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Abstract 

At Møller-Plesset MP2/6-31G(d), G3 and CBS-QB3 levels of theory, we have 

investigated the potential energy surface for the reaction of the triplet oxygen atom 

O(
3
P) with 1,3-butadiene.  Despite the study of the channels of this reaction is a 

theoretical challenge, the different possible pathways are studied in order to better 

understand the reaction mechanism. Concerning the oxidation of 1,3-butadiene by 

triplet oxygen O(
3
P), it is shown that the major product is H2CCHC(O)CH3(P5).With 

the method CBS-QB3, the best agreement with the experimental reaction enthalpies is 

obtained. The transition state theory (TST) has been employed to compute rate 

constants over the temperature range 297-798K. The results show that the electrophilic 

O-addition pathways on the double bond are dominant up to the temperature range. The 

activation energy is consistent with the addition mechanism proposed. 

 

Keywords :Atmospheric reactions, 1,3-butadiene,Triplet oxygen atoms O(
3
P),CBS-

QB3 method,Potential energy surface. 
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1. Introduction 

The atmosphere is considered as a chemical reactor in which many chemical reactions 

occur. Among them, the oxidation of unsaturated compounds by active species that are 

present there, such as OH and NO3 radicals, O3 molecules, Cl and the triplet oxygen 

O(
3
P) atomhas aroused the interest of scientist [1, 2]. Thus, the reactions of O(

3
P) with 

olefins are extensively studied for more than sixty years because of their importancein 

both of atmospheric and combustion chemistry [3-8]. These studies have focused, 

particularly on the understanding the processes of the hydrocarbon combustions as well 

as of their kinetic mechanisms, in order to improve the efficiency of the combustion. 

Theoretical methods arethe most efficient among those used to give the appropriate 

answers [9-14].  

It emerges from the results already obtained thatO(
3
P) playsthe main role in the initial 

stages of the reactionby adding itself on the carbon-carbon double bond. This addition 

consists of an attachment of the electrophilic oxygen atom on the less substituted carbon 

atom of the double bond leading to the formation of a bi-radical. This step was 

considered as the key of the reaction[15, 16].  

However, several other experimental and modeling studies have detected also the 

presence of molecular rearrangements giving either epoxides by ring closure, or 

carbonyl compounds by internal migration of a hydrogen atom or alkyl groups bonded 

to a carbon atom of the double bond[10-12]. 

In previous investigations, we performed theoretical studies on the kinetics and 

thermodynamics of different reaction channels of the addition of O(
3
P) on trans-2-

butene/cis-2-butene, using several levels of theory such as: MP2, PMP2//MP2, CCSD 

(T)//MP2, CBS-4M, and CBS-QB3 [17, 18].  

Moreover, the oxidation kinetics of 1,3-butadiene (1,3-C4H6) is very important for the 

kinetic mechanisms hierarchical development of hydrocarbon combustion [19,24]. 

Among the theoretical methods used, IRC calculations and transition state theory (TST) 

are the most powerful ones to elucidate the reaction paths and characterize the dominant 

elemental reaction. 

The rate constant k of the elementary reaction is given by Eyring's equation from the 

transition state theory [27-29]: 
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ΔG
≠
 is the free energy variation at the transition state, and it is expressed as G

≠
 = G° 

(TS) – ΣG° (reactants), where T is the temperature (K), kB is Boltzmann constant h is 

Plank constant, and R is the gas constant. 

The tunnel effect is taken into account by multiplying the rate constant by a coefficient 

σ(T) called the transmission coefficient. The transmission coefficient σ(T) depends on 

the temperature, the mass of the particle and the shape of the energy barrier between 

reactants and products. σ (T) =1 if the tunnel effect is neglected. In our study, we have 

used one-dimensional Eckart tunneling correction to improve rate constants of the 

studied reaction. 

