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Abstract 

The combustion and pyrolysis behavior of light esters and fatty acid methyl esters have been 

widely studied due to their relevance as biofuel and fuel additives. However, a knowledge gap 

exists for mid-size alkyl acetates, especially ones with long alkoxyl groups. Butyl acetate, in 

particular, is a promising biofuel with its economic and robust production possibilities and ability 

to enhance blendstock performance and reduce soot formation. However, it is little studied from 

both experimental and modeling aspects. This work created detailed oxidation mechanisms for the 

four butyl acetate isomers (normal-, sec-, tert-, and iso-butyl acetate) at temperatures varying from 

650 K to 2000 K and pressures up to 100 atm using the Reaction Mechanism Generator. About 

60% of species in each model have thermochemical parameters from published data or in-house 

quantum calculations, including fuel molecules and intermediate combustion products. Kinetics of 

essential primary reactions, retro-ene and hydrogen atom abstraction by OH or HO2, governing the 

fuel oxidation pathways, were also calculated quantum-mechanically. Simulation of the developed 

mechanisms indicates that the majority of the fuel will decompose into acetic acid and relevant 

butenes at elevated temperatures, making their ignition behaviors similar to butenes. The 

adaptability of the developed models to high-temperature pyrolysis systems was tested against 

newly collected high-pressure shock experiments; the simulated CO mole fraction time histories 

have a reasonable agreement with the laser measurement in the shock tube. This work reveals the 

high-temperature oxidation chemistry of butyl acetates and demonstrates the validity of predictive 

models for biofuel chemistry established on accurate thermochemical and kinetic parameters. 

 

Keywords:  
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1 Introduction 

In the last decades, the increased utilization of oxygenated biofuels for the energy supply has 

promoted the development of comprehensive kinetic mechanisms suitable for accurately 

representing their combustion chemistry.1 Numerous studies have been performed to unravel the 

chemistry of long-chain methyl esters (i.e., fatty acid methyl esters or FAMEs).2,3 In contrast, the 

importance of small-chain esters only gained interest recently, incentivizing accurate analysis of 
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their combustion and pyrolysis behaviors.4 Indeed, carbon/oxygen bonds in the small-chain esters 

intrinsically diminish soot formation.5 Recently, several studies investigated the oxidation 

chemistry of methyl formate, methyl acetate, methyl propanoate, and methyl butanoate, either 

experimentally or computationally.6–11 However, the chemistry of the homologous mid-size alkyl 

acetate (i.e., propyl acetate and butyl acetate) has been poorly studied so far, despite their 

promising properties for energy supply purposes.12 In this regard, butyl acetate (BA) has been 

recognized for its great potential as a sustainable biofuel additive because of its low freezing point, 

higher flash point, and limited impacts on the cetane number and heat of combustion of the 

resulting mixture.13 Conventionally, a heterogeneous catalyzed reactive distillation of acetic acid 

with butanol was adopted to produce BA.14,15 However, the use of strong acids as catalysts strongly 

limits this route due to the significant impact on environmental-related key performance indicators 

of the whole process.16 In this perspective, alternative bioprocesses based on fermentation have 

been extensively investigated and successfully tested for environmentally and economically 

sustainable production of BA.17 A recent investigation by Wang et al. has characterized the burning 

properties of droplets of BA.18 However, to our knowledge, a detailed kinetic mechanism 

reproducing its chemistry in an oxidative system is still missing, highlighting the need for accurate 

models to characterize its combustion behavior. In addition, all four isomeric structures of BA (i.e., 

normal-, sec-, tert-, and iso-butyl acetate, or nBA, sBA, tBA, and iBA) should be considered, as 

each may be ruled by different chemistry and overall reactivity. Hence, these structures should be 

distinguished to properly account for the chemistry of this species.19 For clarity, Figure 1 shows 

their molecular structures and nomenclature considered in this work to distinguish different carbon 

atoms on the molecule. 

 

 
Figure 1. Molecule structures of butyl acetate isomers with carbons adjacent to the ester group labeled by the Greek letters. 

 

Understanding the governing reactions is the key to correctly modeling the chemistry of BA 

isomers. Regardless of the investigated chemical structure, hydrogen atom abstraction reactions 

by small radicals (e.g., H, OH, and HO2) play significant roles in combustion chemistry.20 More 

specifically, the hydrogen atom abstractions from the α and α' positions of an ester group have 

been reported as dominant primary reactions at low- and intermediate temperatures.21–23 Further, 

recent studies on ethyl acetate showed the dominance of unimolecular decomposition (i.e., retro-

ene reaction) at high temperatures.3,8 The retro-ene reaction is a concerted pericyclic reaction that 

involves an intra-molecular hydrogen transfer, a bond break, and a double bond formation via a 

six-membered ring transition state.24 Undoubtedly, accurate kinetics of the reactions mentioned 

above is the prerequisite for quantitatively modeling relevant systems. However, the kinetic data 
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for BA-involved reactions are missing in both cases and can only be inferred from the rate rules.25 

To overcome this problem and increase the accuracy of the resulting model, deriving the kinetics 

from the ab initio calculations is highly desirable.26 This approach has been extensively adopted 

for estimating the kinetic parameters of elementary reactions,27–37 allowing for forming an 

inclusive and robust kinetic database suitable for sub-mechanisms. Besides, theoretical 

calculations based on the molecular structure are also useful for obtaining thermochemical data 

that is usually helpful for inferring reaction reverse rates.38 Among other quantum chemistry 

methods, the composite method CBS-QB3 developed by Montgomery et al. (1999)39 has been 

largely suggested for relevant purposes because of its accuracy attested as within ~ 1 kcal/mol of 

the experimental values and the limited computational costs required.40,41  

Historically, detailed kinetic models were built in a postdictive manner. A model was usually 

generated hierarchically, from small intermediate species to the actual fuel-size molecules, 

according to expert chemistry knowledge. It usually needed to be fit to experimental data to fill 

the gap caused by missing reactions, inaccurate thermochemical and kinetic parameters, or other 

issues. However, to our knowledge, BA chemistry cannot be modeled in such a way due to missing 

data suitable for model validation. Instead, a predictive modeling approach that is embedded in the 

Reaction Mechanism Generator (RMG) has the potential to generate effective models.42,43 RMG 

creates a mechanism based on accurate thermochemical and kinetic parameters.44–46 Starting from 

a seed mechanism, it makes reasonable estimations for required parameters, uses those parameters 

to simulate the systems at the conditions of interest, and picks up the significant species and 

reactions according to their fluxes to enlarge the model. One of our recent studies also shows that 

once the most sensitive parameters are refined, the RMG-generated model can even outperform 

models that are fitted to the experiments.47 Therefore, RMG is ideal for modeling BA chemistry. 

This work was devoted to developing butyl acetate predictive kinetic models for each butyl acetate 

isomer, which help predict combustion behaviors. A significant amount of theoretical-sound 

thermochemical and kinetic data was collected from the literature and calculated in-house to 

enhance the model fidelity. The generated models were used to study the combustion chemistry 

and predict combustion behaviors at engine-relevant conditions. The adaptability of the produced 

mechanisms to pyrolysis systems was assessed by validating them with high-pressure shock tube 

(HPST) experiments collected in this study. 

 

2 Computational Methods 

In this work, detailed kinetic mechanisms were generated from the first principles for butyl acetate 

isomers using RMG44–46, simulated using various chemical kinetics simulation software48,49, and 

validated against measurements collected in pyrolysis conditions through a shock tube. The 

applied schematic of the model construction is similar to the one reported in our previous work,47 

where mechanisms have been developed and improved iteratively. The kinetics of the primary 

reaction and potential sub-mechanisms in the oxidation mechanism were calculated using the 

quantum chemistry approach and collected from the literature, respectively. Additional details on 

the procedures are provided in the following sections. 
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2.1 Quantum chemistry calculation 

Quantum chemistry calculations were done on species thermochemical properties and primary 

reaction kinetics under rigid rotor harmonic oscillator (RRHO) approximation with a 1D hindered 

rotor correction and transition state theory.50 A schematic representation of the procedure, 

facilitated by using Gaussian51,52, ARC53, and Arkane54, is given in Figure 2. 

Firstly, a rough guess of the species and transition states (TSs) 3D geometry is generated according 

to the following approach: 

• Species geometries were first created from the ETKDG55 algorithm and then optimized by 

MMFF94s force field;56,57 conformers are explored by a torsion mapping algorithm53,58. 

• TSs geometries were manually created, whereas up to five conformers were tried based on 

the lowest energy reactant and product conformers to account for different conformation.  

Quantum chemical calculations at the CBS-QB3 level of theory were then applied to the resultant 

geometries–geometry optimization, harmonic frequencies calculation, and torsional scan were 

done using the density functional theory at B3LYP/CBSB7, and single point energy was calculated 

at CBS-QB3 as suggested by Montgomery et al.39 As indicated in Figure 2, several troubleshooting 

strategies were implemented to monitor the quality of the calculation job and ensure reasonable 

results. Eventually, the quantum chemistry results were utilized by the software Arkane and 

converted to thermochemical and kinetic parameters used in the mechanism. 

Details about the calculation environment, quantum chemistry calculation schemes, utilization of 

bond additivity correction, etc., can be found in Section 1 of SI. 
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Figure 2. Schematic representation of the workflow used for thermochemical and kinetic properties calculation. Please consider 

that each color of the nodes corresponds to a different software program applied. Grey boxes: RMG44–46 and Arkane54; Orange 

boxes: ARC53; Red boxes: Gaussian 0951 or Gaussian 1652. 

