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2-butanone was recently identified as a promising gasoline biofuel. Its kinetic modeling re-

quires high-level kinetic predictions of key reactions to reduce the uncertainty in the reaction

model. The present work provides rate constants for hydrogen abstraction from 2-butanone

by Ḣ and ĊH3. Subsequent unimolecular reactions on the 2-butanoyl radical potential en-

ergy surface were studied using RRKM / Master Equation. The updated rate constants

deviate from previous predictions by up to two orders of magnitude.

The potential energy surfaces computed for hydrogen abstraction and β-scission were

connected by using rovibrationally excited 2-butanoyl radicals as reactants of the β-scission

reaction network. The energy distributions of these excited radicals were computed from

the preceding hydrogen abstraction reactions. Though at engine-relevant conditions rovibra-

tionally excited 2-butanoyl radicals were found to be negligible, kinetic modeling of flames

at very low pressures and high temperatures would require to include reactions of excited

fuel radicals.

The reported rate constants significantly change the ignition delay predictions, empha-

sizing the need for more accurate predictions for novel fuels.

Keywords: hot beta-scission, rovibrationally excited states, kinetic rate constants,
biofuels, ketones
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1. Introduction1

Research into biofuels is driven by the finite quantity of crude oil reserves, their uneven2

global accessibility and climate change stemming from burning large quantities of fossil fu-3

els which are producing greenhouse gases (GHGs) at an unsustainable rate [1]. The Tailor4

Made Fuels from Biomass (TMFB) [2] cluster is actively identifying and evaluating the po-5

tential of renewable biofuel compounds through a well-to-wheel approach. A large amount6

of theoretically possible compounds (≈ 10, 000, 000) may be produced from lignocellulosic7

biomass. Quantitative Structure-Property Relationships (QSPR) [3, 4] using a number of8

compound-specific fuel performance indicators — such as boiling point, density and de-9

rived cetane number — were employed to identify possibly viable biofuel candidates. This10

identified 2-methylfuran and 2-butanone as possible biofuels for use in spark-ignition (SI)11

engines. Hoppe et al. [5] recently tested and compared these fuels to ethanol and a conven-12

tional RON95 gasoline. They outlined the, compared to ethanol, improved primary breakup13

and mixture formation, lower heat of vaporization, decreased oil dilution, improved catalyst14

heating load point, higher vapor pressure and overall lower reactivity. This has motivated15

our investigation into the fundamental chemical kinetics of 2-butanone.16

A number of previous studies have focused on the elementary chemical kinetics of 2-17

butanone. Tranter and Walker [6] measured the H-atom abstraction reaction by Ḣ and18

ȮH at 753 K in a constant volume glass reactor and report the abstraction by Ḣ being a19

key reaction consuming the ketones. Serinyel et al. [7] calculated the pressure-dependent20

unimolecular decomposition reaction rate constants of 2-butanone using Quantum Rice-21

Ramsperger Kassel (QRRK) theory combined with a master equation (ME) analysis [8, 9].22

This was done as part of the development of a detailed chemical kinetic model presented in23

the same study. Based on species–time profiles measured under pyrolytic conditions behind24

reflected shock waves at around 1.5 atm, Lam et al. [10] measured with ±35% uncertainty a25

total unimolecular decomposition reaction rate constant for 2-butanone, which exceeds the26

rate constant calculated by Serinyel et al. [7] at 1412 K by 100%.27

H-atom abstraction by ȮH for a range of ketones was calculated by Zhou et al. [11]28
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That study identified the formation of a pre-reaction complex that was incorporated into29

the rate computation via a two-transition-state model because of the low abstraction barrier30

height. The authors found that the pre-reaction complex played hardly a role when the31

abstraction barrier height (the ’inner’ TS) was higher than several kcal/mol. Lam et al. [12]32

measured the total rate constant for H-atom abstraction by ȮH behind reflected shock33

waves for temperatures between 870–1360 K and pressures of 1–2 atm. The results of this34

study showed close agreement with the theoretical study of Zhou et al. [11]. Most recently35