This paper aimsto perform a theoretical study on the different possible reaction 

channelsof the reaction of O(
3
P) with 1,3-butadiene by exploring several calculations at 

the MP2 , G3 and CBS-QB3 levels of theory.First, the exploration ofthe triplet potential 

energy surface allowed us to predict the major products of the reactions. Then,the 

reaction and activation enthalpies were calculated and compared to theavailable 

experimental data.Finally, the thermal rate constants for the O(
3
P) + 1,3-butadiene 

reaction were determined over the temperature range 297-798 using TST[27-29]. 

 

2. Computational methods 

The 2
nd

 order perturbation Møller-Plesset theory (MP2) [31] with the basis set 6-31G 

(d), G3 [32, 33] and CBS-QB3 [34, 35] methods implemented in Gaussian 09 program 

[30]were used to carry out the calculations. The geometry optimizations followed by 

frequency calculations at the same level of theory were performed for all the stationary 

points of reactants, products, and transition states (TS) of the reaction of triplet oxygen 

O(
3
P) with butadiene. All calculations have been done first at MP2/6-31G(d), then G3 

and finally at CBS-QB3 method in order to find the best accordance with the 

experimental available data. 

IRC (Intrinsic reaction coordinate) calculations were done in order to verify that each 

optimized structure was representative of the desired reaction coordinate [36]. The rate 

constants for the gas-phase reaction of O(
3
P) with butadiene using non-adiabatic TST 

were calculated over a temperature range 297-798K. 
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3. Results and discussion 

Among the scheme described in the literature of the reaction between O(
3
P) and                      

1,3-butadiene, two main pathways were proposed(Scheme 1). The first pathway 

corresponds to the oxidation of 1,3-butadiene by O(
3
P) on the less substituted carbon 

atom of the double bond, unlike to the second one where the O-addition occurs on the 

more substituted carbon atom. Accordingly,different products were obtained depending 

on the reactional pathway followed.  

 

Scheme 1. Schematic representation of the different pathwaysof the reaction between 

1,3-butadiene  and O(
3
P). 
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First of all, we have calculated the thermodynamics properties ΔH (kcal/mol), ΔG 

(kcal/mol) and ΔS (kcal/mol.K) of the reactants and products at singlet state using the 

MP2/6-31G (d), CBS-QB3 and G3 methods in order to assess the first two ones to 

describe this reaction,while, the G3 method was used as reference. It is worthy to note 

that CBS methods are well known to be good in reproducing thermodynamic quantities 

such as enthalpy [34,35]. Thus, the choice of G3 as a reference method is just to get a 

clear idea about the best CBS reproducing method by comparing it with another CBS 

method which is here CBS-QB3. The resultsare given in Table 1. 

 

Table 1. Thermodynamics properties ΔH (kcal/mol), ΔG (kcal/mol) and ΔS 

(kcal/mol.K) of the reactants, and products at singlet state using MP2/6-31G (d), G3 and 

CBS-QB3 methods. 

 

 MP2/6-31G (d) G3 CBS-QB3  

   ΔH ΔG ΔS ΔH ΔG ΔS ΔH ΔG ΔS ΔH° exp 

Butadiene
(a)

 + O(
3
P)

(b)
  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  

H2C(O)CHCHCH2 P1 -83.0 -73.3 -32.4 -83.5 -74.3 -25.8 -85.2 -75.6 -32.1 -98.2
(c)

 

HC(O)CH2CHCH2 P2 -104.0 -95.7 -27.8 -104.3 -96.5 -28.0 -105.4 -97.2 -27.6 -118.8
(d)

 

HC(OH)CHCHCH2 P3 -92.7 -83.9 -29.6 -99.8 -91.7 -28.4 -100.7 -91.8 -29.9  

H2CC(OH)CHCH2 P4 -95.9 -86.6 -31.1 -102.9 -94.1 -31.5 -103.9 -94.6 -31.2 -103.6
(e)

 

H2CCHC(O)CH3 P5 -113.3 -104.7 -28.8 -112.6 -104.4 -29.2 -113.7 -105.1 -28.6 -113.5
(f)

 

            

(a)
Ref. [37]                            

(d)
Ref. [38] 

(b)
Ref. [39]                            

(e)
Ref. [40,41] 

(c)
Ref. [42, 43]                      

(f)
Ref. [44] 

 

Thus, we have compared the H and G values obtained with MP2 and CBS-QB3 

methods to those obtained experimentally and in the case of any observed lack they 

were compared to those obtained with G3 method.  