 

2.2 Relevant kinetic data 

Although kinetic data is missing for BA-involved reactions, quantum-mechanically calculated 

kinetic data for smaller esters or potential intermediates are available, helpful in creating sub-

mechanism and improving RMG built-in rate rules. Potentially important reactions are inferred 

from disconnecting the BA molecules (Figure 3), motivated by the important beta-scission and 

bond-fission reactions at elevated temperatures. The disconnection analysis reveals that oxidation 

chemistry involving acetic acid, light alkenes (C2-C4), smaller formate/acetate, and C4 
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alcohol/aldehyde/ketone are potentially significant. In this regard, rate constants for the following 

reactions are eventually collected from the literature: 

• H-atom abstraction by OH23, HO2
21 from various esters 

• H-atom abstraction by OH59, HO2
60 from butanols 

• H-atom abstraction by OH, HO2, and CH3 from aldehydes and acids31 

• Acetic acid H-atom abstraction and decomposition29 

• Methyl acetate H-atom abstraction61 and decomposition33 

• Decomposition of methyl formate36 

• H62, OH63 and HO2
64 radical addition to light alkenes 

• QOOH decompositions to HO2 and light alkenes64 

 

 
Figure 3. An illustration of disconnecting butyl acetate molecules. nBA is used as an example. 

Besides, the thermochemistry of species in the C2-C4 alkene oxidation sub-mechanisms was 

extensively refined in our previous work47, and the corresponding data were also used when 

building the kinetic model.  

 

2.3 Mechanism generation 

A rate-based method software, above-mentioned as RMG, was implemented for the automatic 

generation of reaction mechanisms for the investigated fuels. Details about the network generation 

and expansion algorithm can be found in Liu et al.44 and Gao et al.45, and the choice of parameter 

libraries41,65–69 and algorithm setup was similar to the light alkene modeling by Pio et al.47 

Mechanisms were built for each isomer respectively. Considering the molecular structure of the 

investigated species, the maximum number of carbon and oxygen atoms allowed in a single 

molecule was limited to 15 and 8, respectively. Mono- and bi-radicals, together with the singlet 

configuration for oxygen, were permitted. For the sake of simplicity, nitrogen was assumed as an 

inert species, and nitrogen oxidation chemistry was neglected. Calculated and collected 

thermochemical and kinetic parameters were stored in the RMG database and retrieved whenever 
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needed. Other parameters were estimated through a linear combination of known sub-molecular 

fragments, following Benson's group additivity method70 for the thermochemistry or rate rules 

based on decision trees distinguishing reaction families for the kinetics.46  

The mechanism refinement was based on identifying the most influential species and reactions to 

the selected measurable properties via sensitivity and reaction flux analyses (introduced in Section 

2.4). The impact of a given perturbation of enthalpy of formation Hf298 on the outcomes of mole 

fraction of reactants and hydroxyl radicals was evaluated and considered as a sorting score. The 

ones estimated from the group additivity approach and with the highest scores were refined using 

the approach described in section 2.1. The later obtained refinements were then introduced into 

the RMG database, and a new model was generated with the updates. The database update allows 

RMG to estimate reaction fluxes more accurately and make better judgments on selecting essential 

pathways in the following iteration. A more detailed discussion about mechanism changes across 

iterations can be found in Section 2.5 of SI. The iterative procedure implemented in this work for 

the generation and refinement of detailed kinetic mechanisms, as described so far, was schematized 

in Figure 4. 

 

 

Figure 4. Schematic representation of the workflow used for the generation and refinement of detailed kinetic mechanisms. 

 

2.4 Reactor model simulation 

The produced mechanisms were utilized to estimate the ignition delay time (IDT) and generate 

flux diagrams and sensitivities using the Chemkin71 and Reaction Mechanism Simulator 

(RMS)49,72 software packages. The time evolution of pressure, temperature, and composition was 

estimated assuming a closed, isochoric, and adiabatic vessel. The initial temperature and pressure 

of the simulation were varied within 850 – 1500 K and 5 and 10 atm, respectively. The IDT was 
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identified by the peak of OH concentration time history. The flux diagrams were generated once 

at 20% and 50% of the IDTs, where time was selected to balance information reported in terms of 

decomposition and oxidation pathways. Temperature sensitivities were calculated at the ignition 

delay time defined by the peak of dT/dt, providing good estimates of relative IDT sensitivities as 

suggested by Ji et al.73 To validate the BA pyrolysis in the HPST, a 0-D reactor under isochoric 

and adiabatic conditions was modeled to mimic the experimental system adopted in this work. The 

temperature and the pressure behind the reflected shock (T5 and P5) were used as the initial 

conditions of the simulation. The resulting carbon monoxide (CO) time histories were compared 

with measurements at first. RMS was also used to analyze the rate of production (ROP) of 

important intermediates and estimate the branching ratio under combustion-relevant conditions. 

 

3 Experiments 

3.1 Shock Tube Facility 

Pyrolysis experiments of 4 different isomers of butyl acetate were performed in a stainless-steel, 

heated shock tube of 14.17 cm inner diameter located at the University of Central Florida. Specific 

details of the shock tube facility can be found in our previous works74–76. Five piezoelectric 

pressure transducers, spaced along the last 1.4 m of the shock tube and connected to four time-

interval counters, were used to measure the incident shock velocities and the reflected shock 

pressure. The measured incident shock velocities were linearly extrapolated to obtain the reflected 

shock velocity at the end wall. Using the measured shock velocity, thermodynamic data of the 

mixture, and pre-shock temperature and pressure (T1, P1) in normal-shock relations, pressure and 

temperature behind reflected shock wave (P5 and T5) were calculated with the shock condition 

calculator FROSH77. P5 was also monitored with a Kistler-type 603B1 sensor. 

 

3.2 Mixture preparation 

BA mixtures were prepared manometrically with two Baratrons from MKS instruments: a 10,000 

Torr (628D, accuracy of 0.25% of reading) and a 100 Torr (E27D, accuracy of 0.12% of reading). 

Each isomer of butyl acetate has very low vapor pressure (~1.5-2.5 kPa at room temperature). So, 

the entire facility, including the mixing tank, filling line, manifold, and shock tube, was heated at 

80°C to prevent fuel condensation. Also, while preparing the mixture, the partial pressure of the 

fuel was kept < 75% of the vapor pressure at 80°C to further ensure the gaseous phase of the fuel. 

Mixtures were prepared with 0.5% fuel loading (research graded, purity > 99%) in an argon bath 

(> 99.999% purity; nexAir) and were mixed in a 33 L mixing tank. Before starting experiments, 

each mixture was kept at rest overnight to get homogeneous. 

 

3.3 Carbon monoxide (CO) absorbance 

Two optical ports, at 2 cm away from the end wall and around the circumference of the tube, were 

used for the spectroscopic measurements. CO concentrations formed during BA pyrolysis were 

measured using a continuous-wave distributed feedback quantum cascade laser from Alpes Lasers 

(TO3-L-50) centered at 2046.277 cm-1. A Bristol 771 Spectrum Analyzer was used to check the 

wavenumber of the laser beam before each experiment.  

The concentration of CO was calculated through the Beer-Lambert Law: 
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𝑋 =
𝛼𝑅𝑇

𝜎𝑃𝐿
 (1) 

where 𝛼 is the measured absorbance from the laser, 𝑃 is the time-varying reflected shock pressure 

of the gas mixture (Pa) found from the Kistler pressure transducer, 𝑇  is the time-varying 

temperature of the mixture (K) estimated assuming isentropic condition, 𝐿 is the path length of the 

absorbing species (m), 𝑅 is the universal gas constant (
𝐽

𝑚𝑜𝑙.𝐾
), and 𝜎  is the absorption cross-

section of CO (
𝑚2

𝑚𝑜𝑙
). The time-varying CO cross-section at T5, P5, and specified wavenumber were 

taken from the HITEMP database78 assuming self-broadening with Voight profile. The relative 

uncertainty in the measured concentrations of CO was calculated as a time-varying quantity by the 

root mean square of the relative uncertainties of the absorbance, pressure, and temperature in 

Beer's Law (1), which is < 10% for all cases. 

 

4 Results and Discussion 

4.1 Quantum chemistry calculation 

Quantum chemistry calculations conducted in this work include thermochemistry of important fuel, 

intermediates, and products and rate constants of BA retro-ene reactions and H-atom abstraction 

reactions. The differences in enthalpy and entropy of formation at 298 K (Hf298 and Sf298) between 

the group additivity values (GAV) and values from quantum chemistry calculation (QM) (Figure 

5) stress the importance of refining these parameters. Eventually, we refined the thermochemistry 

for around 60% of the species in the final models of this work, and a more detailed analysis can 

be found in Sections 1.5 and 2.4 of SI.  
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Figure 5. Hf298 (upper) and Sf298 (lower) differences between GAV and QM for each species calculated in this work. For better 

visualization, molecules are grouped by the number of carbon atoms and sorted by the deviations in each group. Note, the molecule 

sequence in the two subplots is different. 

 

The kinetics of BA retro-ene reactions were calculated in this study. These reactions convert one 

BA molecule into an acetic acid and a corresponding butene. Considering the different chemical 

environments of the β-H atoms (the migrating atom) on BA molecules, a single reaction path was 

identified for nBA, iBA, and tBA, respectively, and three reaction paths were found for sBA. The 

transition state geometries (of their lowest energy conformer) and calculated rate constants are 

shown in Figure 6 and Table 1, respectively. Due to the p-π conjugation in the ester functional 

group, the reaction center in the transition states is nearly planar, contrasting with the geometry in 

alkene retro-ene transition states. When combining our calculation with published rate constants 

of ethyl, n-propyl, and iso-propyl acetate (i.e., EA9, nPA79, and iPA10), we found that a higher 

degree of substitution at the α-carbon or a lower degree at the β-carbon results in a higher rate 

constant (Figure 7A). The observation coincides with chemical intuition. More alkyl groups at the 

α-carbon weaken the C-O bond that is to break in the reaction, while more alkyl groups at the β-
carbon introduce a stronger steric hindrance. The rate rules of acetate retro-ene reactions were 

summarized in Table 2. Besides, the degeneracy varies significantly among BA molecules: tBA 

has nine accessible β-H atoms, while iBA only has one. Differences in both reactivity and 

degeneracy of BA molecules accumulate into orders of magnitude differences in retro-ene rate 

constants of different BAs (Figure 7B), potentially affecting the branching in the oxidation.  
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Figure 6. Transition states of butyl acetate retro-ene reactions calculated in this work. The distances of bonds that are formed or 

broken during the reaction are noted. The degeneracy of the reaction is marked by highlighting the relevant H atoms. 