Badra et al. [13] measured the total rate constant for H-atom abstraction from 2-butanone36

by ȮH by monitoring ȮH species–time profiles for temperatures between 950–1400 K and37

at a pressure of 1.5 atm and agreed within the stated uncertainties with the measurements38

by Lam et al. [12] and with the theoretical calculations of Zhou et al. [11].39

H-atom abstraction by HȮ2 for a number of ketones including 2-butanone was calculated40

quantum mechanically in the study of Mendes et al. [14]. This study also reported the41

formation of pre- and post-reaction complexes stabilized by hydrogen bonds.42

The fate of the radicals produced by hydrogen abstraction has been partly elucidated43

by Sebbar et al. [15]. They calculated the thermochemistry and kinetics pertaining to the44

potential energy surface (PES) of the 2-butano-3-yl radical reacting with O2.45

To date, there have been no previous fundamental studies concerning rate constants for46

H-atom abstraction from 2-butanone by Ḣ or ĊH3 nor concerning the PES of the pyrolytic47

decomposition of the 2-butano-1- and -4-yl radicals, especially when excited by a preceding48

H-atom abstraction. The determination of the fate of the three fuel radicals is important49

in order to accurately predict the decomposition of the radicals over a wide range of tem-50

peratures. This study uses ab initio quantum calculations in order to determine the rate51

constants of H-atom abstraction by Ḣ and ĊH3 and the possible pyrolytic reactions of the52

formed radicals.53

2. Methods54

In the 2011 and 2013 studies of Zhou et al. and Mendes et al., geometries and frequencies55

for abstraction from 2-butanone by ȮH and HȮ2 were obtained at the MP2/6-311G(d,p)56
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level of theory. To make the geometrical and vibrational features from our study comparable57

to the previous theoretical work on 2-butanone, we employ exactly the same level of theory58

(MP2/6-311G(d,p)) using the Gaussian09 software package [16]. In addition, Mendes et al.59

benchmarked single point energies (SPEs) at CCSD(T)/cc-pVTZ level against extrapola-60

tions to the basis set limit (using cc-pVQZ energies) and quantified the basis set incomplete-61

ness error to be within 0.4 kcal/mol for the transition states. We therefore obtain the SPE62

from CCSD(T)/cc-pVTZ calculations. Torsional potential energy scans were obtained using63

the above MP2 level of theory.64

Internal rotations (torsions) were modeled with the one-dimensional hindered rotor (1DHR)65

approximation. We expect the coupling of different torsional modes to have minor influence.66

Since the radicals under consideration do not carry oxygen, there will no hydrogen bonds67

be formed during internal rotation. We therefore expect coupling effects to cancel largely68

as they do in the case of n-alkanes[17]. The 1DHR corrections were included directly69

into the H-atom abstraction computations using the TAMkin software package [18]. Each70

HR mode was modeled with 1000 basis functions; a further increase did not change the71

computed rate constants. The vibrational partition functions were multiplied with the par-72

tition functions of the hindered rotors and divided by the corresponding harmonic oscillator73

partition functions. The corresponding frequencies for the eliminated harmonic oscillators74

have been derived from the curvature in the minimum of the torsional scan as recommended75

by Ghysels et al. [18] In a similar manner (substraction of HO ZPE, addition of HR ZPE),76

the zero point energies were corrected (what lowers them slightly). A zero-curvature Eckart77

tunneling model was included.78

The β-scission and isomerization kinetics on the 2-butanoyl PES were predicted with79

a RRKM / Master Equation (ME) approach using the PAPER software package [19].80

The energy transfer and the collision frequency were modelled according to Carstensen81

and Dean [20] with an average energy transfer of 〈∆Edown〉(T ) = 200 cm−1(T/300 K)0.85,82

Lennard-Jones parameters from tert-C4H9Cl for 2-butanoyl and Argon as bath gas [21].83
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3. Results and Discussion84

3.1. H-atom abstraction85
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+ Ḣ
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Figure 1: Potential energy surface including hindered rotor corrected vibrational zero point energies (HR-

VZPE) of H-atom abstraction from 2-butanone by Ḣ and ĊH
3
. The energies are computed as differences

to 2-butanone + Ḣ or + ĊH
3
, all including HR-VZPE.

