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Abstract 

          Atmospheric oxidation of methyl propanoate (MP) by the OH radical has been 

performed using density functional theory (BMK, BBIK) and ab initio (MP2, CBS-

QB3) calculations. The thermodynamic and kinetic parameters are calculated. Three 

channels have been discussed. These reactions occur through low energy barriers of 

3.2–4.3 kcal/mol. The energy barriers increase in the order α < µ < β at CBS–QB3. 

However, BMK shows slightly different order. Rate constants and branching ratios 

reveal that the H-abstraction from Cα is as the dominant reaction over the whole 

temperature range of 200–300 K, with a competition from Cβ channel at lower 

temperature. The BB1K data reproduce the available experimental rate constant.  
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1. Introduction  

          The growing use of fossil fuels raises large concerns about energy security, 

emission of pollutants, and climate change. Therefore, search for fuel alternatives 

becomes a must. Biodiesel consists mainly of methyl esters, and can be produced 

from renewable energy sources, such as animal fats, vegetable oils, algae and waste 

oils [1]. There have been a few studies [2-4]
 
on reaction kinetics of large esters 

because of their low vapor pressure and chemical complexity. Short-chain fatty acid 

methyl esters (FAMEs) possess the ester structure but lack the long-chain alkane 

structure [5].  

             Alkyl esters [6-9],
 
oxygenated volatile organic compounds, are emitted 

directly to the atmosphere from both natural and anthropogenic sources [6-9]. Natural 

sources of esters include emissions from vegetation and fruit. Anthropogenic 

emissions of the unsaturated esters to the atmosphere can occur during their 

production, processing, storage and disposal [6-9].                                                                                                                                                                                                               

         The widespread use of fatty acid alkyl esters in diesel blends will lead to their 

release into the atmosphere. Atmospheric degradation of methyl propanoate (MP), a 

model for larger esters present in biodiesel, is initiated by photochemical oxidants 

such as the hydroxyl radical, which is present at a concentration of approximately 1 × 

10
6
 radicals cm

-3
 [10]. Detailed kinetic and mechanistic data concerning these 

reactions are needed as inputs for atmospheric chemistry models to assess the 

environmental impacts associated with release of esters into the air. The available 

database regarding the atmospheric chemistry of esters is limited [11, 12]
 
and the 

current work was undertaken to improve our understanding of the chemistry of this 

class of oxygenated compounds.  

         Some experimental and theoretical
 
[5, 6, 9-16]

 
studies

 
of small alkyl esters have 

been reported. Computational chemistry has become an important source of 

knowledge of specific reaction rates and mechanisms [17, 18]. 

          As regards to short-chain FAMEs, MP represents the smallest methyl ester 

containing CC bond alpha to the carbonyl group. Besides, MP is an intermediate 

product with comparatively high concentrations in the decomposition of biodiesel 

such as the rapeseed methyl ester (RME) [19]. 

             In the present work, we study thermochemistry and kinetics of oxidation of 

MP by the atmospheric OH radical in continuation of our previous work on the uni- 
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and bimolecular decomposition of different volatile oxygenated compound especially 

biofuels [20-28], to understand its fate in the atmosphere. 

            This paper is organized as follows: Section 2 gives details of the 

computational methods. Section 3 presents the results and discussion and is divided 

into four subsections. This is followed by Section 4, which summarizes main 

conclusions. 

 

2. Computational details 

          The reactants, intermediates, products and different transition states were fully 

optimized with the density functional theory of Boese and Martin (BMK) [29] in 

conjunction with the 6-31+G(d,p) basis set. Vibrational frequency calculations have 

been conducted for each stationary point at the same level to characterize its nature as 

minimum or transition state on the potential energy surface (PES) of the relevant 

system. Transition states have only one imaginary frequency (first order saddle 

points) while minima show real frequencies. The frequencies are scaled with 0.95[30]. 

Minimum energy paths (MEP) were carried out at BMK through intrinsic reaction 

coordinate (IRC) [31, 33] scheme to verify that each transition state connects the 

reactants with the desired products. Energies were refined at BMK, Becke88 Becke95 

1-parameter model for kinetics (BB1K) [34, 35] and second-order Møller–Plesset 

perturbation theory (MP2) [36] using 6-311++G(2d,2p) basis sets. For simplicity, 

energies at higher levels will be referred to as BMK, BB1K and MP2, respectively. 

Single point multi-level CBS-QB3 [37-41] calculations have also been done to get 

more accurate energies.  

             All calculations were performed using the Gaussian-16W package [42]. 