As shown in Table 1, the H values of P4 and P5 obtained with CBS-QB3 method are 

very close to the experimental values, while those of MP2 give on the one hand a very 

close result for P5 and on the other hand overestimate the one corresponding to P4 

product by7.7 kcal/mol. However, the H values calculated with the two methods for 

P1 and P2 products are overestimated by 13 to 15 kcal/mol compared to those obtained 

experimentally. However, the H value of P3 obtained with CBS-QB3 is very close to 
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that obtained with G3 method whereas, that obtained with MP2 is overestimated by 6.1 

kcal/mol. 

The G value of P5 calculated with MP2 is very close to that obtained with G3 

method,while those of P1, P2, P3 and P4 are overestimated by 1, 0.8, 7.8, and 7.5 

kcal/mol,respectively,in comparison to the ones obtained with G3 method. However, 

the G values of P3 and P4 obtained with CBS-QB3method are very close to those 

obtained with G3 method while those of P1, P2 and P5 are slightly underestimated to 

those givenby G3 method by 1.3, 0.7 and 0.7 kcal/mol respectively. 

As it was expected, MP2 is not as good as CBS methods at calculating thermal energies 

for such open shell systems that are highly spin contaminated. This may be due to its 

incomplete treatment of electron correlation. In addition, in the CBS methods many 

corrections were added and used in their treatment of energy in order to get energies 

close as much as possible to those reported experimentally [45, 46]. Hence, for the rest 

of our study we will be therefore using only CBS-QB3 method. 

 

3.1. Addition of O(
3
P) to 1,3-butadiene 

Enthalpies and relative Gibbs free energies of the reaction of 1,3-butadiene + O(
3
P) 

(addition of oxygen atom as well as abstraction of hydrogen atom) calculated in 

standard conditionsand using CBS-QB3 methodare listed in Table 2 (relative to 

reactants). 

We can see from these results that all the values of enthalpies and Gibbs free energies 

are negative except P6 and P7; and the most stable products are P2 and P5. It emerges 

from this that the reaction of 1,3-butadiene with triplet oxygen O(
3
P) is spontaneous and 

exothermic and the tautomeric effect present in P2 and P5 products play an important 

role in their stabilities.  

 

Table 2. Thermodynamics properties ΔH (kcal/mol), ΔG (kcal/mol) and ΔS (cal/mol.K) 

of the reactants, products, intermediates and calculated transition states at triplet state 

usingMP2/6-31G (d) and CBS-QB3 methods. 

 

 CBS-QB3 

   
 

ΔH ΔG ΔS ΔH° exp 

Butadiene
(a)

 + O(
3
P)

(b)
  

 
0.0 0.0 0.0  

H2C(O)CHCHCH2 
3
P1 

 
-19.47 -11.52 -26.70 -98.2

(c)
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HC(O)CH2CHCH2 
3
P2  -27.58 -20.10 -25.13 -118.8

(d)
 

HC(OH)CHCHCH2 
3
P3  -41.72 -34.48 -24.32  

H2CC(OH)CHCH2 
3
P4  -43.52 -35.77 -26.04 -103.6

(e)
 

H2CCHC(O)CH3 
3
P5  -43.82 -35.27 -28.66 -113.5

(f)
 

