSurF assumed that rate of the reverse reaction (H + isobutene → isobutyl) 459 

has the same rate constant as the reaction of H with propene to make n-propyl. JetSurF 2.0 does 460 

not include the 1,2-H shift isomerization, R1c, so the rate for R1b in the model was assumed to 461 

include both mechanisms, R1b and R1c. There is only one experimental measurement for the 462 

reaction of H + isobutene to make isobutyl (R1b reverse), the 1989 work of Tsang and Walker,42 463 

who – also using the NIST shock tube – measured the displacement rate constant (H + isobutene 464 

→ isobutyl → propene + CH3) relative to a reference reaction and argued that the displacement 465 

and addition rates are nearly identical. Since their high-pressure rate constant is within 15 % of 466 

JetSurF 2.0, we chose to use their value for k∞ with k0 and Troe parameters from JetSurF. 467 

Rate constants for the unimolecular decomposition of isopentylbenzene, R2a and R2b, 468 

are the experimental values from this work (discussed in section 3.2), with k2a calculated from 469 

the formation of propene and isobutene (E3) and k2b from the formation of styrene and benzene 470 

(E5). To check our experimental value for the rate constant of R2b, we additionally estimated 471 
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this rate constant using thermodynamically-based estimates of the bond energy58 and concluded 472 

that the experimental value is physically reasonable. The kinetics model also includes 473 

thermodynamically-based estimates of bond-fissions involving the stronger bonds in 474 

isopentylbenzene. The results indicate that such decompositions are not significant at the 475 

temperatures of this study. The kinetics model suggests the majority of isopentylbenzene 476 

decomposition (~85 % at 1100 K and ~80 % at 1200 K) will be via fission of the benzylic C-C 477 

bond, R2a, with 15 % to 20 % decomposition from R2b (See reaction path analysis in supporting 478 

information).  479 

 There is no experimental data for the decomposition of the 2-phenylethyl (R1499 and 480 

R1500) produced from R2b, so we adopt the high level quantum and RRKM theory calculations 481 

performed by Tokmakov and Lin.44 They predict approximately 70 % of 2-phenylethyl will 482 

decompose to styrene and H atoms and 30 % will decompose to phenyl (C6H5) and ethene. This 483 

theoretical branching ratio agrees with the experimental data, since we always measured at least 484 

double the amount of styrene compared to benzene. For mixture C, the kinetics model with rate 485 

constants from Tokmakov and Lin, predicts both the sum of styrene and benzene and the ratio of 486 

styrene to benzene to better than 50 %, with a typically difference between the experiment and 487 

the model under 20 % 488 

 None of the rates of H or CH3 hydrogen abstraction (Scheme 3)  from isopentylbenzene 489 

have been studied, but accurate estimations are possible with analogies to similar compounds. 490 

For H and CH3 attack on the primary, secondary and tertiary carbons of isopentylbenzene we 491 

adopt rate constants from review articles by Wing Tsang.45-46 We assume that the tertiary and 492 

primary H’s of isopentylbenzene are abstracted with rates identical to analogous attack on 493 

isobutane.46 The rate of H abstraction of the secondary carbon by H and CH3 was assumed to be 494 



28 
 

identical to abstraction reactions from the secondary carbon of propane. The rate constants were 495 

scaled to the number of labile H’s. We assume H substitution with isopentylbenzene (R3e) 496 

occurs with the same rate constant as H substitution with toluene, and use the rate constant from 497 

the updated analysis from Sheen et al.41 for the data from Robaugh and Tsang.53 Since there were 498 

no rate constants for reactions analogous to R3a, we modified the JetSurF 2.06 rate constants for 499 

H and CH3 + toluene to make benzyl radical, scaling for the number of labile hydrogens and 500 

decreasing the activation energy by 12.5 kJ/mol to account for the reduced bond strength of the 501 

secondary benzylic hydrogens compared to primary. 502 

The rate constants for H + 1,3,5-trimethylbenzene are from Sheen et al.41
 Abstraction 503 

(R815) is more favorable than substitution (R814) by a ratio of about 2:1.53, 59 Uncertainties in 504 

the absolute rate constants are expected to be about a factor of 1.5. The absolute rate constants 505 

agree with literature values for toluene + H (multiplied by 3 to account for the number of methyl 506 

groups on the aromatic ring) to within a factor of 2 for the temperature range of this study.47, 60-62 507 

They are also within 30 % of the values in JetSurF 2.0 for the reaction of toluene with H and 508 

within 30 % of previous work by Robaugh and Tsang.6, 53 The rate of 1,3,5-trimethylbenzene 509 

reaction with CH3 was found by scaling the JetSurF rate constant for CH3 + Toluene6 to the 510 

number of labile H’s. Rate constants for 1,3,5-trimethylbenzene decomposition were similarly 511 

derived from the JetSurF 2.0 toluene rate constants,6 based on the work of Baulch et al.47  512 

1,3,5-trimethylbenzene → 3,5-dimethylbenzyl + H                             (R816) 513 

This rate constant is within a factor of two of most other literature values.48, 63-65 514 

