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Abstract: The chemical kinetics for the reactions of methylbutanoate (MB) with hydrogen 

and hydroxyl radicals were studied theoretically with the ab initio transition state theory. In 

addition to the hydrogen abstraction reactions of MB by the radicals, the potential energy 

surfaces of MB+H and MB+OH were further investigated to search for additional significant 

hydrogen addition channels, which are followed by -scission reactions to produce non-

hydrogen and non-water products, respectively. Stationary points on the potential energy 

surfaces were calculated at the QCISD(T)/CBS//B3LYP/6-311++G(d,p) level. 

Phenomenological rate coefficients for temperature- and pressure-dependent reactions were 

calculated over broad ranges of temperature (200-2500 K) and pressure (1.3×10-3-102 atm) by 

solving the time-dependent multiple-well master equation. The theoretical rate coefficients 

were compared with the available experimental and theoretical data and observed 

discrepancies were analyzed. The predicted rate coefficients are represented in the forms that 

may readily be used in combustion modeling of MB. 
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1. Introduction 

The increasing concerns over energy sustainability, energy security, and climate change 

have urged an international effort to develop and utilize non-petroleum-based fuels such as 

biofuels. Biodiesel is one of most widely used biofuels due to its numerous desirable fuel 

properties. Particularly, biodiesel can replace or blend with petroleum-based diesel for direct 

use in compression ignition engines and holds potential for improving the engine emission. 

Because biodiesel is a mixture of long-carbon-chain fatty acid alkyl esters with diverse 

molecular structures and hence distinct physiochemical properties, the common practice is to 

simplify the study of biodiesel combustion chemistry to that of single molecule surrogates 

with shorter carbon chains. 

Methylbutanoate (MB, C5H10O2) has been widely used as a biodiesel surrogate since it 

has the essential chemical structure, R-C(=O)O-CH3, while containing a relatively short alkyl 

chain, CH3(CH2)2-. Although it has been recognized that MB is not an ideal surrogate 

because it does not reproduce well the essential low-temperature chemistry that actual 

biodiesel exhibits, it can serve as a good starting point for studying larger methyl esters[1]. 

Furthermore, the chemical kinetics study of biodiesel combustion has been benefitting from 

the understanding and useful kinetic data gained from the study of MB kinetics[1,2].  

Considerable research efforts have been devoted to developing quantitatively accurate 

reaction mechanism for MB combustion. The first detailed reaction mechanism for MB 

combustion was established by Fisher et al.[2] and then extensively validated and modified 

using the experimental data from jet stirred reactors, opposed-flow diffusion flames, flow 

reactors, shock tubes and rapid compression machines[3-7]. Although these mechanisms 

show good agreement with experimental data, a number of discrepancies were reported and 

the accuracy of the reaction mechanisms was found to be sensitive to several typical types of 
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chain reactions[3-7]. In particular, the reactions between MB and small radicals such as 

hydrogen and hydroxyl radicals were found to be crucial to predict various combustion 

parameters at diverse pressure and temperature conditions[1,8]. 

Whereas the importance of the reactions between MB and hydrogen radical, no direct 

experimental measurement has been conducted for determining their rate coefficients. Only a 

few theoretical studies were reported and mostly performed at relatively low levels of 

computational accuracy. The hydrogen abstraction reactions of MB + H were studied with the 

BH&HLYP/cc-pvTZ method by Huynh and Violi[9]. The calculated barrier heights for 

hydrogen abstraction at different sites of MB vary from 6.0 kcal/mol to 8.3 kcal/mol. The 

CBS-QB3 calculations by Akih-Kumgeh and Bergthorson[10] show that the barrier heights 

are in the range of 6.5-10.2 kcal/mol. Recently, Liu et al. utilized the high-level 

CCSD(T)/CBS//B3LYP/6-311++G(d,p) and CCSD(T)/CBS//MP2/cc-pVTZ theoretical 

methods to study the reactions[8]. Their theoretical barrier heights are in the range of 7.0-

10.3 kcal/mol, which is in agreement with the CBS-QB3 results. The theoretical rate 

coefficients calculated by Liu et al. show substantial discrepancies with not only the previous 

theoretical predictions but also the previous modeling estimations, especially for the 

temperature lower than 1000K[2,11,12]. It should be recognized that the theoretical methods 

employed by Liu et al. are able to predict the rate coefficient with uncertainties about a factor 

of two and accordingly are more reliable than other theoretical methods of relatively lower 

computational accuracy. It is interesting and worthwhile to explore the potential energy 

surface (PES) of MB+H for additional, kinetically significant reaction channels such as the 

hydrogen addition reactions followed by -scission reactions, which were assumed to be 

negligible in the study of Liu et al. 