 

Table 1. BA retro-ene reaction rate constants in modified Arrhenius formula.  

 
 

 

 
Figure 7. Computed rate constants of retro-ene reactions. A. The rate rules of the acetate retro-ene reactions on a per H atom 

basis distinguishing the number of non-H substituents on the α- and β-carbons. Retro-ene rate constants of ethyl9, n-propyl79, 

and iso-propyl80 acetate, along with the 4 butyl acetate isomers, are considered. Reactions with the same α and β atom 

conditions are grouped, and the group's mean is used to fit the rate rules. B. Overall retro-ene rate constants of each BA isomer.  

 

 

sBA-Z

2.119

1.270
1.379

iBA
2.033

1.364
1.282

nBA

1.304
1.331

2.015

sBA-i

2.118

1.288

1.344

tBA

2.199

1.394
1.258

sBA-E

2.115

1.376
1.272

Reactant Alkene Product Degeneracy A [s
-1

] n Ea [kcal/mol]

nBA 1-C4H8 2 3.48E+03 2.72 46.0

iBA i-C4H8 1 3.18E+06 1.87 48.5

sBA 1-C4H8 3 3.58E+07 1.65 45.6

sBA cis-2-C4H8 1 1.96E+09 0.97 46.9

sBA trans-2-C4H8 1 2.52E+09 1.01 46.1

tBA i-C4H8 9 1.09E+10 1.08 42.1
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Table 2. Acetate retro-ene rate rules in modified Arrhenius formula on a per H atom basis. 

 
* The discrepancy factor measures the largest difference between the rate constant from a fitted rate rule and individual rate 

constants used to fit the rate rule, providing a rough estimate of the uncertainty. 

 
Table 3. Butyl acetate H-atom abstraction rate constants (unit: cm3·mol-1·s-1) calculated in this work. 

 
 

H-atom abstractions by OH radical from BA, as primary competitive reactions with retro-ene 

reactions, were also calculated, and their rate constants in the modified Arrhenius formula are 

tabulated in Table 3. Following the chemical structure of the investigated isomers reported in 

Figure 1, nBA and sBA have hydrogens in five different chemical environments, iBA has four 

different types of hydrogens, and tBA has two. According to the conformer search, all the lowest 

energy conformer of the transition states (on the CBS-QB3 potential energy surface) shares the 

configuration where: 

1. the H atom in the hydroxyl radical points to the acetyl oxygen and forms a hydrogen bond. 

2. at most, one dihedral in the BA fragment is significantly varied from the geometry of the 

corresponding lowest conformer to fulfill the configuration in item 1. 

Degree of

α-carbon

Degree of

β-carbon
A [s

-1
] n Ea [kcal/mol]

Discrepancy factor

at 1000 K

2 1 4.53E+13 -0.30 49.9 -

2 2 1.19E+07 1.66 47.1 2.6

2 3 3.18E+06 1.87 48.5 -

3 1 1.21E+08 1.25 43.2 2.1

3 2 1.70E+09 1.03 46.3 1.8

4 1 1.21E+09 1.08 42.1 -

Reaction A [cm
3
·mol

-1
·s

-1
] n Ea [kcal/mol]

nBA + OH = nBA-α' + H2O 1.66E+03 2.95 0.0640

iBA + OH = iBA-α' + H2O 9.45E+02 3.05 0.0547

sBA + OH = sBA-α' + H2O 9.38E+02 3.07 0.155

tBA + OH = tBA-α' + H2O 1.98E+03 2.97 -0.208

nBA + OH = nBA-α + H2O 8.28E+01 3.18 -3.86

iBA + OH = iBA-α + H2O 1.51E+01 3.40 -4.13

sBA + OH = sBA-α + H2O 9.15E+02 2.79 -4.40

nBA + OH = nBA-β + H2O 6.56E-01 3.81 -4.28

iBA + OH = iBA-β + H2O 2.23E+01 3.27 -4.63

sBA + OH = sBA-β1 + H2O 1.01E+01 3.61 -2.76

sBA + OH = sBA-β2 + H2O 5.88E+00 3.58 -3.70

tBA + OH = tBA-β + H2O 2.64E+00 3.91 -2.04

nBA + OH = nBA-γ + H2O 1.48E-05 5.11 -5.70

iBA + OH = iBA-γ + H2O 4.27E-06 5.36 -5.07

sBA + OH = sBA-γ + H2O 9.13E-05 4.97 -5.10

nBA + OH = nBA-δ + H2O 1.06E-07 5.77 -4.47

nBA + HO2 = nBA-α + H2O2 5.13E-06 5.23 9.50

iBA + HO2 = iBA-α + H2O2 9.58E-05 4.92 9.95
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Rate constants were calculated over 500 – 2000 K (Figure 8 and Figures S13-16). As a reference, 

rate constants for EA, nPA, and iPA from Mendes et al.21,23 are plotted alongside. For reactions 

abstracting α- or α'-hydrogens, rate constants of butyl acetates and ones of lighter acetates have a 

good agreement (within a factor of two). A slightly larger discrepancy (within a factor of 5) is 

observed for reactions abstracting β- and γ-hydrogens, where Zhou et al. used a different TS 

configuration, the H atom in OH pointing to the alkoxyl oxygen, in their rate calculation. Whether 

the difference in configuration is due to using different levels of theory or a lack of conformer 

search is unclear and suggested to be investigated in a future study. However, the similarity in the 

investigated acetates still suggests the applicability of rate rules when investigating even larger 

esters. Besides, the RMG rate rule estimates are also included in Figure 8 and Figures S13-16. 

While most estimates from the RMG rate rules are reasonably consistent with the calculated values 

(within an order of magnitude differences), indicating its good generality, significant discrepancies 

can be found over a few entries (e.g., abstracting sBA's α-H). It emphasizes the necessity of 

refining important kinetic parameters during model generation and reveals the irrationals of the 

manually designed RMG rate rules. Worth to note that RMG is in the process of switching from 

hand-made rules to rules generated by the substructure isomorphic decision tree algorithm, which 

aims to solve similar issues. 

 

 

 
Figure 8. Rate constants comparisons of H-atom abstraction reactions on a per H atom basis at α' site (A) and α site (B). Solid 

lines are calculated in this work, dashed lines are estimated using RMG rate rules, and dotted lines are adapted from Zhou et 

al.23 

 

Figure 9 shows branching ratios of H-atom abstractions by OH with respect to different carbon 

atoms and BA isomers. At lower temperatures, the most dominant pathways are the ones 

abstracting 𝛼- and 𝛽-hydrogens. At increasing temperatures, the reactivity of each pathway 

becomes more even, and the contribution sequence becomes more consistent with the order of 

reaction degeneracy. Regardless of the reactivity complexity at different sites of different BAs, the 

total H-atom abstraction rate constants are close among BAs and barely variable across the 
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temperature of interest (Figure 10). Larger differences are observed at lower temperatures, mainly 

due to tBA missing reactive 𝛼-H atoms.  

 

 
Figure 9. Branching ratios of the H-atom abstraction by OH in the temperature range from 500–2000 K for BAs studied in this 

work. (A) nBA, (B) iBA, (C) sBA, and (D) tBA. 

 

 
Figure 10. The total rate constants of BA H-atom abstraction reactions. 
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4.2 Combustion chemistry at elevated temperatures 

Ignition delay time (IDT) was evaluated as an alternative measure of the overall reactivity. Figure 

11 includes the IDTs at 10 atm across high temperatures (i.e., within 1000–1500 K) and different 

fuel-to-air ratios (0.5, 1.0, and 2.0), along with the HPST IDTs of relevant butenes35,81,82 from the 

retro-ene reactions at the same conditions. Since butene isomers are major intermediates during 

BA oxidation and decomposition, their IDTs are expected to be relevant to BA ignition. Moreover, 

HPST IDTs of EA8,11 under similar conditions but at higher pressures (15 and 20 bar) are also 

included as references. Indeed, IDTs of EA have been proved to be insensitive to pressure under 

the investigated temperatures (Figure S17). Comparing EA and BA IDTs provides additional hints 

about the influence of the retro-ene reactions and acetic acid sub-mechanism on IDTs, which are 

identified as significant according to Morsch et al.11 and Figure S18. In addition, IDTs of BAs at 

intermediate temperatures are compared to IDTs simulated with the same assumption using well-

validated models of butenes35,81,82 and EA11 (Figure S19). BA IDTs comparison between 5 and 10 

atm can be found in Figure S20. 

 

 
Figure 11. The estimated ignition delay time of butyl acetate isomers in air at 10 atm as a function of temperature and 

equivalence ratio. (A) nBA, (B) iBA, (C) sBA, and (D) tBA. HPST IDTs of relevant butenes at the same conditions are plotted as 

solid markers: black - 1-butene81, red - 2-butene82, and blue - iso-butene35. HPST IDTs of ethyl acetate at 15 (adapted from 

Ahmed et al.8) and 20 bar (adapted from Morsch et al.11) are plotted as hollow markers. 

 

It is worth mentioning that the simulated IDTs for butyl acetate isomers at high temperatures are 

close to the measured IDTs for butene isomers and ethyl acetate under similar conditions. 