Molecular structures were visualized and manipulated with the Chemcraft program 

V1.8 [43]. Based on the good performance of the high-level CBS-QB3 calculations 

when compared with experiment, the BB1K energetics were found to be superior to 

BMK [44]. The thermodynamic expression of the equilibrium constant (Keq) [28] for 

gas-phase reactions is:  

Keq = exp ΔG0 (T)/RT                                              (1) 

 where ΔG0 is standard reaction Gibbs free energy at temperature T, R is the universal 

gas constant. 
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           Rate constants (k) for the bimolecular decomposition of MP are calculated 

using conventional transition state theory (TST) as equation (2) [45-49] including one-

dimensional (1D) tunneling effects Wigner (W) [50, 51].  

      
    

 

     

       
   ( 

  
 
 

   
)                             (2) 

         In the above equation [50, 51], QMP, QOH and QTS represent the total molecular 

partition functions for the reactants, and transition state,    
 
 
 is the zero-point energy 

corrected energy barrier, kB, h, T and R represent  the Boltzmann’s and Planck’s 

constants, temperature, and the universal gas constant respectively. We have also 

included the transmission coefficient  (T) to account for the tunneling effect along 

the reaction coordinate and, thus, the rate constant kTST/W (T) including tunneling 

correction is given by  

kTST/W (T) = (T) kTST (T)                                         (3) 

The transmission coefficient  (T) was calculated using the Wigner correction [50, 

51], which is the simplest form and assumes a parabolic potential for the nuclear 

motion near the transition state. The Wigner transmission coefficient is given by  

 (T)  = 1 + 1/24 [h/kB T]2                                      (4) 

where  is the imaginary frequency in the transition state. 

         TST gives an estimate of the rate constants as a function of the temperature, and 

is known to give reliable estimations of rate constants [52, 53]. Keq and k calculations 

were performed using the kinetic and statistical thermodynamical package (KiSThelP) 

2016-v1of Canneaux et al [54]. 

 

3. Results and discussion 

          Reaction of 
•
OH with MP occurs through H-abstraction from different position 

of carbon atoms, Cα, Cβ, and Cµ with formation of various radicals and water. The 

reactions (R1-3) pass through pre- and post-reaction intermediates. These oxidation 

reactions (R1-3) are illustrated in Scheme 1 and summarized as follows: 

R1,   CH3CH2C(O)OCH3  + 
•
OH → CH3C

•
HC(O)OCH3 +H2O 

R2,   CH3CH2C(O)OCH3  + 
•
OH → CH3CHC(O)OC

•
H2 +H2O 

R3,   CH3CH2C(O)OCH3  + 
•
OH → C

•
H2CH2C(O)OCH3 +H2O 
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Scheme 1 H-abstraction reactions from MP by 
•
OH, resulting in three reaction 

channels. 

         

3.1. Structures 

           Structures and energetics of reactants, transition states, intermediates and 

products are presented in the following-subsections. Figs. 1 and 2 display the 

optimized structures of the most stable form of MP along with three transition states 

for its oxidation by the 
•
OH radical. The calculated equilibrium bond length of the 

hydroxyl radical of 0.975 Å is in a good accord with the experimental distance of 

0.970 Å [55].  

 

Fig. 1. Optimized structures of MP at BMK/6-31+G(d,p). Bond lengths are given in 

Ångstroms and angles in degrees. 
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Fig. 2.  Optimized structures of transition states (TSs), products, pre-complexes and 

post-complexes for H-abstraction from MP by 
•
OH at BMK/6-31+G(d,p). Bond 

lengths are given in Ångstroms and angles in degrees.  

 

TS-α  

 

TS-µ  

 

TS-β  

 

MP-α,  CH3C
•
HC(O)OCH3 

 

MP- µ, CH3CHC(O)OC
•
H2 

 

MP-β, C
•
H2CH2C(O)OCH2 

 

H2O 

 

•
OH 
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MP-α pre-complex  MP-α post-complex 

 

MP-µ pre-complex  MP-µ post-complex 

 

MP-β pre-complex  MP-β post-complex 

 

 

Fig. 2.  Continuous    
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         Three transition states have been located in the course of such H-abstraction 

reactions. The pre-reactive intermediates represent hydrogen bonded complexes with 

hydrogen bond lengths of 2.156–2.494 Å. Pre-reactive complexes exist between 

reactants and transition states, while post-reactive complexes are located between 

transition states and products. The breaking/forming bonds for R1, R2, and R3 are 

elongated by 8.13/30.1, 9.6/27.6 and 10.3/26.1%, respectively. This agrees with the 

Hammond postulate [56] for exothermic reactions which addresses closeness of the 

structure and energy of the transition state to the reactants rather than the products. 

The resemblance between the structures and energies of a transition state and reactant 

increases with increasing of exothermicity of the reaction [56]. 