Compared to MB+H, there are even few studies on the reactions between of MB and 

hydroxyl radical. Most existing reaction mechanisms for MB combustion specify the rate 
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coefficients for MB+OH by using those derived from the analogous reactions of alkanes. 

Wallington et al. measured the total reaction rate of MB+OH at the temperature of 296K and 

the pressure of 25-50 torr by using the flash photolysis resonance fluorescence technique[13]. 

Le Calvé et al. used the pulsed laser photolysis-laser induced fluorescence technique to 

measure the total rate of MB+OH over the temperature range of 263-372K and at the pressure 

of 1.07 bar[14]. By using relative kinetic measurement,  Schütze et al. [15] determined the 

total reaction rate coefficient of MB+OH at 298K, which agrees well with that of Le Calvé et 

al.. Huynh and Violi theoretically studied the reactions at the level of BH&HLYP/cc-pvtz and 

the calculated barrier heights for hydrogen abstraction at different sites of MB are in the 

range of 1.9-6.2 kcal/mol[9]. At the temperature of 298K, the theoretical rate of Huynh and 

Violi is about two orders of magnitude smaller than the experimental rate coefficients. It is 

interesting to resolve the substantial discrepancy by using higher level theoretical methods. 

Based on the above considerations, we formulated the present theoretical study of the 

reactions between MB and hydrogen and hydroxyl radicals. The first part of the study is to 

revisit the reactions between MB and hydrogen radical, with emphasis on exploring the PES 

of MB+H for additional kinetically favorable reaction channels other than those via hydrogen 

abstraction and on determining their contribution to the total rate of MB+H. The presence of 

multiple, interconnected potential wells with multiple dissociation channels necessitates the 

analysis of a time-dependent, multiple-well Master equation to derive the temperature- and 

pressure-dependent rate coefficient, especially for the high temperature situation where some 

of the potential wells equilibrate on the same time scale as that for collisional energy 

transfer[16-18]. The second part of the study is to determine the reaction rates of MB+OH 

reactions over a broad range of temperature of 200-2500K with a high-level theory. These 

calculated rate coefficients are fit to simple functional forms that can be readily incorporated 
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into the prevalent kinetic modeling codes. The fitted results are expected to be of 

considerable utility in continuing efforts to validate the oxidation mechanisms of MB. 

The theoretical methods used in this study are summarized in Section 2. The results are 

then presented and discussed in Section 3 and some concluding remarks are made in Section 

4. 

2. Theoretical Methods 

    The PESs of the MB+H in the study were first sketched at the level of CBS-QB3[19] 

and the higher level calculations for the kinetically important reactions were subsequently 

performed as follows. The geometric structures and vibrational frequencies for stationary 

points on the PESs were obtained via density functional theory (DFT) employing the Becke 

three-parameter functional and the Lee-Yang-Parr correlation functional (B3LYP) with the 6-

311++G(d,p) basis set[20,21]. The connections of each saddle point to its local minima were 

examined by using the intrinsic reaction path calculations. Zero-point energy (ZPE) 

corrections were obtained from the B3LYP/6-311++G(d,p) vibrational frequencies. 

Higher level stationary point energies were obtained from QCISD(T) (quadratic 

configuration interaction with singles doubles and perturbative inclusion of triples) 

calculations. In previous studies for a similar albeit smaller molecular system[22,23], the 

QCISD(T) energies calculated with the correlation-consistent, polarized-valence, triple-ζ (cc-

pVTZ, denoted by TZ) and quadruple-ζ (cc-pVQZ, denoted QZ) basis sets of Dunning[24,25] 

were extrapolated to the complete basis set (CBS) limit[26]. This [QCISD(T)/CBS]TZQZ 

approach was deemed to be too computationally intensive for the present study. Instead, we 

used the following alternative method, 
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E QCISD T CBS⁄

E QCISD T CBS⁄ → E MP2 CBS⁄ → E MP2 CBS⁄ →  (1) 

which avoids the most time-consuming QCISD(T)/QZ calculation and so are considerably 

more computationally efficient. The method has been recently examined by Zhang et al. for 

C4H9O system and proved to be an efficient and accurate method for high-level energy 

estimation[23]. In the present study, all the calculations were performed with the Gaussian 09 

program package[27].  