Specifically, IDTs for nBA and sBA are in line with 1-butene and 2-butene, whereas estimated 

values for iBA and tBA match the i-butene IDTs. In addition, the BA IDTs show little dependence 
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on φ and pressure at elevated temperatures, similar to the behavior of butenes and EA. Over 1000 

K, retro-ene reactions are fast enough to become the dominant primary reactions. Hence, either the 

retro-ene reaction or the activation of the butene isomer produced by the retro-ene reaction is the 

rate-determining step for butyl acetate oxidation at these temperatures. As an example, the flux 

diagram of sBA oxidation at 1300 K is shown in Figure 12A, where over 98% of the sBA 

undergoes retro-ene reaction, and most of the diagram is about butene chemistry. The dominance 

of the retro-ene pathway is consistent with the observations reported by Ahmed et al.8 about ethyl 

acetate. At lower temperatures, the contribution of H-atom abstraction increases. The resultant fuel 

radicals may undergo beta-scission reactions or O2 addition and the subsequent 

isomerization/chain branching pathways (as the lower half in Figure 12B). These reactions convert 

BAs into smaller fragments or unsaturated acetates resembling the butene oxidation intermediates. 

However, as kinetics of the above-mentioned beta-scission, isomerization, and other reactions 

were estimated by rate rules in the developed mechanisms, larger uncertainties at lower 

temperature IDTs are expected. This observation suggests that investigating these reactions is 

needed for more reliable results at lower temperatures.  

Figure 13 shows the temperature sensitivities at ignition delay time (defined by the peak of dT/dt), 

900 K, 10 atm, and stoichiometric composition with air. Sensitivities at other fuel-to-air ratios and 

temperatures can be found in Section 6 of SI. According to Ji et al.73, temperature sensitivity at the 

ignition delay state has almost the same direction as the IDT sensitivity. Therefore, it can be used 

as an alternative to the latter. As shown in Figure 13, nBA, iBA, and sBA share a similar trend in 

the list of sensitive reactions. Besides the essential C0 and C1 chemistry, H-atom abstraction from 

BAs by HO2 and OH radicals, retro-ene reactions, beta-scission reactions, and butene chemistry 

also top the list. The significance of HO2 chain branching reactions is as expected and similar to 

observations by Morsch et al.11 about EA at 850 K. Among them, the most sensitive abstraction 

reactions take away the hydrogen atom at the α-carbon and are also the most dominant abstraction 

reactions. On the other hand, retro-ene reactions, as competitors of the abstraction reactions, reduce 

the reactivity. For tBA, iso-butene oxidation reactions instead of tBA-involved reactions are 

significant, e.g., O2, OH, and HO2 addition and H-atom abstraction. The difference in sensitive 

reactions is mainly due to the decomposition of tBA much faster than other isomers, resulting in 

tBA almost fully decomposed to acetic acid and iso-butene before the radical pool becomes large 

enough to make H-atom abstraction reactions competitive. As evidence, the 20% fuel consumption 

time for tBA is about three orders of magnitude smaller than its IDT at 900 K, while the time 

difference of other BAs is within an order of magnitude. 
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Figure 12. Flux diagram of sBA oxidation by air at (A) 1300 K and (B) 900 K, 10 atm, 0.5 IDT, and stoichiometric condition. 

Percentage values indicate the branching ratio of the accumulated flux out of a species. Fluxes smaller than 0.5% of the fuel 

consumption are neglected. 

  

A 

B 



 18 

 

Figure 13. Normalized temperature sensitivity analysis at ignition delay time, 900 K, 10 atm, and stoichiometric composition 

with air. (A) nBA, (B) iBA, (C) sBA, and (D) tBA. 

A

 

B 

C 

D 
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4.3 High-temperature pyrolysis 

Although the models were not originally developed to predict pyrolysis systems, it is possible to 

use them for simulating pyrolysis, as the model includes the following essential chemistry: 

• the retro-ene reactions that are also the primary reactions in the pyrolysis system 

• H-atom abstractions by H and CH3 for BA isomers and butenes 

• relevant beta scissions of BA and butene radicals 

• acetic acid decomposition chemistry 

Carbon monoxide (CO) mole fraction time histories from shock tube experiments and simulations 

were compared in Figure 14. For figure clarity, only half of the measurements are included, 

whereas the remaining data can be found in Figures S32-S39. 

 

 
 
Figure 14. CO mole fraction time histories in the BA pyrolysis systems. (A) nBA, (B) iBA, (C) sBA, and (D) tBA. The lines are 

predictions from the simulation, and the markers are the measurements from the experiments. 
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Generally speaking, the pyrolysis of different BA isomers shows a negligible difference in CO 

profile according to the experiments. The models can capture the CO generation time history to 

some extent but underpredict CO production rate. 

 

 
Figure 15. Major pathways in the BA pyrolysis system producing CO between 1200-1700 K. Acetic acid is generated from the 

retro-ene reaction of BAs. R = H or CH3. 

 

Figure 15 shows the dominant pathways producing CO from butyl acetates at high temperatures 

according to the kinetic models. Thermochemistry of all involved species and kinetics of all 

pathways shown in Figure 15 are from either RMG libraries or published databases and are 

expected to have reasonable accuracy. All the important pathways start from the acetic acid formed 

from the butyl acetate and involve radical intermediates, indicating the relevance of the radical 

pool growth on CO production rate. Indeed, the actual branching of a system depends on the 

abundance and distribution of each radical species. Sensitivities of CO concentration at 1500 K, 1 

atm, and 1 ms from each BA isomer can be found in Section 8 of SI. The results highlight the 

significance of acetic acid sub-mechanism, C1 - C2 chemistry, a few alkene reactions, BA retro-

ene reactions, and BA fission reactions for predicting CO production (Table S2). Among them, 

BA fission reactions (and their subsequent reactions) are critical to the radical accumulation. 

However, their exact rate constants at these reaction conditions are unknown; here they are all 

estimated by RMG rate rules. It is worth mentioning that in addition to the retro-ene reactions and 

fission reactions, there are other concerted primary reactions (i.e., (1) keto-enol, (2) BA ⇌ ketene 

+ butanol, and (3) BA ⇌ acetaldehyde + butyraldehyde/butanone) that are expected to be involved 

in the BA decomposition, similar to the EA9 and iPA10 pyrolysis. RMG considered most of them 

insignificant pathways, consistent with the observations of EA and iPA, and included only reaction 

(2) in the nBA and iBA mechanisms. However, the kinetics of the above reactions were estimated 

by RMG rate rules, and kinetic parameter refinement is suggested in future studies to confirm their 

insignificance. 

 

5 Conclusions 

This work presents butyl acetate oxidation models created using a predictive modeling approach. 

Their predictive capability is achieved by gathering accurate parameters for species and reactions 

in the potential sub-mechanism, calculating primary reactions with a decent quantum chemistry 

method, implementing a rate-based algorithm to build the kinetic mechanism in the RMG, and 
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iteratively refining the thermochemistry of critical species. The generated models are for 

qualitatively and semi-quantitatively predicting oxidation systems, especially at elevated 

temperatures. Even though no data is available for straightforwardly validating the proposed 

models, careful comparison and investigation were made to illustrate the rationale of the calculated 

parameters, reveal the dominant chemistry in the oxidation systems, and demonstrate the 

adaptability of the model to the pyrolysis predictions. The major weakness of the models is the 

kinetic parameters of sensitive low-temperature oxidation pathways, e.g., BA peroxide 

isomerization, still derived from rate rules and with large uncertainties, limiting the accuracy of 

the model performance at lower temperatures. Other than the generated models, this work makes 

the following data available: 

• QM-based kinetics of H-atom abstraction and retro-ene reactions for BA isomers 

• Thermochemical data of over 600 species relevant to the oxidation and decomposition of 

oxygenated species at the CBS-QB3 level of theory 

• CO mole fraction time histories of shock tube BA pyrolysis at 1300-1700 K 

These data are valuable for creating ester-specific rate rules, building kinetic mechanisms for 

oxygenated species, and validating BA pyrolysis models. As a stepstone, this work yields the 

fundamentals necessary for creating a better BA model in future work and facilitates the evaluation 

of BA molecules as useful biofuels computationally. 
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1 Quantum Chemical Calculation Details 
 

1.1 Calculation Environment 
The quantum chemistry calculations are conducted using 

• Gaussian 09 revision D.011 running on the MIT C3DDB cluster (each node has four 16-core AMD 

6376 CPUs and 256 GB RAM) 

• Gaussian 16 revision B.012 running on the MIT Supercloud cluster (each node has two 24-core 

Intel Xeon Platinum 8620 CPUs and 192 GB RAM) 

Each calculation job typically uses eight threads and 15 GB RAM. 
 

1.2 Quantum Chemistry Calculation Schemes 

• Non-TS Geometry Optimization 

 #P b3lyp/cbsb7 opt=(calcfc, noeigentest, tight) guess=mix scf=(tight, direct) 

 integral=(grid=ultrafine, Acc2E=12) iop(2/9=2000) 

 

• TS Geometry Optimization 

#P b3lyp/cbsb7 opt=(ts, calcfc, noeigentest, tight, maxstep=5, maxcycles=200) 

guess=mix scf=(tight, direct) integral=(grid=ultrafine, Acc2E=12) iop(2/9=2000) 

 

• Frequency Calculation 

#P b3lyp/cbsb7 freq scf=(tight, direct) integral=(grid=ultrafine, Acc2E=12) 

iop(2/9=2000) iop(7/33=1) 

 

• Single Point Energy Calculation 

#P cbs-qb3 sp scf=(tight, direct) integral=(grid=ultrafine, Acc2E=12) iop(2/9=2000) 

 

• Non-TS Rotor Scan 

#P b3lyp/cbsb7 opt=(calcfc, noeig, modredundant) guess=mix scf=(tight, direct) 

integral=(grid=ultrafine, Acc2E=12) iop(2/9=2000) 

 

• TS Rotor Scan 

#P b3lyp/cbsb7 opt=(ts, calcfc, noeig, modredundant) guess=mix scf=(tight, direct) 

integral=(grid=ultrafine, Acc2E=12) iop(2/9=2000) 

 

      Notes 

1. guess=mix is effective only for molecules with multiplicity=1. 