While the specific recombination reactions of interest, like R805 and R1510, have not 515 

been extensively studied, recombination rates are generally well known and show only modest 516 

variation.47 For R805 we use the value of Brand et al.,48 which is the only measurement 517 
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available, and adopt an identical value for 3,5-dimethylbenzyl + CH3. Rates for recombination 518 

with H are derived from the thermochemistry and the reverse bond fissions. We include several 519 

other reactions of benzylic radicals in our model, including self-reactions to make bi-benzylic 520 

species, benzylic H exchange, and recombination with isobutyl. We use methyl recombination 521 

rate constants from the 2015 review of Blitz et al. 43 They gave full temperature and pressure 522 

dependent rate constants, but not in a form compatible with Cantera. We plotted their predicted 523 

values from (1 to 5) bar and (800 to 800 to 1150) K and fitted to the Troe equation66 to get the 524 

parameters used in the kinetics model. 525 

Table 6. Reactions updated to match experimental data and their rate constants 526 

Can# Reaction log10(A) n Ea/R 

572 isobutene + H ↔ isobutyla k0 38.20 -6.66 3522.5 
k∞ 13.30 0 1808.0 

1494 
isopentylbenzene + CH3 → t-C6H5C5H10· + 

CH4
b 

k 0.26 3.46 2314.0 

 527 

Some modifications were made to the initial model to improve the fit to experiment. 528 

While limited knowledge about many rates would allow extensive changes, we elected to alter as 529 

few rate constants as possible (Table 6) in order to avoid models that matched the data, but did 530 

not make physical sense. Adjustments were made manually, mainly based on the data for 531 

mixture C (Figure 3), which should have the least side chemistry due to its high concentration of 532 

radical scavenger. We decreased the rate constant for R1b – whose high pressure limit is not 533 

from JetSurF, but from Tsang and Walker42 as shown on Table 4 – to match the measured 534 

concentration of isobutene at high temperatures (where there is less side chemistry), lowering the 535 

A-factor for k0 from 6.26 × 1038 cm6 mol-2 s-1 to 1.6 × 1037 cm6 mol-2 s-1. This translates to a 536 

factor of four decrease in the rate constant under typical conditions of our experiment: 1100 K 537 

and 200 kPa. Rather than increasing R1a (high-pressure limit from Curran, Table 4), we 538 

decreased the rate of R1b + R1c, because lowering the latter better matched the data. This choice 539 
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is also based on theoretical work67 that predicts that a unimolecular reaction will have much 540 

steeper fall-off behavior when it competes with a more favorable (lower activation energy) 541 

unimolecular reaction (in this case R1a). We chose to keep the high pressure limit unchanged 542 

because there are better literature estimates and experimental data available for k∞
46 than for k0. 543 

Finally, we increased by a factor of two the A factor of R1494 (CH3 abstraction from the tertiary 544 

site of isopentylbenzene) to better match preliminary data from our group on the reaction of 545 

isobutane with H.68  546 

4.2 Simulation and Comparison with the Experimental Results 547 

The kinetics model (Table 4) was used to (1) check assumptions we made about our 548 

chemistry, (2) find which rate constants and reactions were the most important to our system and 549 

(3) compare with experimental data.  550 
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Figure 4. Time profiles (mixture B, 1041 K) for propene (green), methane (orange), toluene 552 

multiplied by five (purple), styrene multiplied by 5 (brown), benzyl radical (blue), and CH3 (red) 553 
predicted by the kinetics model for chemistry during (0 ms to 0.5 ms) and after the shock (0.5 ms 554 

to 2.5 ms). 555 
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The first assumption that we make is that the main products are formed during the shock, 556 

and post-shock cooling is rapid (as noted above, we approximate this cooling with a stepwise 557 

function). Figure 4 shows the calculated time profiles of the species during and after a shock at 558 

1041 K for mixture B. During the shock, propene increases linearly with time, as 559 

isopentylbenzene decomposes. After the shock, the propene concentration is constant, with 99 % 560 

already formed during the shock. Although not shown in the Figure 4, isobutene formation has 561 

nearly the same time dependence as propene. A similar trend is seen with styrene, and 94 % 562 

(typically 99 % or more at temperatures above 1100 K) or more of styrene is formed during the 563 

shock. A larger portion of styrene compared to propene is produced post-shock because a larger 564 

percentage of styrene is formed from radical attack.  565 

While decomposition reactions will be quenched quickly after the shock, some radicals 566 

produced in the shock, especially CH3 and benzyl radicals, will react post-shock. About 99 % of 567 

CH3 radicals are formed during the shock (most from reaction R1a), but (5 to 20) % of these 568 

methyl radicals will react post-shock, with the largest percentage of post-shock chemistry 569 

occurring at low shock temperatures. While 99 % of the benzyl radicals are produced during the 570 

shock, (20 to 80) % will react post-shock. A significant proportion of the aromatic compounds 571 

we detect are formed post-shock; for example, about (10 to 50) % of EDMB is predicted to be 572 

formed post-shock from R1510. We expect larger uncertainties in the kinetics model prediction 573 

of the aromatic compounds that react post-shock, like toluene, ethylbenzene and EDMB. 574 