For reaction channels with a well-defined transition state, high-pressure rate coefficients 

were obtained from transition state theory (TST) employing the rigid-rotor harmonic-

oscillator (RRHO) approximation for all degrees of freedom except the torsional degrees of 

freedom. Hindered rotor corrections for the low-frequency torsional modes were obtained 

from one-dimensional fits to the torsional potentials employing Pitzer-Gwinn-like 

approximations and the I(2,3) moments of inertia[28]. The fits to the torsional potentials were 

designed to reproduce the B3LYP/6-311++G(d,p) torsional frequency at the global minimum 

and the QCISD(T)/CBS// B3LYP/6-311++G(d,p) at local extrema. These fits are considered 

to provide a simple but reasonably accurate approximation to the internal rotational potentials. 

One-dimensional tunneling corrections based on asymmetric Eckart potentials were routinely 

included in all the rate calculations. 

For the hydrogen abstraction reactions of MB+OH, a barrierless entrance channel 

(referred to as the outer transition state) was found to form a vdW complex, as will be shown 

in Section 3. A saddle point (referred to as the inner transition state) connects the vdW 

complex to the products. Since the energy of the saddle point is comparable with or even 

smaller than the energy of MB + OH, the influence of the outer transition state on the rate 

constants must be considered in the rate calculation. A two-transition-state model, which has 
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been described in literature [29,30], was consequently used in the present study. An effective 

transition state number of states for given energy (E) and angular momentum (J), Neff(E,J), is 

calculated in terms of the transition state number of states at the inner, Ninner(E,J), and outer, 

Nouter(E,J), transition states according to the formula:  

1 N⁄ E, J 1 N⁄ E, J 1 N E, J⁄   (2) 

For the inner TS, the RRHO approximation is reasonably appropriate. For the outer TS, the 

theoretically simple, while quantitatively accurate long-range TST was adopted, following 

Georgievskii and Klippenstein[31]. The long-range interaction potential used in the 

calculation was approximated by a simplified isotropic interaction, V(R) = -C6/R
6, where C6 

can be estimated by C6 = 1.512E1E2/(E1+E2), where i and Ei (i=1,2) are the polarizability 

and ionization energy of each fragment, respectively. The estimated C6 is about 5.4105 cm-

1Å6 for MB+OH.  

As will be shown in Section 3, the PES of MB+H involves multiple, interconnected 

potential wells and multiple product channels. The pressure-dependent rate coefficients were 

determined by solving the time-dependent multi-well master equation, which has been 

sufficiently described in literature[16-18] and will not be repeated here. The energy transfer 

probability was approximated by a single-exponential-down model employing the 

temperature-dependent form Edown = 200(T/300)0.85 cm-1 for the average downward energy 

transfer. This approximation has been validated in a related study of C3H7O[22]and 

C4H9O[23]. The Lennard-Jones parameters for MB are approximated by σ = 5.85 Å and ε = 

227 cm-1. For the bath gas N2, we used σ = 3.74 Å and ε = 57 cm-1.  All the rate calculations 

were performed by using the VRIFLEX program suite[32].  
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3. Results and Discussion 

3.1 Reactions of MB+H 

Many reaction channels were identified on the PES of MB+H (See the Supplement 

Material, Fig. S1-S5). For simplicity and clarity, only those energetically favorable and then 

kinetically significant will shown in Fig. 1. The most important reaction channels via direct 

hydrogen abstraction are listed with increasing barrier heights as follows 

MB + H 
-

 MB2J + H      R1 

MB + H 
-

  MB3J + H      R2 

MB + H 
-

  MB4J + H      R3 

MB + H 
-

  MBMJ + H      R4 

which correspond to the hydrogen abstraction from the , ,  site of the carbon chain and 

from the methyl group, respectively. The calculated barrier heights for the reactions were 

compared with the previous calculation results, as shown in Table 1. It is seen that the present 

results agree remarkably well with the CCSD(T)/cc-pV∞Z results of Liu et al.[8] and the 

relative errors are less than 2%. The CBS-QB3 calculation of Akih-Kumgeh and Bergthorson 

moderately underestimates the energies by about 10%[10]. The BH&HLYP/cc-pvTZ TS 

energies of Huynh and Violi are about 20% lower than these higher-level energies[9]. 