Figure 1 shows the potential energy surfaces for hydrogen abstraction from 2-butanone86

by Ḣ and ĊH3. The three 2-butanoyl radicals formed via hydrogen abstraction are 2-butano-87

1-yl (Ṙ1), 2-butano-3-yl (Ṙ3), and 2-butano-4-yl (Ṙ4). The zero-point corrected energies for88

abstraction by both Ḣ and ĊH3 (cf. Fig. 1) suggest a a dominant Ṙ3-channel. he potential89

energies suggest both with and without hindered-rotor corrected vibrational zero-point en-90

ergy (HR-VZPE) a dominant Ṙ3-channel for abstraction by both Ḣ and ĊH3 (cf. Fig. 1).91

The potential energies suggest both with and without hindered-rotor corrected vibrational92

zero-point energy (HR-VZPE) a dominant Ṙ3-channel for abstraction by both Ḣ and ĊH393

(cf. Fig. 1). Barrier height, reaction energy and transition state geometry are correlated94

according to Hammond [22], Mok and Polanyi [23] and Polanyi [24] (cf. supplemental ma-95

terial [25], section 2.1). From the barriers and reaction energies (for tunneling) we obtain96

rate constants via transition state theory (TST). Tunneling enlarges the rate at 500 K up97

to a factor of 4 and at 1000 K still up to 40 %.98

7



All torsional modes in 2-butanone, the primary radicals and TSs have been considered in99

a HR treatment. The TSs for 2-butanone + Ḣ contain three such modes; for 2-butanone +100

ĊH3 TSs there are four. All torsional potential energy profiles are given in the supplementary101

information [25]. Hindered rotation greatly enlarges the rate constants compared to the102

complete rigid-rotor harmonic oscillator (RRHO) treatment. For Ḣ Ṙ1-, Ṙ3- or Ṙ4-channels,103

the ratio of HR to HO rate constants amounts to at least 4, 1.4 and 2.7. The corresponding104

ratios for ĊH3 are at least 2.9, 1.0 and 3.9. These ratios may vary strongly with temperature;105

e.g. for the ĊH3 Ṙ3-channel from 1.3 at 500 K to 0.8 at 2000 K or for the Ṙ4-channel from106

9.5 at 500 K to 3.9 at 2000 K. The Ḣ Ṙ1-channel is enlarged by HR by 3.8 at 500 K and107

by 7.8 at 2000 K. Inspection of the potential energy scans reveals that torsion of the C−C108

bond between the keto-group and the ethyl group shows further conformations about 1 to109

2 kcal/mol higher in energy in the 2-butanone, the transition states and the radicals. These110

conformations are separated from other minima by very small barriers, often lower than the111

difference between two energy levels.112

The rate constants for Ṙ3-channels have been multiplied by a factor of 2 to account for the113

mirror image of the transition state. While abstractions from the methyl groups reproduce114

their mirror image during the hindered rotations treated, this is not the case for abstraction115

from the CH2-group (Ṙ3-channel). Hindered rotation around the C−C(−−O)−C−C axis con-116

verts the trans- into a cis-conformation. This can happen for abstraction of either hydrogen117

of the CH2-group; therefore the rates for the CH2-group have to be multiplied by a factor of118

two. Arrhenius expressions have been fitted to the six hydrogen abstractions considered and119

are reported in Tab. 1. All six Arrhenius expressions reproduce the calculated values within120

4 % deviation in the temperature range from 500 to 2000 K. Tranter and Walker [6] have121

measured the overall rate for 2-butanone+ Ḣ at 753 K to be 7.2× 1011cm3/mol s. The total122

rate constant computed in this study as the sum of the rates of the three 2-butanone + Ḣ123

channels evaulated at 753 K yields 4.4× 1011cm3/mol s. This result is a factor of 1.64 lower124

than Tranter and Walker’s measurement value. We applied the same computational meth-125

ods as Mendes et al. [14] who assign an uncertainty of factor 3; our result is well within this126

accuracy range.127
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Figure 2: Comparison of computed hydrogen abstraction rates by Ḣ and ĊH
3
radicals yielding Ṙ

1
( ), Ṙ

3

( ) and Ṙ
4
( ) vs literature estimates from the ketone (3-pentanone) mechanism of Serinyel et al. [7]

for the same abstractions yielding Ṙ
1
( ), Ṙ

3
( ) and Ṙ

4
( ). Rates are reported per site in units

of cm3mol−1s−1.