We also assumed that most isobutyl radicals formed would decompose and not recombine 575 

with other radicals in the system, for example via the following reactions: 576 

 benzyl + isobutyl → isopentylbenzene                                                      (R1509) 577 

3,5-dimethylbenzyl + isobutyl → 3,5-dimethyl-isopentylbenzene            (R1515) 578 
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Even with the above reactions included, the kinetics model predicts that 99.9 % of isobutyl loss 579 

is from the β-scission reactions (R1a and R1b + R1c). This agrees with the low concentration of 580 

isopentane from R1517 detected in our experiment and our assumption that isobutyl 581 

recombination was unimportant. A full reaction path analysis is shown in the supporting 582 

information, including the percentage of each compound predicted to be formed post-shock. 583 

The sensitives of the ratio of [isobutene]/[propene] for both our model and the original 584 

JetSurF model for Mixture C at 1045 K and 1226 K are shown in Figure 5. This ratio would be 585 

directly equivalent to (k1b + k1c)/k1a if no corrections for side chemistry were needed. For JetSurF, 586 

this ratio is about five times more sensitive to the reactions of interest, β-scission of the C-C or 587 

C-H bond (R1a and R1b + R1c), than any other reaction. The second most influential reaction is 588 

the decomposition of isopentylbenzene to make isobutyl radicals, which dominates radical 589 

production in the shock tube. Next in importance are the decomposition of isopentylbenzene to 590 

make isopropyl (R2b) and the abstraction of the tertiary hydrogen of isopentylbenzene by CH3 591 

(R3c), the main sources of propene and isobutene, respectively, from side chemistry. In our 592 

model the [isobutene]/[propene] ratio is less sensitive to the reactions of interest (R1a and R1b + 593 

R1c) than in JetSurF, because the secondary paths to isobutene are comparatively more 594 

important when (R1b + R1c) is slow relative to R1a. Propene formation is dominated by R1a in 595 

both models, but secondary chemistry, notably reactions of H and CH3 with isopentylbenzene, 596 

has more influence as it becomes an important source of isobutene. Mixtures A and B, which 597 

have smaller inhibitor to isopentylbenzene ratios, show larger sensitivities to the side chemistry 598 

than seen in Figure 5, a result that confirms that the most reliable measurements are expected 599 

with Mixture C.    600 

 601 
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R814. TMB + H → m-xylene + CH3

R815. TMB + H → DMB + H2

R1512. TMB + CH3 → DMB + CH4

R3a. iPB + CH3 → bC6H5C5H10 + CH4

R3a. iPB + H → bC6H5C5H10 + H2

R3c. iPB + CH3 → tC6H5C5H10 + CH4

R3c. iPB + H → tC6H5C5H10 + H2

R1486. iPB → C3H6 + Benzyl + CH3

R2b. iPB → C6H5C2H4 + iC3H7

R2a. iPB → Benzyl + iC4H9

R1a. C3H6 + CH3 ↔ iC4H9

R1b. iC4H8 + H ↔ iC4H9
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R814. TMB + H → m-xylene + CH3
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 603 
Figure 5. Sensitivity of JetSurF 2.0 (unmodified, top) and our kinetics model (bottom) prediction 604 
of [isobutene]/[propene] to key rate constants for mixture C at 1226 K (red) and 1045 K (blue). 605 
iPB = isopentylbenzene, TMB = 1,3,5-trimethylbenzene, DMB = 3,5-dimethylbenzyl 606 
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The concentrations of styrene and benzene will also affect our results, because they are 607 

used to correct for propene-producing side chemistry (E6). Figure 6 shows the sensitivity of the 608 

styrene and benzene concentration to different rate constants in our kinetics model. Styrene is 609 

most sensitive to reaction R2b, its main source under most experimental conditions. It is also 610 

sensitive to the branching ratio of 2-phenylethyl decomposition, R1500 and R1499, and mildly 611 

sensitive to H and CH3 chemistry, including R3a and R3d. Similar sensitivities are seen for 612 

benzene, with is also primarily sensitive to R2b, R1500 and R1499. The kinetics model predicts, 613 

for most conditions, over 99 % of styrene and benzene formed have propene as a coproduct. At 614 

low temperatures, some benzene is formed from R3e (H substitution with isopentylbenzene), but 615 

this is at most 4 % of total benzene concentration. Minor decomposition of isopentylbenzene 616 

through fission of a methyl C-C bond leads to a small source of propene that does not have either 617 

styrene or benzene as a co-product:  618 

isopentylbenzene → CH3 + C3H6 + benzyl                                              (R1486) 619 

This rate is easily estimated with analogy to the decomposition of isobutane,46 and is at most 3.5 620 

% of the total propene concentration and 15 % of the propene from side chemistry. This reaction 621 

typically introduces a (2 to 4) % error in (k1b + k1c)/k1a. 622 
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R814. TMB + H → m-xylene + CH3