Two important hydrogen addition reactions followed by -scission reactions to non-

hydrogen products were identified and shown in Fig. 2: 

MB + H 
-

  INT1-H
-
CH OCHO CH CH CH       R5 
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MB + H 
-

  INT2-H
-
CH CH CH COOH CH       R6 

The formation of MB radicals are the rate controlling process which has a energy barrier of 

11.10 kcal/mol and 13.90 kcal/mol for R5 and R6, respectively. Since the barrier heights of 

R5 and R6 are comparable to those of R3 and R4, they hold potential of being an important 

channels at high temperatures for forming non-hydrogen products. There are another two 

reaction channels in Fig. 2: 

INT1-H
-
INT3-H

-
INT4-H

-
CH CH CH CHOH CH O       R7 

INT2-H
-

INT3-H
-
INT4-H

-
CH CH CH CHOH CH O       R8 

Since the energy barriers for the isomerization processes are comparable to those of R5 and 

R6, they may be important channels at high temperatures leading to the formation of 

formaldehyde and therefore were included in the present rate calculation.  

The individual rate coefficients for R1-R4 were fitted as function of temperature and the 

fitting parameter are presented in Table S1 of Supplementary Material. Only the total rate 

coefficient of R1-R4 is shown in Fig. 3, mainly for the comparison with the high-level 

theoretical rate coefficient of Liu et al.[8]. It is seen that the present results are in excellent 

agreement with those of Liu et al. The small discrepancies occurring below 400K are mainly 

due to the slightly higher energy barriers in the present theory. The overestimated rate 

coefficient of Huynh and Violi[9] at intermediate and low temperatures might be due to the 

obviously lower barrier heights from their calculations. The substantially overshooting rate 

coefficients of Akih-Kumgeh and Bergthorson [10] may attribute to the overestimated pre-

exponential factors in their theory.     
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An interesting observation of the present multi-well master equation analysis of the PES 

shown in Fig. 2 is the “well merging” phenomenon, which occurs when the reaction rate from 

one complex (well) to another chemical species becomes comparable to the rates of its 

internal energy relaxation due to molecular collisions. Detailed theoretical interpretation and 

mathematical formulation were given in previous studies[18,23]. In the present study, the 

dissociation of INT1-H has the smallest energy barrier of 5.67 kcal/mol to the products and is 

therefore most readily subject to the “well merging” phenomenon as temperature increases. 

To illustrate the “well merging” phenomenon, the eigenvalues for the chemically significant 

eigenmodes (CSE)[16-18] and a few of the lowest internal energy relaxation eigenmodes 

(IERE)[16-18] as functions of temperature at 1 atm pressure are shown in Fig. 4. The solid 

red line, corresponding to the fastest CSE (denoted by CSE5), represents the dissociation of 

INT1-H to CH3OCHO+CH3CH2CH2. A bunch of dashed black lines represent the slowest 

IEREs, which are located at the bottom of the IERE continuum region. As temperature 

increases to about 400 K, CSE5 merges with the IERE continuum, implying the “merging” of 

INT1-H to its dissociation products. As a result, the rate coefficient of R5 is completely 

determined by the transition state TS5-H, and consequently shows pressure-independence for 

the temperature above 400K, as shown in Fig. 5. As the temperature increases to be about 

1000 K, CSE4 merges with the IERE continuum, corresponding to the equilibration of INT2-

H with its dissociation products, CH3+CH3CH2CH2COOH.  As a result, the rate coefficient of 

R6 is controlled by TS8-H, and consequently shows pressure-independence for the 

temperature above 1000K, as shown in Fig. 6. Since increasing the bath gas pressure 

facilitates the collisional internal energy relaxation while decreasing the pressure suppresses 

it, it is expected that “well merging” is occurs at higher and lower temperatures if we increase 

and decrease the bath gas pressure, respectively. As shown in Supplement Material (Fig. S9-

S10), the “INT1-H merging” temperature increases to about 500 K and 600K at 10 atm and 
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100 atm pressure, respectively. The "INT2-H merging" temperature increases to about 1200K 

and 1500K at 10 atm and 100 atm pressure, respectively. As a result, the rate coefficient 

curves pronouncedly deviate from that of the rate controlling process at high pressures can be 

observed in Figs. 5 and 6.   