2. iop(7/33=1) was used to write the Hessian matrix into the log file. 

3. Scans were done in 45 steps with a step size of 8 degrees. 

4. The actual schemes may be slightly different due to ARC's troubleshooting 

suggestions.3 E.g., including scf=xqc for converging SCF in some cases, freezing 

several internal coordinates in the rotor scans to yield relevant results, etc. 

 

1.3 Energy Corrections 
Atomization energy corrections and Petersson-type bond additivity corrections were applied when 

calculating the thermochemistry of non-TS molecules. Relevant theoretical background can be 

found in the ARKANE introductory paper4, and the correction values used are stored at  
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https://github.com/ReactionMechanismGenerator/RMG-

database/blob/main/input/quantum_corrections/data.py 

 

1.4 Accessibility 
All relevant quantum chemical calculation output files can be found at 
https://doi.org/10.5281/zenodo.7244945 

Calculated rate constants are reported in the manuscript Table 1 and 2. The same data in the RMG 

reaction library format can also be found at  

• H abstraction reactions: 

https://github.com/ReactionMechanismGenerator/RMG-

database/blob/butyl_acetate_xdong_gpio/input/kinetics/libraries/BA_habs/reactions.py 

• Retro-ene reactions: 

https://github.com/ReactionMechanismGenerator/RMG-

database/blob/butyl_acetate_xdong_gpio/input/kinetics/libraries/BA_retroene/reactions.py 

• Calculated thermochemical data can be found at 

https://github.com/ReactionMechanismGenerator/RMG-

database/blob/butyl_acetate_xdong_pio/input/thermo/libraries/butyl_acetate_xdong_gpio.py 

 

1.5 Statistics of the Thermochemistry Results 
 

 
Figure S1. The distribution of deviations between the estimated and quantum mechanically calculated enthalpy and entropy at 

298 K. The dashed line represents the case when the estimated value equals the calculated value. The dotted reference lines 

indicate a +/- 5 kcal/mol (H298) or 5 cal/mol/K(S298) difference between the estimated and calculated values. 
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Figure S2. The distribution of deviations between the estimated and quantum mechanically calculated enthalpy and entropy at 

298 K when categorized by the number of carbon atoms. The dashed line represents the case when the estimated value equals the 

calculated value. The dotted reference lines indicate a +/- 5 kcal/mol (H298) or 5 cal/mol/K(S298) difference between the estimated 

and calculated values. 

 

Figure S3. The distribution of deviations between the estimated and quantum mechanically calculated enthalpy and entropy at 

298 K when categorized by the number of oxygen atoms. The dashed line represents the case when the estimated value equals the 

calculated value. The dotted reference lines indicate a +/- 5 kcal/mol (H298) or 5 cal/mol/K(S298) difference between the estimated 

and calculated values. 

 

 
Figure S4. The distribution of deviations between the estimated and quantum mechanically calculated enthalpy and entropy at 

298 K when categorized by the molecule multiplicity. The dashed line represents the case when the estimated value equals the 

calculated value. The dotted reference lines indicate a +/- 5 kcal/mol (H298) or 5 cal/mol/K(S298) difference between the estimated 

and calculated values. 
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Figure S5. The distribution of deviations between the estimated and quantum mechanically calculated enthalpy and entropy at 

298 K when categorized by the number of rings. The dashed line represents the case when the estimated value equals the 

calculated value. The dotted reference lines indicate a +/- 5 kcal/mol (H298) or 5 cal/mol/K(S298) difference between the estimated 

and calculated values. 

 
From the above figures, for most species, the estimated enthalpy of formation at 298 K is within a 5 kcal/mol 

difference, and a systemic bias is not observed. However, the group additivity approach overestimated the 

entropy of formation, where a 5 cal/mol/K bias can be observed in Figure S1. The differences are mainly 

due to species with higher multiplicity, more internal rotational modes, and higher tendencies to 

form intramolecular hydrogen bonds (Figure S2 - S5). It is also worth mentioning that these 

calculations were done under the 1D separable hindered rotor approximation, and the limitations 

due to the approximation also partially attribute to the difference.  
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2 Kinetic Models of BA isomers 
2.1 Input Arguments in the Model Generation 

The automated generation of the detailed kinetic mechanism was performed using RMG-Py5–7 

(RMG-Py version 3.0.0 at commit hash ID 4aedaf, RMG-database version 3.0.0 at commit hash 

ID d8ec1a). Besides the calculated thermochemical and kinetic data, the following libraries stored 

in the RMG database are also used: 

• 'Klippenstein_Glarborg2016'8 and 'C2H4+O_Klipp2017'9 were used as the seed 

mechanism. All involved species and reactions in these libraries were introduced into the 

final models. 

• 'primaryThermoLibrary', 'DFT_QCI_thermo'10, 'thermo_DFT_CCSDTF12_BAC', 

'CBS_QB3_1dHR', 'CHO'11, and 'FFCM1(-)'12 were used as the reference 

thermochemistry libraries. If the thermochemistry can be found in one of these libraries, 

the corresponding parameters will be used in the final model. If multiple targets are hit, 

the priority follows the above sequence, from high to low. 

• 'BurkeH2O2inN2'13 was used as the reaction library 

• Two new libraries were created according to Section 2.2 in the main text, namely 

'BA_oxidation' and 'alkene_chemistry'. They can be found at  
o https://github.com/ReactionMechanismGenerator/RMG-

database/blob/butyl_acetate_xdong_gpio/input/kinetics/libraries/BA_oxidation/reactions.

py 
o https://github.com/ReactionMechanismGenerator/RMG-

database/blob/butyl_acetate_xdong_gpio/input/kinetics/libraries/alkene_chemistry/reactio

ns.py, respectively.  
o The parameters from these two libraries are adapted into the model during the post-

processing. 

The main arguments adopted for the model generation jobs are reported below, and the notation 

reference can be found in the User’s guide14. 

toleranceMoveToCore=0.01, toleranceKeepInEdge=0.0, 

toleranceInterruptSimulation=0.02, maximumEdgeSpecies=100000, 

maxNumObjsPerIter=5, terminateAtMaxObjects=True, filterReactions=True, atol=1e-16, 

rtol=1e-8, maximumCarbonAtoms=15, maximumOxygenAtoms=8, 

maximumRadicalElectrons=2, maximumSingletCarbenes=1, 

maximumCarbeneRadicals=0, allowSingletO2=True, terminationTime=(50, 's') 

 

2.2 Accessibility 
Models can be found in the compressed file distributed as the other SI file. For each isomer, the 

mechanism file in the CHEMKIN15 format (.inp, tested on Chemkin Pro 2020 R2), Cantera16 

format (.cti, tested on Cantera v2.4.0), and RMS17 format (.rms, tested on version commit hash ID 

2f76997) are prepared for the reader's convenience. Besides, a species dictionary file and a gas 

transport data file corresponding to each mechanism is distributed and formatted in an RMG-

readable style. 
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2.3 Model Simulations 
The simulation results can be found in Sections 4.2 - 4.4 of the manuscript and Sections 4 - 6 in 

the current SI. 
 

2.4 Model Statistics 
 

 

 

 

 

A 

B 
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Figure S6. Species distribution with respect to the number of carbon atoms and the number of oxygen atoms. (A) iBA, (B) nBA, 

(C) sBA, and (D) tBA. 

  
Figure S7. The Venn diagram indicating the intersection of the species among the BA isomer models. 

 

 
Figure S8. The distribution of species based on the source of data (values from the group additivity estimator, GAV, or values 

derived quantum-mechanically, QM) and the model coverage (only in one of the models, in more than one model, in all models). 
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Figure S9. The statistics of all species (left) and mono-radical species (right) in the iBA model. In the left figure, species are 

categorized into closed-shell species, mono-radicals, bi-radical species, and singlet carbenes. In the right figure Species are 

divided into five categories ROO (radical site at the terminal oxygen atom), aQOOH (radical site at the alpha position to the -

OOH group), allyl (radical site at the alpha position to an unsaturated bond), alkenyl (radical site at an unsaturated bond), and 

other (species not belonging to any of those categories). The upper bar plot indicates the population number of species and 

species with refined thermochemistry parameters in each category. The middle subfigure indicates the population proportion of 

each category. Note, there are overlaps between the different definitions of radicals, therefore the sum may exceed unity. The 

bottom subfigure shows the proportion of species with refined thermochemistry in each category. 

 
Figure S10. The statistics of all species (left) and mono-radical species (right) in the nBA model. The figure interpretation can be 

found in Figure S9's caption. 
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Figure S11. The statistics of all species (left) and mono-radical species (right) in the sBA model. The figure interpretation can be 

found in Figure S9's caption. 

 

  
Figure S12. The statistics of all species (left) and mono-radical species (right) in the tBA model. The figure interpretation can be 

found in Figure S9's caption. 