OH + H2CCHCH=CH   
3
P6  8.8 6.6 7.3  

OH + H2CCHCH=CH 
3
P7  9.4 7.1 7.5  

OH + H2CCHC=CH2 
3
P8  5.6 3.8 5.9  

       
3
IM1   -36.5 -28.5 -26.7  

3
IM2   -21.1 -13.4 -25.8  

       
3
TS1   4.1 11.0 -23.2  

3
TS2   2.1 9.8 -25.7  

3
TS3   -4.2 3.6 -26.2  

3
TS4   -7.6 0.2 -26.4  

3
TS5   -0.1 8.0 -27.3  

3
TS6   -8.4 -0.1 -27.8  

3
TS7   8.7 16.0 -24.6  

3
TS8   9.3 16.1 -23.0  

3
TS9   6.7 13.8 -23.8  

 

 (a)
Ref.[37] 

(d)
Ref.[38] 

 (b)
Ref. [39]

(e)
Ref. [40, 41] 

 (c)
Ref. [42, 43]

(f))
Ref.[44] 

 

Figure 1 displays the potential energy profile for the computed pathways of the reaction 

between O(
3
P) and 1,3-butadiene using the CBS-QB3 method at 298 K according to the 

variation in the Gibbs free energy. The structures of the different transition states and 

intermediates are presented in Figure 1 too. 
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Figure 1. Energeticprofilein kcal/molof the different channels for the addition pathways 

of the reaction of butadiene with O(
3
P) calculated at the CBS-QB3level at 298 K. 

 

As shown inFigure 1, the first transition state 
3
TS1 which is located at 11.05 kcal /mol 

leading to the formation of the intermediate 
3
IM1 (CH2(O)CH2CH=CH2) is higher in 

energy than the isolated reactant. When the transition state 
3
TS1 falls apart, it gives rise 

to three reaction channels. The first one corresponds to a direct formation of the epoxy 

compound P1 (H2C(O)CHCHCH2) located at -11.52 kcal/mol.The second one yields to 

the formation of product P2 (HC(O)CH2CHCH2), located at -20.10 kcal/mol below 

reactants via an intermediate state 
3
IM1 and by overcomingan energy barrier of 32.08 

kcal/mollocated at 
3
TS3 and characterized by an imaginary frequency of1383.3icm

-1
. It 

is worthy to note that during the passage from
3
IM1 to

3
TS3 there is a hydrogen atom 

migration from carbon C1 to C2. 

The third path leads to the formation ofthe least energy product HC(OH)CHCHCH2 

(P3)of 
3
IM1 with an energy barrier of 28.76 kcal/mol between 

3
IM1 and 

3
TS4. The 

product P3 and 
3
TS4 are located respectively at -34.48and 0.22 kcal/mol (relative to the 

reactants). The imaginary frequency corresponding to 
3
TS4 isof a value of2008.2icm

-
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1
.This transition state highlights the shift of a hydrogen atom of the carbon atom 

towards the oxygen atom forming therefore the alcohol function (OH) of P3 product.  

Moreover, the O-addition on the more substituted carbon of 1,3-butadiene double bond 

generates
3
IM2 located at -13.4 kcal/mol. This biradicaladductdissociatesinto two 

products. The first product P4 (H2CC(OH)CHCH2) located at -35.77 kcal/mol is formed 

via
3
TS5 which is located at 7.98 kcal/mol above reactants and with an imaginary 

frequency of 1959.1icm
-1

. This channel corresponds to the lowest energy rearrangement 

from 
3
IM2. The second product P5 (H2CCHC(O)CH3) located at -35.27kcal/mol is 

obtained from 
3
TS6 aftersurmounting anenergy barrier of 0.1 kcal/mol belowthe 

reactants. The corresponding imaginary frequency for this transition state isequal to 

1301.4icm
-1

.It corresponds to the shift of the hydrogen atom from the carbon atom 

which bears the oxygen atom towards the adjacent carbon atom forming thus a methyl 

group in the product P5. 

Sincethe activation energies of the transition states 
3
TS4 and 

3
TS6 are lower than those 

of 
3
TS1 and 

3
TS2, we can therefore say thatthe first two addition paths are rate-

determining steps and on the other hand the productsP3 and P5are kinetically the most 

favorable ones. 