R815. TMB + H → DMB + H2

R1512. TMB + CH3 → DMB + CH4

R3a. CH3 + iPB → bC6H5C5H10 + CH4

R3a. H + iPB → bC6H5C5H10 + H2

R3d. CH3 + iPB → pC6H5C5H10 + CH4

R3d. H + iPB → pC6H5C5H10 + H2

R1499. C6H5C2H4 → C2H4 + C6H5

R1500. C6H5C2H4 → H + Styrene

R2a. iPB → Benzyl + iC4H9

R2b. iPB → C6H5C2H4 + iC3H7
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R1499. C6H5C2H4 → C2H4 + C6H5

R1500. C6H5C2H4 → H + Styrene

R2a. iPB → Benzyl + iC4H9

R2b. iPB → C6H5C2H4 + iC3H7

-0.8 -0.4 0.0 0.4 0.8

Sensitivity

 1226 K

 1031 K

Benzene Sensitvity

 624 

Figure 6. Sensitivity of the model prediction (kinetics model from this work) of styrene (top 625 
panel) and benzene (bottom panel) for mixture C at 1226 K and 1045 K. iPB = isopentylbenzene, 626 
TMB = 1,3,5-trimethylbenzene, DMB = 3,5-dimethylbenzyl. 627 
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When calculating the (k1b + k1c)/k1a branching ratio (E6), the uncertainty in propene 628 

sources is dwarfed by uncertainties due to secondary production of isobutene. While the kinetics 629 

model predicts that the radical scavenger does work – over 95 % of H atoms will reaction with 630 

1,3,5-trimethylbenzene – there is so little isobutene produced from the decomposition of isobutyl 631 

(R1b + R1c) that the isobutene concentration is easily perturbed by side chemistry. If there is an 632 

unaccounted-for secondary source of propene that is 1 % of the isobutyl concentration, the ratio 633 

will be too small by only 1 %; however, if there is an unknown source of secondary isobutene of 634 

the same amount, the ratio will be too large by 38 %. The model predicts isobutene produced 635 

from side chemistry is always at least 10 % of that produced by R1b + R1c, and typically more, 636 

leading to errors between 10 % (highest temperatures for all mixtures) and 800 % (at 959 K, 637 

mixture B) in (k1b + k1c)/k1a. This is much larger than any systematic error from secondary 638 

propene and is the reason why we interpret the branching ratio from equation E6, (2.5 ± 0.1) %, 639 

as the upper limit. The true value could still be significantly smaller, especially if we are not 640 

considering all side chemistry.  641 

Predicted species concentrations from the kinetics models – our model, JetSurf 2.0,6 642 

AramcoMech 2.012 and LLNL14-15 – are compared to measured values for selected shocks in 643 

Table 7. Our kinetics model predicts the absolute concentrations of most products to within a 644 

factor of 2. Propene was closely reproduced by our model, typically to within 10 % except at our 645 

lowest temperatures where minimal amounts of reaction R2a made quantitation more difficult 646 

and deviations were up to 30 %. The modeled sum of the main compounds from methyl 647 

chemistry (methane, ethane, ethylbenzene, and EDMB) was always within 46 % of the measured 648 

sum, and is typically within (20 to 30) %. This indicates accurate rate constants for 649 

isopentylbenzene decomposition, the main radical source. For all other compounds, there is 650 
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agreement well within an order of magnitude and usually well within a factor of two, even for 651 

aromatics formed post-shock. The exception is toluene, which we underpredict by over a factor 652 

of two. Since toluene is primarily from benzyl radicals, which are predicted to react significantly 653 

(typically 10 to 30 %) post-shock, quantification with the kinetics model is difficult. 654 

Table 7. Comparison of model predictions6, 12-13, 15 to measured concentrations for mixture C 655 
(1170 K and 363 kPa) and mixture A 1191 K, 274 kPa). All concentrations in μL/L (ppm).  656 

 Measured 
Model 

this 
work 

Model 
JetSurF6 

Model 
Aramco12 

Model 
LLNL 

aromatics15 

Model 
LLNL 

isooctane13 

 
Mixture C, 

1170 K, 350 kPa 

Methane 23.0 14.5 11.6 13.2 13.5 13.0 
Ethane 0.381 0.134 0.266 0.412 0.401 0.372 

Ethylbenzene 1.35 1.86 2.01 1.69 1.54 1.48 
EDMB 3.60 3.69 3.53 3.37 3.17 3.08 

Propene 20.9 19.4 16.6 17.4 19.3 18.3 
isobutene 0.432 0.411 3.08 2.33 0.560 1.51 
Benzene 1.47 1.11 1.11 1.11 0.0283 0.0291 
Toluene 8.82 4.37 4.39 4.40 4.00 4.01 

m-Xylene 4.87 4.26 4.30 4.89 3.04 3.28 
Styrene 2.06 2.21 2.20 2.21 3.30 3.31 

CH3 Budget* 28.7 20.3 17.6 19.0 19.0 18.3 

 
Mixture A, 

1191 K, 274 kPa 

Methane 61.4 25.0 16.8 18.9 22.1 21.1 
Ethane 9.96 3.42 5.38 8.45 10.5 9.66 

Ethylbenzene 32.1 35.8 31.9 28.5 26.5 25.4 
EDMB 29.5 24.8 23.0 20.4 21.1 21.1 

Propene 127 100. 86.9 88.8 100. 95.4 
isobutene 3.26 3.02 16.1 14.4 3.65 8.53 
Benzene 3.31 6.17 6.26 6.32 0.396 0.428 
Toluene 20.9 4.86 5.11 5.25 4.37 4.47 

m-Xylene 13.8 11.1 14.1 14.4 9.30 10.4 
Styrene 13.1 12.9 12.9 13.0 19.3 19.4 

CH3 Budget* 143 92.5 82.4 84.8 90.7 87.0 

*CH3 budget is the sum of all compounds that come from CH3 radicals, or [Methane] + 657 