 

2.5 Discussion about Mechanism Changes across Iterations 
In principle, a generated mechanism can suffer from truncation and parameter errors. The 

implemented iterative workflow with a parameter update step in each iteration directly helps 

reduce parameter errors and potentially mitigate the truncation error of the model generated in the 

following iteration. 
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The reaction pathways not included in a reaction mechanism generated by RMG can be categorized 

as follow:  

1) Missing reactions due to (accurate) low rates under the investigated conditions 

2) Missing reactions due to inaccurate estimations of thermodynamic and kinetic parameters  

3) Missing reactions due to limitations in RMG reaction families 

Clearly, (1) is essential to limit the size of the generated mechanisms and is ruled by the adopted 

termination criteria and tolerances used during the generation process. For non-essential low-flux 

reactions, omitting them results in no risk. However, there are reactions with low fluxes that have 

great significance to the overall reactivity (e.g., chain branching reactions). RMG used to have 

difficulty picking them up. But with advanced algorithms (e.g., branching algorithms), RMG is 

more capable of correctly selecting them as important reactions, though occasional missing is still 

inevitable. 

 

The workflow with parameter updates in each iteration is designed to tackle (2). The update of 

parameters enables RMG to have a better judgment on the pathways' importance. E.g., correcting 

an underestimated radical generation reaction may lead RMG further to explore the chemical space 

relevant to this radical.  

 

RMG needs the user's help to solve (3). RMG is unaware of any missing reaction templates and 

won't generate a reaction that is not defined in its library or defined by its reaction templates. 

However, users are allowed to add new reaction data or types to RMG. This scenario happened 

when we were developing models for this work. Previously, the retro-ene reaction type was not 

defined in RMG; therefore, RMG couldn't generate a single retro-ene reaction despite its 

importance. We, the authors, got to be aware of the importance of retro-ene during reading 

literature. Later, we collected the kinetics of over ten retro-ene reactions and added this reaction 

type to RMG in-house. 
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3 H abstraction results 
3.1 Transition State Geometries 
iBA + HO2 = iBA-α + H2O2 

 

 
O      0.924988    2.187349    0.692270 

O     -0.354270    2.141947    0.098484 

H      1.505750    2.311464   -0.074812 

C      2.823322   -1.296164    0.557774 

C      1.807031   -0.605399   -0.307662 

O      2.039104    0.122401   -1.237140 

O      0.539861   -0.894942    0.116536 

C     -0.532827   -0.304026   -0.565804 

C     -1.865518   -0.839722   -0.101551 

C     -2.065024   -0.662301    1.411161 

C     -2.996193   -0.185421   -0.908224 

H      3.803905   -1.227710    0.091599 

H      2.847269   -0.799711    1.531731 

H      2.546872   -2.338207    0.723784 

H     -0.488384    1.032588   -0.224077 

H     -0.357977   -0.251596   -1.641640 

H     -1.864807   -1.919064   -0.322682 

H     -3.020373   -1.091894    1.722882 

H     -2.060226    0.398861    1.673562 

H     -1.269088   -1.153001    1.973822 

H     -3.961538   -0.611473   -0.625381 

H     -3.038287    0.891397   -0.720750 

H     -2.865322   -0.337495   -1.983417 

 

 

  



   

 

   

 

S12 

nBA + HO2 = nBA-α + H2O2 

 

 
C     -4.145682    0.048346    0.006852 

C     -2.704151    0.291038   -0.446528 

C     -1.692988   -0.610184    0.293435 

C     -0.271976   -0.399674   -0.132158 

O      0.201485    0.867996    0.263204 

C      1.460485    1.232228   -0.098149 

O      2.215017    0.513390   -0.706007 

C      1.764024    2.631449    0.360958 

O      1.412273   -2.021932    0.812579 

O      2.080388   -2.345982   -0.385777 

H     -4.263020    0.247643    1.076254 

H     -4.449616   -0.987245   -0.173102 

H     -4.841955    0.697198   -0.530824 

H     -2.431682    1.337647   -0.280152 

H     -2.619578    0.113034   -1.524477 

H     -1.773103   -0.439315    1.372651 

H     -1.941068   -1.662383    0.118230 

H      0.556826   -1.343619    0.473618 

H     -0.006201   -0.636244   -1.165054 

H      1.648307    2.696402    1.445077 

H      1.057111    3.333742   -0.086543 

H      2.780733    2.892853    0.076904 

H      2.551677   -1.516707   -0.581032 
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iBA + OH = iBA-α + H2O 

 
C     -2.984713   -1.097748    0.166276 

C     -1.905466   -0.113692   -0.197391 

O     -2.078596    1.046501   -0.479632 

O     -0.683403   -0.697781   -0.159067 

C      0.440612    0.106890   -0.509646 

C      1.728553   -0.672677   -0.315951 

C      2.912853    0.178296   -0.794882 

C      1.903230   -1.128804    1.138613 

O      0.242843    2.220732    0.919963 

H     -2.875030   -1.385511    1.214941 

H     -3.959083   -0.639356    0.012649 

H     -2.890173   -2.004018   -0.434542 

H      0.470128    1.048161    0.207379 

H      0.310722    0.516917   -1.514482 

H      1.658017   -1.564936   -0.954517 

H      2.987680    1.101503   -0.213360 

H      3.850128   -0.371249   -0.680036 

H      2.812191    0.451542   -1.849244 

H      1.064740   -1.748808    1.460969 

H      1.963316   -0.264885    1.806972 

H      2.821025   -1.711775    1.250200 

H     -0.630819    2.383218    0.520840 
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nBA + OH = nBA-α + H2O 

 
C     -3.695943   -0.652820   -0.371565 

C     -2.212406   -0.292333   -0.478288 

C     -1.582876    0.029225    0.883378 

C     -0.128191    0.431940    0.811399 

O      0.643179   -0.640107    0.268573 

C      1.959253   -0.414562    0.041935 

O      2.496335    0.646943    0.243811 

C      2.632900   -1.648769   -0.495189 

O      0.361782    2.425742   -0.711254 

H     -4.275435    0.170946    0.056744 

H     -3.847736   -1.530621    0.264572 

H     -4.118647   -0.878667   -1.353849 

H     -2.083344    0.570954   -1.139464 

H     -1.662525   -1.118797   -0.938019 

H     -2.124765    0.853643    1.360209 

H     -1.675090   -0.836672    1.553008 

H     -0.033817    1.369294    0.093296 

H      0.300605    0.759619    1.761448 

H      2.233671   -1.878496   -1.486288 

H      2.424956   -2.504981    0.149030 

H      3.704600   -1.475612   -0.562893 

H      1.310735    2.322667   -0.516848 
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sBA + OH = sBA-α + H2O 

 
C     -2.080620   -1.426582   -0.919332 

C     -1.969000   -0.676637    0.410732 

C     -0.733924    0.203228    0.515343 

O      0.420452   -0.652417    0.368174 

C      1.599914   -0.143084   -0.049349 

O      1.771993    1.010694   -0.362809 

C      2.660970   -1.212485   -0.078148 

O     -0.728423    1.798926   -1.513867 

H     -2.048494   -0.726136   -1.757129 

H     -1.258812   -2.135621   -1.038128 

H     -2.839559   -0.028229    0.550131 

H     -1.962722   -1.383729    1.250489 

H     -0.780314    0.931377   -0.407206 

H      3.616123   -0.767425   -0.347871 

H      2.389462   -1.978295   -0.808651 

H      2.730480   -1.699523    0.896418 

H      0.232250    1.938844   -1.427307 

H     -3.018267   -1.984943   -0.971268 

C     -0.632670    1.052215    1.768243 

H     -1.509835    1.697389    1.848708 

H     -0.585307    0.413819    2.656793 

H      0.254793    1.684916    1.738101 
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iBA + OH = iBA-β + H2O 

 
C      3.011543   -0.500230    0.515450 

C      1.788616   -0.045009   -0.235568 

O      0.836202   -0.997971   -0.244260 

C     -0.412575   -0.698065   -0.917066 

O      1.662263    1.042580   -0.750844 

C     -1.477555   -0.165750    0.034802 

O     -0.514030    2.128166    0.858379 

H      3.878180    0.057300    0.164439 

H      2.865680   -0.281076    1.577261 

H      3.166897   -1.573087    0.407327 

C     -1.716416   -1.066623    1.241912 

C     -2.754213    0.176921   -0.728485 

H     -1.085990    0.844511    0.459645 

H      0.211495    2.114590    0.205419 

H     -0.217409    0.011179   -1.721997 

H     -0.729079   -1.654071   -1.343552 

H     -2.419009   -0.602030    1.937333 

H     -0.787423   -1.267996    1.777138 

H     -2.140554   -2.028126    0.926072 

H     -3.491161    0.626251   -0.059672 

H     -3.203369   -0.723565   -1.165146 

H     -2.560147    0.886463   -1.536734 
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nBA + OH = nBA-β + H2O 

 
C      3.334471   -0.062400    0.692841 

C      2.063869   -0.017245   -0.113657 

O      1.249921   -1.043277    0.203790 

C     -0.022728   -1.131524   -0.484430 

O      1.792593    0.833457   -0.929985 

C     -1.133144   -0.454951    0.290852 

O     -0.643971    2.046028    0.138029 

H      4.086438    0.564734    0.218151 

H      3.127743    0.328019    1.693361 

H      3.692578   -1.086324    0.800579 

H     -1.113362   -0.750538    1.345018 

C     -2.511676   -0.610048   -0.335439 

H     -0.914988    0.720800    0.330607 

H      0.122871    1.913027   -0.450087 

H      0.082129   -0.706157   -1.483794 

H     -0.212290   -2.204808   -0.569426 

C     -3.597150    0.171446    0.410166 

H     -2.773358   -1.677451   -0.362636 

H     -2.472276   -0.276007   -1.378269 

H     -3.681607   -0.162143    1.448784 

H     -4.572477    0.037673   -0.064192 

H     -3.361593    1.237835    0.415237 
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sBA + OH = sBA-β1+ H2O 