 

3. 2. Energetics 

           A plot of potential energy diagram using BMK, BB1K and CBS-QB3 levels of 

theory for the oxidation of MP with 
•
OH is illustrated in Fig. 3. Energy profiles for all 

possible pathways from IRC calculations are displayed in the supporting information. 

An inspection of Fig. 3 indicates that, H-abstraction from C is the most 

thermodynamically and kinetically favored reaction on the potential energy surface 

(PES) of the complex decomposition of MP. This channel has the lowest energy 

barrier (∆E0
‡ 
= 3.2 kcal/mol) and it is endothermic path (∆E0

‡ 
= 0.9 kcal/mol) at CBS-

QB3//BMK/6-31+G(d,p). Compared to endothermic routes Cµ of 1.9 kcal/mol and Cβ 

of 3.9 kcal/mol. An inspection of Table 1 indicates that the barrier heights are method 

dependent as reported by Moc and Simmie [57].  

 

Table 1: Energy barriers (ΔE
#

0, kcal/mol) for H-abstraction from MP by 
•
OH at 

different levels over temperature range 200–300 K at BMK/6-311++G(2d,2p)
a
, 

BB1K/6311++G(2d,2p)
a
, MP2/6-311++G(2d,2p)

a
 and CBS-QB3. 

Site BMK BB1K MP2 CBS-QB3 

MP-α   1.97 3.03 19.87 3.2 

MP- µ 0.79 2.13 21.26 4.0 

MP-β  1.02 2.36 22.07 4.3 

a
://BMK/6-31+G(d,p) geometry 
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Fig. 3. Potential energy profile for bimolecular reaction of MP with 
•
OH (∆E0, ∆E0

‡
, 

kcal/mol) using CBS-QB3. 

 

3.3. Equilibrium constants  

          Equilibrium constants (Keq) for all reactions (R1-R3) of MP were calculated 

over a temperature range from 200-300 K at 1 atm. Single point energy calculations 

for all stationary points were carried out at CBSQB3 level of theory. The computed 

Keq values are depicted in Figs. 4, 5 and summarized in supporting information.  

          The branching ratio (Γ %) is the ratio between the individual rates and the total 

rate. Γ is an important value because it determines reaction pathways and products 

distribution. Keq and the branching ratios (Γ) are summarized in supporting 

information. An inspection of Figs. 4, 5 indicates that hydrogen-abstraction from Cα 
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as the most preferable path over the whole investigated temperature range, followed 

by Cµ and a modest contribution from Cβ. The order of Keq correlates with the values 

of the energy barriers. 
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Fig. 4. Comparison of changes of Keq for R1-R3 of MP oxidation with OH (at 200–

300 K, 1 atm) at the CBS-QB3 level of theory. 
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Fig. 5. Branching ratios (Γ) of each channel in the reaction of MP with 
•
OH at CBS-

QB3 obtained by means of Keq. 
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3. 4. Reaction rate constants 

           Rate constants (k1-3) for all reactions are shown in Figs. 6 and 7. They were 

calculated using conventional transition state theory (TST) over an atmospheric 

temperature range from 200-300 K at 1 atm. Since an H-atom is involved in these 

reactions tunneling has to be considered. It was included by incorporating the Wigner 

(W) tunneling correction in the rate equation.  

           k1-3 and the branching ratios (Γ) are summarized in Tables 2-4. An inspection 

of these Tables indicates the hydrogen-abstraction from Cα as a most preferable path 

over the whole investigated temperature range, followed by Cβ and a modest 

contribution from Cµ. The order of k1-3 does not parallel the values of the energy 

barriers. The frequency factors seem to be the main player in determining priority of 

different channels [22]. Plotting of log k against 1/T K shows an Arrhenius behavior 

over the considered temperatures range and the rate equation can be well described by 

the normal Arrhenius parameters equation (k = A 
 
exp(−Ea/RT).              

            The total rate (k1-3) is the sum of the individual rate constants estimated at 200-

300 K and 1 atm, and they are given in Table 2. We observe that the quantum 

tunneling effects vary, tunneling is 2 times greater for H-abstraction from the -CH3 

group than from the -CH2 group. The total rate constant for OH oxidation is estimated 

to be 5.96    10
-12

 cm
3
 molecule

-1
 s

-1
 at 298 K. The corresponding rate coefficients are 

summarized in Table 2. Le Calve et al [13]. utilized the pulsed laser photolysis-laser 

induced fluorescence technique over the temperature range of 253 to 372 K and 

derived the Arrhenius expression of (8.73 ± 2.53)    10
-12

 exp(-(148 ± 86)/T) cm
3
 

molecule
-1

 s
-1

. Andersen et al [10]. measured the rate constant at 293 K with relative 

rate techniques as 9.25    10
-13

 cm
3
 molecule

-1
 s

-1
 and also theoretically obtained the 

rate coefficient of 3.8    10
-13

 cm
3
 molecule

-1
 s

-1
 at 298 K, with TST and energies at the 

CCSD(T)/cc-pVTZ//BH&HLYP/aug-cc-pVTZ level. Compared to these experimental 

rate coefficients, our predictions are in excellently agreement with Le Calve et al.’s
 

results [13], Andersen et al [10].
 
 and Cavalli et al [11]. 
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Fig. 6. Bimolecular rate constants k1-3 for reaction channels of MP oxidation with 

•
OH obtained by means of TST/W theory (T = 200–300 K, P = 1 atm) according to 

the computed CBS-QB3 energies. 