2×[Ethane] + [Ethybenzene] + [EDMB] 658 
 659 

Most of the literature kinetics models greatly overpredict isobutene concentration, 660 

indicating that the model values for the branching ratio, (k1b + k1c)/k1a are too high. Both JetSurF 661 
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and AramcoMech 2.0 over predict isobutene by at least 300 % for all conditions (up to 500 % at 662 

low temperatures); LLNL isooctane overpredicts by (100 to 250) %. LLNL aromatics agrees 663 

with our experimental isobutane concentrations, almost always within 50 %. Since our model 664 

was modified to fit the data, it well predicts isobutene concentrations, almost always within 10 665 

%. All models predict that propene will be the main product of isobutyl decomposition 666 

(branching ratio > 50 %), with propene concentrations predicted within 50 % of the experiment 667 

for all conditions.  668 
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Figure 7. The ratio of isobutene to corrected propene (equation E6) as a function of temperature 672 
for all mixtures compared to the kinetics model from this work, JetSurF 2.0, LLNL aromatics, 673 
LLNL isooctane and AramcoMech 2.0. Model predictions are calculated from predicted product 674 

concentrations, not from (k1b + k1c)/k1a, so the model values include side chemistry. We also 675 
include model predictions for AramcoMech 2.0 after we removed their R1c from the mechanism, 676 
leaving only R1a and R1b; this will be discussed later (Sections 5 and 6). 677 

Predictions for the ratio of isobutene to corrected propene (equation E6) for our model, 678 

JetSurF,6 AramcoMech12 and LLNL14-15 are compared to the experimental data in Figure 7. Our 679 

model and LLNL aromatics have generally good agreement with the experimental data as well as 680 

the same qualitative temperature dependence (isobutene decreases relative to corrected propene 681 

with temperature, especially at temperatures < 1000 K). Both these models capture the decrease 682 

in ratio with radical concentration. LLNL isooctane predicts a similar temperature and radical 683 

scavenger concentration dependence as LLNL aromatics, but with more than double the ratio at 684 

high temperatures. For AramcoMech 2.0 and JetSurF, the model disagrees both quantitatively 685 

and qualitatively with the experiment, predicting high ratios that increase with temperature. At 686 

temperatures above 1250 K, these models could even more dramatically overpredict the 687 

branching ratio of isobutene.  688 

Our model predicts that (k1b + k1c)/k1a is determined well from our experimental results 689 

and equation E6. The calculated branching ratio is predicted to be different from the actual value 690 
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by only 15 % at 1100 K and 5 % at 1225 K for mixture C. Most of this discrepancy is from 691 

secondary isobutene (R3c) formation, with propene from side chemistry unaccounted for by 692 

benzene and styrene leading to a discrepancy of only (2 to 4) %. If the kinetics model well-693 

characterizes our system, side chemistry does not greatly affect the experimental value of 694 

Mixture C for (k1b + k1c)/k1a presented in section 3.3 of (2.5 ± 0.1) % (2σ, from experimental 695 

scatter). Our kinetics model predicts that this value should be (2.5 ± 0.4) % including side 696 

chemistry (2σ, error is standard deviation in the model’s predicted value for all experiments of 697 

mixture C above 1100 K). When only considering propene and isobutene from R1, the model 698 

predicts this ratio should be (2.3 ± 0.5) %. To get a conservative upper limit, we take our 699 

experimental value of 2.5 %, but combine the errors from the kinetics model and experimental 700 

scatter, leading to a value of (2.5 ± 0.5) %. 701 

5. DISCUSSION 702 

Under our conditions we detect a low level of C-H bond scission in the isobutyl radical, 703 

with an apparent measured value of (2.5 ± 0.5) % and a well-defined maximum value of 3.0 %. 704 