Figure 2 shows the comparison of the computed hydrogen abstraction rates against liter-128

ature estimates from Serinyel et al. [7]. The Ṙ3-channel for Ḣ shows the highest rate even at129

2000 K where the estimation by Serinyel et al. [7] predicts the Ṙ4-channel to be fastest. The130

temperature dependence differs most strongly from the estimations for the Ṙ1-channel where131

for Ḣ the rate constant at 500 K is one order of magnitude slower than the estimate, crosses132

the estimation around 1000 K and becomes one order of magnitude faster near 2000 K. For133

the Ṙ1-channel for ĊH3, the difference amounts to two orders of magnitude at 2000 K. This134

is probably due to the missing temperature dependence of the estimated pre-exponential135

factor (n = 0) which does not reproduce the different physics of the TS versus the reac-136

tants. The Ṙ3-channel is, as estimated, most prominent, but, in contrast to the estimations,137

becomes comparable to the two other sites especially at higher temperatures. This results138

from a balancing effect of HR on the rate constants: while the Ṙ3 channels show the lowest139

barriers, they have the smallest HR effects as well. Ṙ1 and Ṙ4 channels have higher barriers,140

but the rates are more increased by the HR than the Ṙ3 channel. Adding the ĊH3 at the141

Ṙ3 channel only adds a branch with a methyl rotation to the TS, while at the Ṙ1- and142
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Ṙ4-channels an additional four-heavy-atom HR is added. Therefore the Ṙ3-channel is not143

as fast as would be concluded based only on energies.144

3.2. 2-Butanoyl kinetics145

Figure 3 shows the β-scission network of the three Ṙ1,3,4 based on the following reactions.146

For each of the three radicals Ṙ1,3,4 the C−C β-scission pathway is considered. The C−H147

β-scission pathways are widely accepted to be less important due to their higher bond148

dissociation energies.149

Ṙ1

R1,TS

−−−→ CH3ĊH2 +H2CCO (R1)

Ṙ3

R3,TS

−−−→ ĊH3 + CH3CHCO (R2)

Ṙ4

R4,TS

−−−→ C2H4 + CH3ĊO (R3)

Further, isomerization of 2-butanoyl radicals via internal H-transfer is considered (tran-150

sition states TS13, TS14, and TS34).151
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Figure 3: Zero-point-corrected potential energy surface of 2-butanoyl β-scission.

The reaction scheme on β-scission of 2-butanoyl radicals reveals an interesting relation152

between equilibrium distribution of the three radicals and their reaction kinetics. Although153
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the Ṙ3 has the smallest hydrogen abstraction barriers (cf. Fig. 1) and the lowest energy in154

Fig. 3, its β-scission barrier height is larger than the barrier height for isomerization to the155

Ṙ4. However, despite the difference of roughly 19.5 kJ/mol between these barrier heights,156

β-scission of Ṙ3 is entropically favored over isomeriation to Ṙ4 at high temperatures.157

For Ṙ1 the relation between β-scission and isomerization barrier heights is similar to158

the Ṙ3 case. Again, the β-scission reaction is entropically favored despite the lower energy159

barrier for isomerization to Ṙ4. The low β-scission barrier height of Ṙ4 in turn is dominating160

the radicals’ fate over the whole temperature regime studied. While at temperatures below161

500-600 K isomerization of Ṙ1 and Ṙ3 to Ṙ4 and subsequent β-scission of Ṙ4 would dominate162

the 2-butanoyl chemistry, β-scission is always entropically favored at high temperatures.163

Figure 4 shows the high-pressure β-scission rate constants computed in the present RRK-164

M/ME study compared to the rate constants used in the reaction model [26]. In the reaction165

model [26], rate constants were taken from analogies to ethanol decomposition [7].166
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Figure 4: Comparison of the high-pressure β-scission rate constants computed in this study (Ṙ
1
: ,

Ṙ
3
: , and Ṙ

4
: ) to those used in the reaction model [26] (Ṙ

1
: , Ṙ

3
: , and Ṙ

4
: ).