 
C     -1.573763   -2.210033   -0.647584 

C     -0.992237   -1.044395    0.108249 

O      0.089008   -0.544695   -0.519956 

C      0.758929    0.615755    0.063198 

C      2.256999    0.429720   -0.195296 

C      2.848210   -0.805628    0.488467 

O     -1.448715   -0.595247    1.135053 

C      0.208764    1.875656   -0.563320 

H     -2.156103   -2.827671    0.033836 

H     -0.795979   -2.795093   -1.137498 

H     -2.242104   -1.818609   -1.420133 

H      0.558198    0.606127    1.136991 

H     -0.972773    2.033556   -0.264783 

H      0.693119    2.777300   -0.185848 

H      0.205205    1.844389   -1.654220 

H      2.420832    0.379651   -1.276835 

H      2.766380    1.331571    0.159619 

H      2.373116   -1.719476    0.126306 

H      3.919677   -0.882378    0.288305 

H      2.713421   -0.760528    1.573251 

O     -2.189959    2.059765    0.173664 

H     -2.127078    1.306125    0.788635 
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sBA + OH = sBA-β2+ H2O 

 
C      2.947550   -0.288534   -0.581810 

C      1.665998   -0.128938    0.192137 

O      0.667063   -0.840020   -0.363449 

C     -0.663672   -0.748409    0.232910 

C     -1.464440    0.304224   -0.519189 

C     -2.852185    0.589016    0.030485 

O      1.538093    0.571310    1.171425 

C     -1.256040   -2.150569    0.150016 

O     -0.165429    2.496751   -0.224350 

H      3.013902   -1.271334   -1.046895 

H      3.794246   -0.109815    0.078932 

H      2.959717    0.467510   -1.372481 

H     -0.538066   -0.446241    1.274590 

H     -0.608501   -2.862121    0.666428 

H     -2.240459   -2.179626    0.621295 

H     -1.357649   -2.467262   -0.891028 

H     -0.867712    1.332348   -0.461641 

H     -1.470102    0.087642   -1.592370 

H     -2.815847    0.818236    1.099092 

H     -3.293475    1.448170   -0.478263 

H     -3.527038   -0.262008   -0.111566 

H      0.369897    2.159426    0.517605 
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tBA + OH = tBA-β + H2O 

 
C     -2.910876   -0.458451   -0.163668 

C     -1.514687    0.089092    0.014898 

O     -0.606509   -0.883314   -0.158238 

C      0.850961   -0.685149    0.016706 

C      1.392796   -2.092402   -0.269113 

O     -1.271845    1.243849    0.281322 

C      1.396026    0.288878   -1.017847 

C      1.161895   -0.263914    1.454560 

O      1.159490    2.637910   -0.161828 

H     -3.628286    0.357970   -0.117699 

H     -2.991220   -0.982429   -1.117803 

H     -3.123364   -1.182995    0.626157 

H      0.712028   -0.966636    2.159971 

H      2.244525   -0.272605    1.604499 

H      0.805493    0.742895    1.656962 

H      1.150814   -2.398913   -1.288812 

H      2.477343   -2.110500   -0.144900 

H      0.947963   -2.811246    0.422480 

H      0.883026    0.230741   -1.978117 

H      2.474776    0.178222   -1.143597 

H      1.317296    1.461164   -0.657015 

H      0.223824    2.498445    0.074614 
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iBA + OH = iBA-γ + H2O 

 
O      1.180465    2.297177   -0.282583 

H      0.225191    2.158599   -0.429427 

C     -3.165875   -0.405938    0.409092 

C     -1.816625    0.005966   -0.121955 

O     -1.532957    1.126650   -0.478298 

O     -0.976086   -1.045252   -0.157495 

C      0.345980   -0.870501   -0.733173 

C      1.435943   -0.846898    0.340981 

C      1.291479    0.332268    1.289461 

C      2.812065   -0.849659   -0.341644 

H     -3.052626   -0.978426    1.331145 

H     -3.774888    0.478877    0.580502 

H     -3.658171   -1.054073   -0.320446 

H      0.479073   -1.730612   -1.390768 

H      0.367493    0.048461   -1.317812 

H      1.332317   -1.768835    0.931835 

H      1.338450    1.358487    0.628390 

H      2.126597    0.435582    1.985126 

H      0.341130    0.371215    1.822340 

H      2.955098    0.072895   -0.910160 

H      2.921199   -1.698560   -1.022429 

H      3.609963   -0.913647    0.402136 
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nBA + OH = nBA-γ + H2O 

 
O      1.320512    2.126006   -0.551547 

H      0.365868    2.112200   -0.345302 

C     -3.048585   -0.265536    0.944772 

C     -1.832694    0.136588    0.149152 

O     -1.448384    1.275975    0.015421 

O     -1.244089   -0.941227   -0.399975 

C     -0.104444   -0.750905   -1.284896 

C      1.203884   -1.121818   -0.598221 

C      1.629510   -0.179585    0.520516 

H     -2.804641   -1.085512    1.622234 

H     -3.419270    0.592498    1.501134 

H     -3.824133   -0.623696    0.263003 

H     -0.299030   -1.414190   -2.128234 

H     -0.079010    0.283037   -1.625329 

H      1.615917    0.919807    0.066052 

C      3.028174   -0.417384    1.064624 

H      0.888028   -0.144349    1.323604 

H      1.979085   -1.136108   -1.373590 

H      1.129024   -2.146530   -0.210617 

H      3.778352   -0.357761    0.271142 

H      3.104303   -1.412548    1.520239 

H      3.286129    0.318953    1.828796 
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sBA + OH = sBA-γ + H2O 

 
O     -1.707070   -2.073531   -0.908108 

H     -0.737622   -2.014311   -1.008079 

C      2.895583   -0.283230    0.546244 

C      1.517106   -0.332320   -0.063897 

O      1.117304   -1.226629   -0.774705 

O      0.803510    0.754056    0.280341 

C     -0.527788    0.960781   -0.298827 

C     -1.585168    0.678788    0.769253 

C     -1.636999   -0.762384    1.238727 

H      2.832832   -0.043174    1.608830 

H      3.392714   -1.239475    0.398634 

H      3.475289    0.508696    0.065084 

H     -0.650744    0.251842   -1.116903 

H     -1.789276   -1.477380    0.259804 

H     -0.720993   -1.113304    1.714866 

H     -2.556230    0.960603    0.349550 

H     -1.406010    1.343223    1.625686 

H     -2.504164   -0.990145    1.860549 

C     -0.554901    2.392604   -0.810188 

H     -1.522718    2.608402   -1.269487 

H     -0.391515    3.101571    0.005597 

H      0.221488    2.546843   -1.562227 
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nBA + OH = nBA-δ + H2O 

 
O     -1.581819    2.060696    0.741099 

H     -0.686598    2.021258    0.351487 

C      3.113585    0.113241   -0.610375 

C      1.706664    0.284634   -0.094913 

O      1.058892    1.301318   -0.210595 

O      1.281174   -0.834294    0.510555 

C     -0.033231   -0.858897    1.143388 

C     -1.032719   -1.616958    0.275162 

C     -1.529712   -0.873220   -0.976237 

C     -2.554164    0.216713   -0.715623 

H      3.393243    0.983043   -1.200564 

H      3.798358    0.005325    0.234398 

H      3.188358   -0.795729   -1.209826 

H      0.134355   -1.390731    2.080494 

H     -0.359402    0.157408    1.355556 

H     -0.570937   -2.564991   -0.018929 

H     -1.890905   -1.872949    0.908331 

H     -1.994036   -1.610149   -1.645997 

H     -0.681647   -0.463777   -1.533525 

H     -2.128817    1.103515   -0.001502 

H     -2.863010    0.744047   -1.619463 

H     -3.427475   -0.131101   -0.157331 
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3.2 Rate coefficient comparisons 

 
Figure S13. A comparison of kinetic coefficients for the hydrogen abstraction by OH from β carbon atom with respect to the 

temperature. Butyl acetate isomers (nBA, iBA, sBA, and tBA), ethyl acetate (EA), n-propyl acetate (nPA), and iso-propyl acetate 

(iPA) are considered. Solid lines refer to coefficients derived by quantum chemistry calculations, dashed lines by the RMG rate 

rules, and dotted lines from the Mendes et al.18 

 

 
Figure S14. A comparison of kinetic coefficients for the hydrogen abstraction by OH from γ carbon atom with respect to the 

temperature. Butyl acetate isomers (nBA, iBA, and sBA) and n-propyl acetate (nPA) are considered. Solid lines refer to 

coefficients derived by quantum chemistry calculations, dashed lines by the RMG rate rules, and dotted lines from the Zhou et 

al.18 
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Figure S15. A comparison of kinetic coefficients for the hydrogen abstraction by OH from δ carbon atom with respect to the 

temperature. Butyl acetate isomers (nBA, iBA, and sBA) and n-propyl acetate (nPA) are considered. Solid lines refer to 

coefficients derived by quantum chemistry calculations and dashed lines by the RMG rate rules. 

 

 
Figure S16. A comparison of kinetic coefficients for the hydrogen abstraction by HO2 from α carbon atom with respect to the 

temperature. Butyl acetate isomers (nBA and iBA), ethyl acetate (EA), n-propyl acetate (nPA), and iso-propyl acetate (iPA) are 

considered. Solid lines refer to coefficients derived by quantum chemistry calculations and dashed lines by the RMG rate rules, 

and dotted lines from the Zhou et al.18 
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4 Ignition Delay Time (IDT) 
4.1 EA IDT 

 
Figure S17. Ethyl acetate IDTs measured in high-pressure shock tubes by Ahmed et al.19 (15 bar and 30 bar) and Morsch et al.20 

(20 and 40 bar). Data within the shaded area has a difference smaller than a factor of 2 at the same temperature. 