This is a kinetic result. It is consistent with the thermodynamics of beta scissions in alkyl 705 

radicals, wherein bond dissociation energies (BDEs) of C-C bonds are well-known to be smaller 706 

than those of the corresponding C-H bonds. Bond strength differences are typically (32 to 40) 707 

kJ/mol, a result easily determined from experimental, theoretical, or group-additivity derived 708 

thermodynamic values.69-75 The computed ΔBDE in the isobutyl case is 32.7 kJ/mol.75 The 709 

relative kinetics of C-H and C-C beta scissions differ, however, from the thermodynamic BDE 710 

differences due to differing intrinsic barrier heights for the reverse additions of H atoms and 711 

alkyl radicals, as well as differences in the transition state entropies. Even relatively small 712 
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uncertainties in these properties can impact the derived beta scission ratios, which is part of the 713 

reason why significantly different branching values appear in the models.  714 

Because our experimental result does not distinguish between R1b and R1c, our data 715 

require that, in addition to minimal direct C-H β-scission, there is little or no 1,2-shift reaction in 716 

isobutyl radicals. While other H-shift isomerization reactions are known to happen in the gas 717 

phase, 1,2 H shifts are unfavorable, a result that has been interpreted in terms of ring strain in the 718 

transition state.76 In his 2007 review, Poutsma76 evaluated previous experimental and theoretical 719 

work on 1,x H-shifts and estimated relative ring stain energies of (27.5, 26.5, 6.2 and 0.0) kJ/mol 720 

for 1,2; 1,3; 1,4; and 1,5 H-shifts, respectively. Hayes and Burgess20 in 2009 suggested that 1,2 721 

H-shifts are fundamentally different from other 1,x H-shifts and are not “internal abstractions” 722 

but “atom migrations” with slightly lower activation barriers than 1,3 H-shifts.20, 77 Their 723 

calculated barrier for a 1,2 H-shift from a primary radical to a tertiary radical is 152 kJ/mol, 724 

which they conclude is high but not high enough to exclude the possibility in small 725 

hydrocarbons.20 Davis and Francisco77 in 2011 calculated the high-pressure theoretical rate 726 

constants (including tunneling transmission coefficients) for hydrogen-shift isomerizations in n-727 

alkyl radicals, and found that near 1000 K, 1,2-H shifts are typically four orders of magnitude 728 

slower than 1,5-H shifts. However, the isomerization barriers scale with the exothermicity, so the 729 

primary to tertiary conversion (like the 1,2 H-shift in isobutyl radicals) is expected to be the most 730 

favorable.28, 32 Wang et al.28 reported in 2015 quantum and transition-state theory calculations of 731 

the high-pressure rate constants for a large number of 1,2-H shifts, and found that the 1,2-H shift 732 

in isobutyl, which involves a favorable conversion from a primary to tertiary radical, was 733 

approximately an order of magnitude faster than for n-alkyl radicals. Even at infinite pressures 734 
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and temperatures up to 2000 K, this reaction was still at least an order of magnitude smaller than 735 

C-C β-scission rate constants.28 736 

Table 8. Threshold Energies (in kJ/mol) for unimolecular reactions of isobutyl radicals. 737 

Reaction 
Threshold 

Energy 
(E0)* 

Source 

C-C β-scission 122 
Yamauchi et al. estimated for 
generic primary alkyl radical23 

C-H β-scission 143 
Yamauchi et al. for estimated 
generic primary alkyl radical23 

1,2 H-shift 152 Hayes and Burgess20 
 738 
Our best estimates for the threshold energy (the amount of energy needed for reaction to 739 

take place, including the kinetic energy of the gas) for each of the competing reactions of interest 740 

are listed in Table 8. These should be comparable to experimental activation energies of R1a, 741 

R1b, and R1c and suggest that the relative amount of C-H β-scission should increase with 742 

temperature if all rate constants are at their high-pressure limits (i.e. the reacting molecules have 743 

a Boltzmann energy distribution). Barker and Ortiz67 describe that when a molecule has more 744 

than one unimolecular reaction, the reaction with the lowest activation energy will deplete the 745 

populations in the higher energy states more rapidly than if there were a single reaction channel 746 

having the higher activation energy; falloff for high activation energy channels is thus increased 747 

in multichannel systems. In the pressure dependent region, the rate of C-H β-scission and 1,2-H-748 

shift should be lower than expected based solely on their activation energies due to this 749 

population depletion. Studying the unimolecular reactions of 2-methylhexyl radicals with RRKM 750 

theory, Barker and Ortiz67 found that this effect was small, but present, at pressures of about 100 751 

kPa, close to the conditions of our experiment. The effect should increase with temperature as 752 

the reaction moves further into the fall-off region. In our experiments, however, there is an 753 

offsetting increase in the shock pressure that occurs with increasing shock temperature, so that 754 
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the net result is uncertain.  Figure 3 shows (k1b + k1c)/k1a decreases with temperature and pressure 755 

– the opposite of what we would expect from the high pressure limiting ratio of C-H to C-C β-756 

scission. While some of this could be due to the population depletion effect, the very rapid 757 

increase in the [isobutene]/[propene] branching ratio at low temperatures is more consistent with 758 

side chemistry. 759 

 Experimental investigations on the branching in the decomposition of isobutyl and other 760 

alkyl radicals have historically shown a high degree of variation. Much of the early literature on 761 

isobutyl and propyl decomposition focused on the possibility of 1,2-H-shifts, with studies giving 762 

a large range of values for the activation energy, ranging from 123 kJ/mol22 to 168 kJ/mol.9 In 763 

1958, Heller and Gordon21 studied the decomposition of isopropyl-d1 radicals and estimated that 764 

approximately 50 % of the isopropyl radicals underwent 1,2 H-shifts. This was contradicted by 765 

later work from Kerr and Trotman-Dickenson,22 who found a branching ratio of C-H to C-C β-766 

scission for isopropyl radicals of up to 25 % based on anomalous ethene and methane formation. 767 