The trend observed for the β-scission rate constants of 2-butanoyl radicals agrees with167

the discussion of the β-scission barrier heights above. At low-temperature conditions the168

β-scission rate constants of Ṙ1 and Ṙ3 are reduced by isomerization to Ṙ4. The β-scission169

rate constants of Ṙ4, however, exceeds the other β-scission rate constants by several orders170

of magnitude at these conditions. This reaction was previously studied experimentally by171
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Scherzer et al. [27] and by Knoll et al. [28, 29].172

The present high-pressure β-scission rate constants and the rate constants used in the173

most recent reaction model [26] show a similar trend. However, the β-scission rate constants174

of Ṙ4 exceed the previous predictions by approximately one order of magnitude in the175

studied temperature range. At low temperatures, the β-scission rate constants of Ṙ1 and Ṙ3176

deviate by roughly two orders of magnitude from the previous predictions. In the kinetic177

model, analogies to oxygenated fuels without keto groups were used [7]. When comparing178

the previously used analogies to the present results, the keto-group appears to change the179

order of magnitude and the temperature-dependence of the decomposition kinetics quite180

significantly. This is likely due to the stronger polarization of the double bond compared to181

single bonded oxygen atoms.182

Table 1 shows the hydrogen abstraction, β-scission and isomerization high-pressure mod-183

ified Arrhenius parameters. Modified Arrhenius expressions for β-scission and isomerization184

of 2-butanoyl radicals for pressures ranging from 0.01 – 100 atm can be found in the sup-185

plemental material [25].186

While the above rate constants are based on thermalized 2-butanoyl radicals, the effect187

of rovibrationally excited 2-butanoyl radicals (R1,3,4
*) is evaluated in the following. Fuel188

radicals produced from hydrogen abstraction are non-Boltzmann distributed initially. Non-189

Boltzmann distributed species were shown to affect unimolecular decomposition kinetics190

drastically under high-temperature and low-pressure conditions [30]. Therefore, non-thermal191

2-butanoyl radicals produced via hydrogen abstraction by Ḣ and ĊH3 are used as reactants192

for β-scission to evaluate the importance of hot β-scission.193

For that purpose, the non-Boltzmann distribution of 2-butanoyl radicals was computed194

from the hydrogen abstraction rate constants via inverse Laplace transformation. This trans-195

formation gives effective energy-dependent rate constants, which are Boltzmann-weighted to196

obtain the non-Boltzmann distribution of the hydrogen abstraction products. The energy-197

partitioning between the 2-butanoyl radicals and the hydrogenated abstracting radical is198

computing by assuming equipartition of the classical energy. The energy-dependent β-199

scission branching ratios are computed in the RRKM/ME simulations and weighted with the200
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Reaction A n Ea

Hydrogen abstraction from 2-butanone by Ḣ

−−→ Ṙ1 4.382E4 2.877 7093

−−→ Ṙ3 3.763E4 2.787 4172

−−→ Ṙ4 5.930E5 2.500 8370

Hydrogen abstraction from 2-butanone by ĊH3

−−→ Ṙ1 8.667E-1 3.892 8229

−−→ Ṙ3 1.636E0 3.788 6097

−−→ Ṙ4 2.213E0 3.872 8831

2-Butanoyl isomerization

Ṙ1 −−→ Ṙ3 1.987E-4 4.550 33962

Ṙ1 −−→ Ṙ4 1.748E1 2.835 24994

Ṙ3 −−→ Ṙ4 2.177E4 2.335 36044

2-Butanoyl β-scission

Ṙ1 −−→ Products 2.508E11 0.668 36481

Ṙ3 −−→ Products 2.459E13 0.192 45940

Ṙ4 −−→ Products 1.115E11 0.637 24685

Table 1: Per-site Arrhenius parameters for the high-pressure rate constants calculated in this study. Units

are cm3, mol, s, cal
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above described non-Boltzmann distributions of the 2-butanoyl radicals to obtain temperature-201

and pressure-dependent branching ratios for hot β-scission (cf. companion paper [31]).202