 

Table 2. Rate constants (k1-3, cm
3
 molecule

-1
 s

-1
) for MP oxidation with 

•
OH from 

TST and TST/W calculations (T = 200–300 K, P = 1 atm) based on CBS-QB3 

energies. 

 R1, k1 R2, k2 R3, k3 kTotal 

T K TST TST/W  (T) TST TST/W  (T) TST TST/W  (T) k1-3  

200 1.07E-13 8.11E-12 1.98 8.13E-12 2.99E-12 3.35 8.67E-12 2.98E-12 3.82 3.10E-11 

250 1.75E-13 9.61E-12 1.63 9.80E-12 5.76E-12 2.50 1.48E-13 6.94E-12 2.80 3.24E-11 

273 6.77E-13 1.03E-12 1.53 9.53E-13 2.15E-12 2.26 5.90E-13 1.48E-12 2.51 6.88E-12 

298 6.78E-13 9.79E-13 1.44 8.76E-13 1.80E-12 2.06 4.99E-13 1.13E-12 2.27 5.96E-12 

 

 

 

 

 

Table 3. Two-parameters Arrhenius
a
 coefficients for oxidation of MP by 

•
OH from 

TST/W calculations (T = 200-300 K, P = 1 atm) using CBS-QB3 energies. 
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Parameter/channel Cα Cβ Cµ 

A 2.75E-13 5.28E-14 2.06E-13 

Ea -0.69 -1.81 -1.27 

a
k = A exp(−Ea/RT):  The units of k, A are cm

3
 molecule

-1
 s

-1
 and Ea in kcal/mol.  

 

3. 4. 1. Branching ratios 

          The branching ratios of rate constants for all reactions are shown in Fig. 7. 

Table 4 collects the percentage contribution of each channel. The hydrogen-

abstraction from Cα and Cβ was found to be the dominant paths. Abstraction from Cα 

shows the largest contribution at low temperature up to 200 K but decreases at higher 

temperature to 44.1 % from the total rate at 300 K. Rising of temperature (above 200 

K) increases significantly the rate of hydrogen atom abstraction from Cµ. The order of 

rate constants was not found to be in agreement with the values of the energy barriers 

whereas Keq does. The frequency factors seem to be the main player in determining 

priority of different channels [22]. Our calculated rate constants and branching ratios 

help to illuminate combustion properties of MP. This analysis shows that knowledge 

of accurate rate constants and branching ratios is crucial to accurately elucidate 

combustion properties of different fuels. Therefore, a thorough investigation of the 

bimolecular reaction kinetics of MP is required to improve the accuracy of 

combustion models and also to describe the combustion behavior of biodiesel fuels. 
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Fig. 7. Branching ratios (Γ) in the reaction of MP with 
•
OH at CBS-QB3 by means of 

TST/W. 

 

Table 4. Branching ratio (Γ) of each channel in the reaction of MP with 
•
OH at CBS-

QB3 obtained by means of TST/W. 

T K Γ-α Γ-µ Γ-β 

200 34.33 32.83 32.84 

250 33.95 33.19 32.86 

273 33.18 33.31 33.51 

298 36.80 31.51 31.70 

 

 

4. Conclusion 

           This paper describes thermochemistry and kinetics of the reaction of MP with 

•
OH at BMK, BB1K, MP2, and CBS–QB3 levels of theories. The results obtained can 

be summarized as follows:   
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1. Based on the calculated energy barriers, the order of H-abstraction reactions from 

MP by the OH radical was found to be α < µ < β at CBS–QB3//BMK/6-31+G(d,p).  

2. The branching ratios show H-abstraction from the Cα and Cβ positions as a most 

dominant reaction.  

3. Formation of water from Cβ is an exothermic reaction, while the other two routes 

are endothermic. 

4. Preferable H-abstraction from Cα–H was attributed to the weakness of C–H bond, 

while the feasibility of abstraction from Cβ was explained in term of hydrogen bond 

stabilization of transition state. 

 

Appendix A. Supplementary material 

Supplementary data associated with this article can be found, in the online version, at 
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