As with our data, they found that this ratio decreased when the temperature increased (293 to 768 

774) K, a result that disagrees with current theoretical knowledge and suggests perturbation by 769 

side chemistry. In a series of papers from the 1960s on strategically-deuterated, isopropyl and 770 

isobutyl radicals, Jackson and McNesby8-10 set upper limits on the amount of 1,2 H-shifts and C-771 

H β-scission at (472 to 813) K of 7 % for isopropyl and 1 % for isobutyl and argued that these 772 

upper limits were lower than other literature values because their experiments were free from 773 

nonthermal photochemistry.9 Multiple other researchers claimed significant 1,2 H-shift 774 

branching ratios for decades afterwards.24-26, 78-79 These claims were usually based, however, on 775 

the detection of compounds that could easily be produced from side chemistry, including 776 

methane and ethene.24-25  777 
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 More recent experimental work by Yamauchi et al.23 in 1999 provides strong evidence 778 

against 1,2 H-shifts and competitive C-H β-scissions. At (900 to 1400) K and about 100 kPa, 779 

they photolyzed a series of alkyl iodides to make alkyl radicals (including isopropyl, n-propyl, n-780 

butyl, s-butyl and isobutyl), detected iodine atoms to quantify the initial of alkyl radical 781 

concentration, and detected H atoms to quantify how much of the alkyl radical underwent C-H β-782 

scission or 1,2 H-shifts. For radicals like isopropyl which have no CH3 group β to the radical, 783 

they found H concentration approximately equal to the initial alkyl radical concentration, 784 

denoting that every radical undergoes C-H β-scission with no significant isomerization. For 785 

compounds like isobutyl which could undergo C-C or C-H bond scission, they detected almost 786 

no H atoms – a little over 3 % for isobutyl radicals, a value in close agreement with the present 787 

work, indicating little or no C-H β-scission. Yamauchi et al. noted that the amount of H detected 788 

correlated inversely with the purity of the alkyl iodide precursor and that even this 3 % H atom 789 

yield is potentially explainable by side chemistry.  790 

In our experiments, there was also an increase in the products expected from C-H β-791 

scission under conditions conducive to side chemistry: lower temperatures and lower amounts of 792 

radical scavenger. If significant amounts of C-H scission or 1,2 H-shifts did occur, all 793 

experiments reported in the literature should have detected the products. However, the branching 794 

fraction of products from C-H β-scission (or 1,2 H-shifts) varies greatly between research groups 795 

and is correlated with side chemistry. There are now several high quality experimental results,8, 796 

10, 23 including this work, that show no evidence for significant amounts of either C-H β-scission 797 

or 1,2 H-shifts in isobutyl radicals. We conclude that these reactions are at most a very minor 798 

channel. 799 
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  While there are examples of experimental, 7, 29-30, 80 theoretical81-82 and modeling15 work 800 

that assume little or no C-H scission or 1,2 H-shifts, many commonly used kinetics models for 801 

combustion still assume much larger amounts of H atoms from the decomposition of alkyl 802 

radicals than is suggested by the present data, other high-quality experiments, and recent 803 

theoretical studies. Figure 8 shows values used in the literature for the relative rates of C-H β 804 

scission and C-C β-scission of isobutyl and selected alkyl radicals. To better compare the data, 805 

the branching values in Figure 8 have been scaled to the number of H and alkyl leaving groups; 806 

that said, such scaling ignores potentially important differences in the relative thermochemistry 807 

and should be treated as a first-order approximation.  808 

  Figure 8 shows that some of the ratios used in the literature are more than an order of 809 

magnitude higher than our experimental results. JetSurF 2.06 predicts the two pathways being 810 

approximately equal at high pressures, having a ratio of about (20 to 60) %. This branching ratio 811 

decreases to (10 to 25) % at 101.3 kPa and is significantly higher than the JetSurF 2.0 value for 812 

the decomposition of n-propyl, which has a branching ratio of below 10 % even at the high-813 

pressure limit. This is inconsistent, since we believe that this ratio should be higher for n-propyl 814 

radicals due to differences in the thermochemistry.  815 

While AramacoMech 2.0 is within our upper limit at 800 K and 101.3 kPa, its branching 816 

ratio quickly increases to above 100 % by 1300 K. AramcoMech 2.0 is the only model where the 817 

branching ratio decreases with pressure, leading to a higher branching ratio at 101.3 kPa than at 818 

infinite pressure. As shown in Table 1, their rate constants for isobutyl C-C and C-H bond 819 

scission (R1a and R1b) included fall-off behavior while the rate constant for isobutyl 820 

isomerization (R1c) did not. Their high-pressure limit for R1c is from Matheu et al.32 and is 821 

reasonably consistent with the 2015 value of Wang et al.,28 but it is not applicable to pressures 822 
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near 100 kPa. This effect will become even more pronounced at lower pressures, with 823 

AramcoMech 2.0 predicting near all 1,2 H-shift isomerization and no R1a at 10.1 kPa and 824 

temperatures above 1200 K. As was shown in Figure 7, simply removing R1c from their model 825 

leads to good agreement with our data. 826 
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 827 