 

 
Figure S18. Comparison of experiment IDTs between ethyl acetate and ethylene indicates an IDT difference larger than a factor 

of 2. (A) measurements at about 15 atm. EA - Ahmed et al.19 and ethylene - Penyazkov et al.21. (B) measurements at about 20 atm. 

EA - Morsch et al.20 and ethylene: Wan et al.22 and Kopp et al.23  
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4.2 BA Ignition delay time 
 

 
Figure S19. The estimated ignition delay time of butyl acetate isomers in air at 10 atm and intermediate temperatures as a 

function of temperature and equivalence ratio. (A) nBA, (B) iBA, (C) sBA, and (D) tBA. Simulated IDTs of relevant butenes at the 

same conditions are plotted as solid markers: black - 1-butene24, red - 2-butene25, and blue - iso-butene26. Simulated IDTs of 

ethyl acetate using the model by Morsch et al.20 are plotted as hollow markers. 
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Figure S20. Estimated ignition delay time of butyl acetate isomers in air at 5 and 10 atm as a function of initial temperature and 

equivalence ratio. (A) nBA, (B) iBA, (C) sBA, and (D) tBA. 
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5 Flux Diagrams of BA oxidation 
 

 
 

 
Figure S21. Flux diagram of iBA oxidation by air at (A) 1300 K and (B) 900 K, 10 atm, 0.5 IDT, and stoichiometric condition. 

Percentage values indicate the branching ratio of the accumulated flux out of a species. Fluxes smaller than 0.5% of the fuel 

consumption are neglected. 
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Figure S22. Flux diagram of nBA oxidation by air at (A) 1300 K and (B) 900 K, 10 atm, 0.5 IDT, and stoichiometric condition. 

Percentage values indicate the branching ratio of the accumulated flux out of a species. Fluxes smaller than 0.5% of the fuel 

consumption are neglected. 

A 

B 
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Figure S23. Flux diagram of tBA oxidation by air at (A) 1300 K and (B) 900 K, 10 bar, 0.5 atm, and stoichiometric condition. 

Percentage values indicate the branching ratio of the accumulated flux out of a species. Fluxes smaller than 0.5% of the fuel 

consumption are neglected. 
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6 Sensitivity analysis 
 

 

 
Figure S24. Temperature sensitivity analysis of nBA/air system at ignition delay time, 900 K, 10 atm, and different fuel-to-air 

ratios. 

 

 
Figure S25. Temperature sensitivity analysis of nBA/air system at ignition delay time, 1300 K, 10 atm, and φ = 1.0. 



   

 

   

 

S34 

 
Figure S26. Temperature sensitivity analysis of iBA/air system at ignition delay time, 900 K, 10 atm, and different fuel-to-air 

ratios. 

 

 
 
Figure S27. Temperature sensitivity analysis of iBA/air system at ignition delay time, 1300 K, 10 atm, and φ = 1.0. 
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Figure S28. Temperature sensitivity analysis of sBA/air system at ignition delay time, 900 K, 10 atm, and different fuel-to-air 

ratios. 

 

 

Figure S29. Temperature sensitivity analysis of sBA/air system at ignition delay time, 1300 K, 10 atm, and φ = 1.0. 
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Figure S30. Temperature sensitivity analysis of tBA/air system at ignition delay time, 900 K, 10 atm, and different fuel-to-air 

ratios. 

 

 
 

Figure S31. Temperature sensitivity analysis of tBA/air system at ignition delay time, 1300 K, 10 atm, and φ = 1.0. 
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7 Shock Tube Experimental Data 
 

7.1 Experimental Conditions  
 
Table S1. Reflected Shock conditions during pyrolysis of butyl acetate isomers 

0.5% iBA / 99.5% Ar 0.5% nBA / 99.5% Ar 0.5% sBA / 99.5% Ar 0.5% tBA / 99.5% Ar 

T5 (K) P5 (atm) T5 (K) P5 (atm) T5 (K) P5 (atm) T5 (K) P5 (atm) 

1306 1.53 1303 1.53 1296 1.53 1300 1.38 

1352 1.47 1366 1.50 1385 1.52 1362 1.37 

1413 1.42 1423 1.45 1420 1.40 1421 1.43 

1422 1.44 1441 1.48 1458 1.42 1431 1.40 

1490 1.44 1485 1.42 1528 1.36 1492 1.43 

1518 1.41 1533 1.36 1626 1.29 1592 1.45 

1619 1.35 1611 1.25 1714 1.27 1735 1.44 

1756 1.30 1700 1.22     

 

7.2 iBA Results 
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Figure S32. Pressure (blue) and carbon monoxide time-histories (red) during pyrolysis of 0.5% iBA in Ar bath at different 

reflected shock conditions (a-g). 

 

Figure S33. Comparison of CO time-histories during iBA pyrolysis at different temperatures. 
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7.3 nBA Results 
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Figure S34. Pressure (blue) and carbon monoxide time-histories (red) during pyrolysis of 0.5% nBA in Ar bath at different 

reflected shock conditions (a-h). 

 

 

Figure S35. Comparison of CO time-histories during nBA pyrolysis at different temperatures. 
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7.4 sBA Results 
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Figure S36. Pressure (blue) and carbon monoxide time-histories (red) during pyrolysis of 0.5% sBA in Ar bath at different 

reflected shock conditions (a-g). 

 

 
Figure S37. Comparison of CO time-histories during sBA pyrolysis at different temperatures. 
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7.5 tBA Results 
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Figure S38. Pressure (blue) and carbon monoxide time-histories (red) during pyrolysis of 0.5% tBA in Ar bath at different 

reflected shock conditions (a-g). 

 

 

Figure S39. Comparison of CO time-histories during sBA pyrolysis at different temperatures. 
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8 Pyrolysis sensitivity 
 

 

Figure S40. CO sensitivity of nBA pyrolysis in a closed, isochoric, and adiabatic reactor at 1533 K, 1.36 atm, 1 ms, and 0.5% 

initial mole fraction diluted by Ar. Species are renamed for better readability. 
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Figure S41. CO sensitivity of iBA pyrolysis in a closed, isochoric, and adiabatic reactor at 1518 K, 1.41 atm, 1 ms, and 0.5% 

initial mole fraction diluted by Ar. Species are renamed for better readability. 
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Figure S42. CO sensitivity of sBA pyrolysis in a closed, isochoric, and adiabatic reactor at 1528 K, 1.36 atm, 1 ms, and 0.5% 

initial mole fraction diluted by Ar. Species are renamed for better readability. 
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Figure S43. CO sensitivity of tBA pyrolysis in a closed, isochoric, and adiabatic reactor at 1528 K, 1.36 atm, 1 ms, and 0.5% 

initial mole fraction diluted by Ar. Species are renamed for better readability. 
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Table S2. Source of sensitive reactions in the pyrolysis system 
Reaction Source Temperature 

range 

Type 

AcOH chemistry    

AcOH = H2O + CH2CO Cavallotti et al. 700 - 2100 K PLOG 

AcOH = CO2 + CH4 Cavallotti et al. 700 - 2100 K PLOG 

AcOH = HOCO + CH3 Cavallotti et al. 700 - 2100 K PLOG 

CH2COOH=OH+CH2CO Cavallotti et al. 700 - 2100 K PLOG 

CH2COOH=CO2+CH3 Cavallotti et al. 700 - 2100 K PLOG 

H+AcOH=H2+CH2COOH Cavallotti et al. 500 - 2500 K Arrhenius 

CH3+AcOH=CH4+CH2COOH Cavallotti et al. 500 - 2500 K Arrhenius 

AcOH = CH3CO+OH RMG rate rules 300 - 1500 K Arrhenius 

    

C1-C2 chemistry    

OH+CO=HOCO Klippenstein_Glarborg2016; 

Senosiain et al. 

80 - 2000 K PLOG 

H+C2H6=H2+C2H5 Klippenstein_Glarborg2016; 

Sivaramakrishnan et al. 

300 - 2000 K Bi-Arrhenius 

HOCO=H+CO2 Klippenstein_Glarborg2016; 

 

 Arrhenius 

    

Alkene chemistry    

H+C3H4-P=C3H5-S RMG rate rules; 

From group additivity value 

300 - 1500 K Arrhenius 

CH3+C3H5-A=C4H8-1 RMG rate rules; 

Tsang et al. 

300 - 2500 K Arrhenius 

CH3+C3H3=C4H612 RMG rate rules; 300 - 1500 K Arrhenius 

H+iC4H8=iC4H7+H2 Power et al. 298 - 2000 K Arrhenius 

CH3+iC4H8=CH4+iC4H7 RMG rate rules; 

Van Geem et al. 

300 - 2000 K Arrhenius 

    

Ester chemistry    

nBA=AcOH+C4H8-1 This work 300 - 2000 K Arrhenius 

nBA=MA-α+NC3H7 RMG rate rules 300 - 1500 K Arrhenius 

nBA=C2H5+EA-β RMG rate rules 300 - 1500 K Arrhenius 

H+nBA=H2+nBA-γ RMG rate rules 300 - 2000 K Arrhenius 

nBA=CH2CO+PC4H9OH RMG rate rules 300 - 1500 K Arrhenius 

CH3CO2+C2H4=EA-β RMG rate rules 300 - 1500 K Arrhenius 

EA-β = EA-α RMG rate rules 300 - 1500 K Arrhenius 

iBA=AcOH+iC4H8 This work 300 - 2000 K Arrhenius 

iBA=MA-α+iC3H7 RMG rate rules 300 - 1500 K Arrhenius 

iBA=CH3+nPA-β RMG rate rules 300 - 1500 K Arrhenius 

sBA=C2H5+EA-α RMG rate rules 300 - 1500 K Arrhenius 

sBA=AcOH+C4H8-1 This work 300 - 2000 K Arrhenius 

sBA=AcOH+C4H8-2 This work 300 - 2000 K Bi-Arrhenius 
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