The total rate coefficient of MB+H is dominantly determined by the direct hydrogen 

abstraction reactions, R1-R4. Although the branching ratio of the four reactions is not less 

than 0.96 for all the temperature and pressure of interest, the two reactions leading to non-

hydrogen products, R5 and R6, account for 3-4% of the total reaction rate when temperature 

is over 1000K, as shown in Fig. 7. The two reactions leading to the formaldehyde formation, 

R7 and R8, do not show any significant contribution to the total rate coefficient of MB+H in 

the entire ranges of pressure and temperatures and consequently can be neglected. It is also 

noted that R1 is the most important MB+H reaction channel at low temperatures because of 

its lowest barrier height, all R1-R4 are of roughly the same significance to the total reaction 

rate at high temperature. Furthermore, R5 is much more important than R6 at low 

temperatures because of its lower barrier height, while R6 has a higher branching ratio than 

R5 at high temperatures, mainly due to its looser transition state structure. 

3.2 Reactions of MB + OH 

The most energetically favorable reactions on the PES of MB+OH are the hydrogen 

abstraction reactions leading to the H2O formation, as shown in Fig. 8, 

MB + OH → MB…OH  
-O

 MB2J + H O    R9 

MB + OH → MB…OH  
-O

  MB3J + H O   R10 

MB + OH → MB…OH  
-O

  MB4J + H O   R11 
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MB + OH → MB…OH  
-O

  MBMJ + H O  R12 

which correspond to the hydrogen abstraction from the , ,  site of the carbon chain and 

from the methyl group, respectively. An interesting observation is that TS1-OH has a higher 

barrier height than that of TS2-OH, which contradicts with the rule of thumb that the -

hydrogen can be more readily abstracted than the -hydrogen. The underlying physics is the 

hydrogen bond, which involves the abstracted hydrogen, the hydroxyl radical and the 

carbonyl oxygen, is stronger in TS2-OH than that in TS1-OH, implying the former is more 

energetically stabilized. By the same token, we can explain the observed barrier heights for 

other transition state energies. The molecular structures of the transition states of R9-R12 

with the bond lengths and orders of the involving hydrogen bonds are shown in Fig. S12 in 

the Supplement Material.  

Two additional channels leading to non-water products were also identified on the PES 

of MB + OH: 

MB + OH → MB…OH  INT1-OH  CH CH CH +CH OCOOH    R13 

MB + OH → MB…OH  
-O

INT1-OH 
-O

CH CH CH COOH+CH O   R14 

The rate controlling process of R13 and R14 is the isomerization reaction of the vdW 

complex to the intemediate species INT1-OH. Although the barrier height of the process is 

comparable to those of MB+H leading to the non-hydrogen products,  it is much larger than 

those of R9-R12 and hence cannot be kinetically favorable.  Consequently, only R9-R12 

were included in the present rate calculation.  

It is seen that each of the reaction channels R9-R12 consists of a barrierless reaction 

channel connecting the reactants with the vdW complex, MB...OH, and a lower lying saddle 
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point connecting the complex with the products. In particular, the energy of the transition 

state of R10 is even lower than that of MB+OH, implying that the rate controlling process for 

R10 is the formation of the vdW complex at low temperatures and the saddle point at high 

temperatures. A two-transition-state theory needs to be used to properly account for the 

influence of the vdW complex on the rate coefficient, as discussed in the section of 

“Introduction”.  