Figure 8. Relative rates of C-H and C-C β-scission from the literature1, 23, 33 and used in kinetics 828 

models.6, 12-13, 15-16, 29-30 Branching ratios for compounds other than isobutyl have been scaled for 829 
the number of H and CH3 as to be directly comparable to isobutyl.   830 
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The LLNL isooctane model,13 which uses rate constants estimated based on the reverse 831 

process as described by Curran et al. in 1998,18 gives pressure-independent C-H branching 832 

values of (7 to 10) % from (800 to 1300) K. These ratios are significantly lower than JetSurF or 833 

AramcoMech 2.0, but are still significantly higher than our suggested value. Their modeled ratio 834 

exhibits only mild temperature dependence and will remain at or below 12 % for temperatures up 835 

to 3000 K. The rate constant is given without pressure dependence, meaning that its branching 836 

ratio will be (5 to 12) % for all pressures and temperatures from (600 to 3000) K. However, 837 

modelers should be cautious if their system contains significant amounts of isobutyl 838 

decomposition, because this (5 to 12) % would create highly-reactive H atoms, starting radical 839 

chain chemistry.  840 

LLNL aromatics15 is the only literature model explored whose branching ratio is below 841 

our upper limit for all temperatures (800 to 1300) K. Like LLNL isooctane, its branching ratio is 842 

not pressure dependent. If the pressure is significantly increased from the conditions of our 843 

experiments, (200 to 400) kPa, there could be more C-H β-scission; however, their pressure-844 

independent rate constants should work for most systems. The LLNL biodiesel’s branching ratio 845 

(Table 1, not shown on Figure 7 or Figure 8) is between those of LLNL isooctane and LLNL 846 

aromatics, again with no pressure dependence. 847 

6. RECOMMENDED RATE CONSTANTS 848 

The above analysis suggests the need for selected amendments to current kinetics models 849 

to better reflect the available high-quality literature data on the relative favorability of C-C and 850 

C-H β-scission. A full theoretical treatment of the isobutyl system has not been undertaken to our 851 

knowledge and, at present, there exist no benchmark experimental data on the branching ratio at 852 

temperatures above ~1300 K or spanning a wide pressure range; such data would better define 853 
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the fall-off behavior and test RRKM predictions. The most complete analysis of a related well-854 

characterized system is from Miller and Klippenstein,33 who used high level theory validated by 855 

comparison with experiment to derive pressure and temperature dependent rate constants for the 856 

decomposition of n-propyl radicals. While some differences between isobutyl and n-propyl will 857 

arise from differences in the reaction energetics, the change in the number of H and CH3 leaving 858 

groups, and changes in the fall-off behavior due to the molecular size difference, these 859 

calculations are a reasonable starting point for estimates. In AramcoMech 2.0, the rate constant 860 

for R1b is based on Miller and Klippenstein,33 while the value for R1a is indicated as an estimate 861 

from “K. Zhang” (as commented in the model). The basis of the latter is not documented. 862 

Nonetheless, the resulting estimate of the branching ratio is consistent with our data and upper 863 

limit; it also gives estimates that are similar to those of our updated JetSurF model. Importantly, 864 

both our updated JetSurF model and the AramcoMech 2.0 model include parameterization 865 

intended to approximate the pressure dependent behavior. Both describe the available data within 866 

the current uncertainties. We recommend these values until a more complete analysis is 867 

available, with the caveat that there remain questions – and essentially no data – regarding the 868 

behavior at high pressures, particularly at temperatures above 1300 K. Note that the 869 

AramcoMech 2.0 rate constant for R1c should be removed to avoid significant overproduction of 870 

H atoms via the 1,2-H shift isomerization.  871 

If other parameterizations are chosen, we encourage modelers to ensure that their rates 872 

have a branching ratio of C-H β-scission to C-C β-scission ((k1b + k1c)/k1a) of no more than 3.0 % 873 

at temperatures and pressures less than 1250 K and 400 kPa, respectively. Because 1,2 H shift 874 

processes are inherently included in our recommended maximum, the sum of the direct and 875 

indirect paths should be considered when rate constants are selected. 876 
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7. CONCLUSIONS 877 

We place an upper limit of 3.0 % for the branching ratio of H in the decomposition of 878 

isobutyl radicals at (950 to 1250) K and (200 to 400) kPa using shock tube experiments. These 879 

data show that C-H β-scission and 1,2 H shift reactions are very minor compared with C-C β-880 

scission. Our results are in agreement with the experiments of Yamauchi et al.23 and Jackson and 881 

McNesby;8-10 as well as theoretical calculations.20, 28, 33 Comparisons show that some current 882 

kinetics models could be improved with lower branching ratios for C-H β-scission and 1,2 H 883 

shift reactions.  884 

Finally, we think it important to applaud the on-going efforts of researchers within the 885 

combustion community - particularly those whose models we have used - to make their work 886 

readily available in a standard format. The present effort is one demonstration of how this can 887 

pave the way for community-based improvement and vetting.  888 
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