 

3.2. H-abstraction 

The H-abstraction by the O(
3
P) atom gives rise to three possible channels ( See Figure 2 

and Scheme 1). The first one occurs when the oxygen atom attacks the side H atom of 

the double bond giving the formation of product P6 (OH + CH2=CH-CH=CH) with an 

energy of 6.6kcal/mol via the transition state 
3
TS7 located at 16.0 kcal/mol above 

reactantsand with an imaginary frequency of 1099.0i cm
-1

. The second one occurs when 

the oxygen atom attacks the second side H atom of the double bond leading to the 

product P7 (OH + CH2=CH-CH=CH),with an energy barrier of 7.1kcal/mol above 

reactants, via the transition state 
3
TS8 located at 16.1 kcal/mol. 

3
TS8 is characterized by 

an imaginary frequency of 1007.4icm
-1

. The last possibleproduct is P8 (OH + CH2=CH-

C=CH2), located at 3.8 kcal/mol and is formed via the transition state 
3
TS9 with an 

energy of 13.8 kcal/mol and an imaginary frequency of 1317.0i cm
-1

.From this we can 

say that the P8 product is the most favored kinetically and thermodynamically among 

the H-abstraction products. 
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From an energetic point of view, the O-addition products are thermodynamically more 

favorable than those of the H-abstraction reactions. Hence, the dominant reaction 

channel for this PES is the electrophilic O-addition to the double bond of 1,3-butadiene. 

 

 

Figure 2. Energetic profile in kcal/mol of the three possible H-abstraction channels of 

butadiene with O(
3
P) at CBS-QB3 level at 298.15 K. 

 

3.3. Butadiene rate constants 

3.3.1. O-Addition reaction 

The rate constants of the reactions were calculated using the KiSThelP program [49] at 

the temperature range 298 to 798 K. This latter, range of temperature, was chosen and 

applied along this research study on the basis of the available experimental data on the 

rate constant of the entitled reaction under study [24, 27-29]. This was done using the 

molecular properties of the reactants, the stationary points of the transition states and 

products which were calculated using the Gaussian program 09W. The results shown in 

Figure 3 are compared to those obtained by Adusei et al. [48]. 

The rate constants for the reaction of 1,3-butadiene are plotted in logarithm form in 

Figures 3 and 4.  
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Figure3. Arrhenius plots for the addition reaction of O(
3
P) to 1,3-butadiene in the range 

of 298-798K calculated at the MP2 level of theory. 
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Figure4. Comparison of rate coefficients measurements for the reaction R3 and R4 of 

O(
3
P) addition to 1,3-butadiene in the range of 298-798K calculated at the MP2 level of 

theory with Atkinson et al. [25] study, Nip et al. [26] and Adusei et al. [48]. 

 

Figure 3 shows that R1 and R2 are below the experimental graph which is located in the 

middle of the pathways of the theoretical mechanism. These two steps are the slowest 
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ones and therefore the kinetically more determining. While R3, R4 and R5 plots are 

above the experimental one. However, the R6 pathway is slower than the first two (R1 

and R2) at temperatures greater than 390 K and its slope is greater than those of the 

other paths. As shown in Figure 4, R3, R4 are highly consistent with the obtained 

results of Atkinson et al. at the temperature range 297-439 K [25], and to those of Nip et 

al. at only two temperatures 299K and 488K [26] while, at above 600K compared to 

those of Adusei et al. [48].  

Unweighted linear least-squares analysis of these data has led to the following 

Arrhenius expressions (in units of cm
3
. molecule

-1
. s

-1
) given in Table 3. 