The comparison of the rate coefficients of R9-R12 with the previous theoretical and 

experimental data is shown in Fig. 9. It is seen that R2 is the dominant channel over a broad 

range of temperature from 200K to about 1000K. The present theoretical rate coefficients for 

R2 agree very well with Le Calve et al.'s experimental measurements at 263-372K. It should 

be noted that the transition state energy of R2 is lowered by 1.0 kcal/mol to lower the 

theoretical data by a factor of 5 to reproduce the experimental data at 298K. Such an energy 

adjustment is required to compensate the uncertainties of the calculated barrier height of TS2-

OH and the approximate long-range interaction potential and is not uncommon in many 

previous studies on the similar reaction systems[22,33]. It is also seen that the theoretical 

results of Huynh and Violi substantially underestimate the rate coefficients by two orders of 

magnitude at low temperatures. Their results are close to but moderately overshoot the 

present theoretical results at high temperatures.  

The calculated rate coefficient for the reactions discussed above were fitted in the forms 

that are readily used in combustion modeling of MB. The fitting parameters are listed in 

Table S1 of Supplementary Material. 

4. Concluding Remarks 

The chemical kinetics of hydrogen abstraction reactions of methylbutanoate by 

hydrogen and hydroxyl radicals were studied theoretically with an ab initio transition-state-
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theory. The master equation analysis was used to investigate the pressure dependence of the 

additional reaction channels leading to the formation of non-hydrogen products. The 

theoretical results are in excellent agreement with the limited available experimental data and 

high-level theoretical data.  

For the kinetics of MB+H, two “well merging” phenomena were observed in the master 

equation analysis and were found to correspond to the equilibration of the INT1-H and INT2-

H with their dissociation products, respectively. The “well merging” phenomena were 

analyzed for their influence on the branching ratio and the pressure-dependent rate 

coefficients. The dominant reaction channel for MB+H at low temperature is the -hydrogen 

abstraction to form MB2J+H2 because of its lowest energy barrier. With increasing 

temperature, hydrogen abstraction reactions from other sites become increasingly significant. 

The hydrogen addition reactions followed by -scission to non-hydrogen products contribute 

about 4% of the total rate coefficient of MB+H at high temperatures.  

For the kinetics of MB+OH, The most important reaction is the -hydrogen abstraction 

leading to MB3J and H2O. As temperature increases, the contribution from other hydrogen 

abstraction reactions become increasingly significant. Over a broad temperature range from 

300K-2500K, the rate coefficients of the four hydrogen abstraction channels satisfy the 

following relation:  MB3J > MB2J > MBMJ > MB4J. 
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Table 1: Calculated barrier heights for R1-R4 of MB+H (kcal/mol). 

Reaction Present work Reference[8] Refernce[9] Reference[10] 

R1 7.10 6.97 6.0 6.54 
R2 8.29 8.10 6.5 7.62 
R3 10.20 10.09 8.3 10.02 
R4 10.37 10.32 8.4 9.83 
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Figure Captions 

(Color figures in electronic version only) 

Figure 1: PES of the hydrogen abstraction reactions of MB+H at the 

QCISD(T)/CBS//B3LYP/6-311++G(d,p) level. 

Figure 2: PES of the hydrogen addition reactions of MB+H at the 

QCISD(T)/CBS//B3LYP/6-311++G(d,p) level. 

Figure 3: The high-pressure limit of the total reaction rate of the hydrogen abstraction 

reactions of MB+H. 

Figure 4: Chemically significant eigenvalues (CSEs) and internal energy relaxation 

eigenvalues (IEREs) for H-addition reactions of MB+H as functions of temperature at 1atm. 

Figure 5: Pressure-dependent rate coefficients of MB+HCH3OCHO+CH3CH2CH2 . 

Figure 6: Pressure-dependent rate coefficients of MB+HCH3CH2CH2COOH+CH3. 

Figure 7: Branching ratios of the reactions on the PES of MB+H. 

Figure 8: PES of MB+OH at the QCISD(T)/CBS//B3LYP/6-311++G(d,p) level. 

Figure 9: Rate coefficients of the hydrogen abstraction reactions on the PES of MB+OH.   
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Figure 9 
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Supplemental Materials 

Item Filename Content 

1 Supplementary 

material.doc 

The calculated PESs of MB+H at the CBS-QB3 level. 

The rate constants and fitting parameters  

The molecular properties from theoretical calculations. 

 