Figures 5a, 5b, and 5c show the branching ratios for β-scission of non-thermal 2-butanoyl203

radicals produced via hydrogen abstraction by Ḣ and ĊH3 at 0.01 atm and 1 atm. These204

branching ratios give the fraction between the two fates of non-thermal 2-butanoyl radicals,205

namely hot β-scission and thermalization.206
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Figure 5: Branching ratios between hot β-scission of 2-butanoyl radicals produced via hydrogen abstraction

by Ḣ (0.01 atm: , 1 atm: ) and ĊH
3
(0.01 atm: , 1 atm: ) and thermalization.

Under high-temperature conditions 2-butanoyl becomes unstable and would always go207

to the β-scission products directly. For lower temperatures, however, hot β-scission of Ṙ1
*

208

and Ṙ3
* hardly compete to thermalization to Ṙ1 and Ṙ3, respectively. Only Ṙ1

* formed via209

abstraction by ĊH3 at 0.01 atm competes to thermalization above approximately 900 K.210

For Ṙ4
* in turn the low β-scission barrier height allows for hot β-scission at much lower211

excitations of Ṙ4
* compared to Ṙ1

* and Ṙ3
*. As a consequence, a significant part of Ṙ4

*
212

goes directly to the β-scission products instead of being thermalized. At 0.01 atm, hot β-213

scission of Ṙ4
* formed via abstraction by Ḣ and ĊH3 exceed a branching ratio of 10 % for214

all temperatures studied.215

Comparing the 0.01 atm and 1 atm hot β-scission branching ratios shows that hot re-216

actions become significantly less important with increasing pressure. This is due to faster217
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thermalization as pressure increases, leading to complete thermalization in the high-pressure218

limit. At 1 atm, most rovibrationally excited 2-butanoyl radicals are thermalized at tem-219

peratures below approximately 1100 K. Therefore, hot β-scission is likely to be unimportant220

for ignition at engine relevant conditions. Still, the recent work by Burke et al. [32] showed221

how to incorporate hot reactions in reaction models if the respective branching ratios are222

known.223

In order to portray, in a simplified way, the effect of applying the calculated rate constants224

of this study to a detailed kinetic model simulations were done using the recent model of225

Burke et al. [32] (cf. Fig S1 [25]). Constant volume, homogeneous batch reactor simulations226

were performed using ChemkinPRO[33] for the φ = 1.0, p = 20 bar, 2-butanone in air igni-227

tion delay time data from Burke et al. [32]. These simulations were performed by replacing228

the existing rate constants with the rate constants for reactions calculated here(Version2 in229

the figure). The motivation for this is only to show that the calculated rate constants have a230

potential effect on the existing overall understanding of the oxidation kinetics of 2-butanone.231

This effect is illustrated through the change in the predictions of the ignition delay times232

which vary up to a factor of 2.233

4. Conclusions234

This ab initio study reported high-level potential energy surfaces for hydrogen abstrac-235

tion from 2-butanone via Ḣ and ĊH3 and the 2-butanoyl reaction network. Hydrogen ab-236

straction rate constants computed from these energies (from 500 – 2000 K) deviate up to two237

orders of magnitude from previous estimations. Furthermore, the branching ratios between238

the three 2-butanoyl formation channels is significantly changed. Hindered rotation was239

found to affect the predicted rate constants up to a factor of 9.5. β-scission rate constants240

calculated from 500 – 2000 K and from 0.01 – 1 atm deviate from previous estimations by up241

to two orders of magnitude, changing the branching ratios between the three β-scission reac-242

tions. Except for β-scission of Ṙ3, the β-scission of 2-butanoyl radicals was mainly predicted243

to be faster than previously assumed. The effect of rovibrationally excited 2-butanoyl radi-244

cals on β-scission was calculated and found to be of major importance at high-temperature245
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and low-pressure conditions, e.g. for the kinetic modeling of flames. For engine relevant246

conditions, however, hot β-scission of 2-butanoyl radicals can be neglected. The rate con-247

stants computed in the present study have a significant impact on the reaction model and248

emphasize the need for more accurate kinetics predictions for novel fuels.249
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