 

Table 3. Arrhenius expressions for the O-addition (in units of cm
3
. molecule

-1
. s

-1
) 

k(T)                                

k1 7.136 x 10
-12

 exp (-79.57/RT) 1.38 x 10
-15

 T1.15 exp (-74.99/RT) 

k2 4.629 x 10
-12

 exp (-118.54/RT) 3.888 x 10
-15

 T0.98 exp (-114.62/RT) 

k3 3.852 x 10
13

  exp (-143.03/RT) 2.816 x 10
10

 T1.0  exp (-139.03/RT) 

k4 3.125 x10
13

 exp (-129.30/RT) 3.305 x 10
10

 T0.95 exp (-125.49/RT) 

k5 3.300 x10
13

  exp (-84.56/RT) 4.477 x 10
08

 T1.55 exp (-78.36/RT) 

k6 1.437 x 10
14

 exp (-268.18/RT) 3.241x 10
06

 T2.44 exp (-258.43/RT) 

 

*Activation Energy Ea in KJ 

 

The values of the activation energies are directly given either by modified and 

unmodified Arrhenius expressions or by graphical determination from the straight lines 

presenting Logk as a function of 1/T whose slope is equal to -Ea/RT. Thus, the greatest 

slope of the R6 pathway reflects the most significant of activation energy. 

For the same temperature, the values of k1 and k2 are lower than those of k3, k4 and k5, 

confirming therefore that these two paths of the addition of oxygen atom to the more 

and less substituted carbon (alpha and beta) are kinetically the most determined 

pathways. 

 

3.3.2. H-Abstraction reaction 
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The calculated rate constants of H-abstraction reaction are shown in Figure 5. 
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Figure 5. Arrhenius plots for the H-abstraction reaction of 1,3-butadiene with O(
3
P) in 

the range of 298-798 K calculated at the MP2 level of theory. 

 

For the pathways R7, R8 and R9, the rate highly relies on temperatures which are much 

lower than that obtained by Adusei et al. [48] in the temperature range of 298–798 K. 

The temperature dependence of rate constants for reactions R7, R8 and R9 can be 

expressed as follows in Table 4. 

Table 4. Arrhenius expressions for the H-abstraction (in units of cm
3
. molecule

-1
. s

-1
) 

k(T)                                

k7 1.386 x 10
-11

 exp (-146.32/RT) 2.449 x 10
-17

 T1.84 exp (-138.98/RT) 

k8 3.574 x 10
-11

  exp (-171.18/RT) 4.445 x 10
-17

 T1.88 exp (-163.65/RT) 

k9 2.164 x 10
-11

 exp (-140.47/RT) 3.170 x 10
-17

 T1.86 exp (-133.03/RT) 

 

4. Conclusion 

In the present work, different reaction channels for the reaction between O(
3
P) and 1,3-

butadiene are probed at the CBS-QB3 levels of theory. The obtained structures were 

well reproduced by the calculation of the reaction paths IRC.  
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Our theoretical approach, used to explore the reaction paths, allows better understanding 

of the reaction mechanisms.  

The thermodynamic study carried out by the thermodynamic parameters (ΔH and ΔG) 

calculation shows that the oxidation reaction of 1,3-butadiene is exothermic and could 

occur spontaneously at 1atm and 298K. The dominant reaction channel for this PES is 

the electrophilic O-addition to the double bond of 1,3-butadiene. For the O-addition, the 

Gibbs free energyvalues confirm that P4 product is the most stable thermodynamically 

while P5 is kinetically the most favorable product. For the H-abstraction, the P8 product 

is the most favored product thermodynamically and kinetically. 

The results of enthalpy calculations of the reactions obtained by the G3 method are 

found to be in good agreement with the experimental results, so it can be used to predict 

the reaction mechanism and its thermodynamics and kinetics data that are not yet 

available.  

Rate coefficients for consumption of ground-state oxygen atom by reaction with 1,3-

butadiene have been determined using Transition State Theory.  In fact, the first two O-

addition pathways are the kinetically determining steps and the activation energy is 

consistent with the addition mechanism proposed.  

The results show that the electrophilic O-addition pathways on the double bond are 

dominant up to temperature range.  This is in a good agreement with the experimental 

measurements of reaction rate for 298-798 K range. 
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