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Abstract:

 In the present work, the mechanisms, thermochemistry and kinetics of the reaction of SO2 with O3− have been studied using the CCSD(T)/6-31G(d) + CF method. It has been shown that there exist two possible pathways A and B of the SO2 + O3− → SO3− + O2 reaction. The two pathways’ A and B barrier heights are 0.61 kcal mol−1 and 3.40 kcal mol−1, respectively, while the energy of the SO2 + O3− → SO3− + O2 reaction is −25.25 kcal mol−1. The canonical variational transition state theory with small-curvature tunneling (CVT/SCT) has been applied to study the reaction kinetics. The CVT/SCT study shows that the rate constants K for pathways A and B, KA = 1.11 × 10−12exp(−2526.13/T) and KB = 2.7 × 10−14exp(−1029.25/T), respectively, grow as the temperature increases and are much larger than those of the SO2 + O3 → SO3 + O2 reaction over the entire temperature range of 200–1500 K. This indicates that ionization of O3 and high temperatures are favorable for the SO2 oxidation via the reaction with ozone. The new data obtained in the present study can be utilized directly for the evaluation of experiments and model predictions concerning SO2 oxidation and kinetic modeling of gas-phase chemistry of pollutants/nucleation precursors formed in aircraft engines and the Earth’s atmosphere.
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1. Introduction

Aerosols are critically important for the Earth’s atmosphere [1–4]. They can be divided into two groups: primary and secondary aerosols. Primary aerosols are emitted directly into the Earth’s atmosphere from various natural and anthropogenic sources, while secondary aerosols are formed via gas-phase nucleation [1–14]. Secondary aerosols strongly affect the entire atmospheric ecosystem [1–5]. Aerosols formed via the gas-phase nucleation play an important role in the aerosol radiative forcing and indirectly affect the Earth’s climate by modifying cloud properties and precipitation [1–4]. They also impact the atmospheric micro- and macro-physics and chemistry, visibility, the Earth radiation budget [1–5,8–14] and public health [6,7]. New particles dominate the number concentration of atmospheric aerosols and their burst is frequently observed in the boundary layer and the lower troposphere [1–5].

Sulfuric acid is commonly accepted as a key species for atmospheric new particle formation because atmospheric vapours mixtures never nucleate before the H2SO4 concentration achieves the level of 105 cm−1 [1,3,4]. Binary H2SO4-H2O nucleation (BHN) [5] adequately explain nucleation in the case when environment is clean [3]. However, it can not explain nucleation events observed in the more polluted areas [1–5]. This means that atmospheric nucleation is multicomponent, involves more than two species and can be described as a H2SO4-H2O-X process. Sulfuric acid/ammonia clusters can be stabilized by organic acids [8–11] (e.g., maleic acid, oxalic acid and other dicarboxylic acids and possibly by large highly oxidized organics [2] such as, for example, C10H14O7), bases such as amines and NH3 [1–4,12–14] and ions [4,15]. It is important to note that while X is still a subject of ongoing debates, the H2SO4 is commonly accepted as the key atmospheric nucleation precursor [1–5].

H2SO4 is produced via chemical reactions involving e.g., neutral SO2 and chemiions such as SO3−, SO4−, O3− and others of both biogenic and anthropogenic origin [3,5,16–20]. Sulfur dioxide is a precursor [16–20] to H2SO4, which is present in large concentrations in the Earth’s atmosphere and produced in aircraft engines. Aircrafts generally produce significant amount of pollutants due to combustion of fossil fuel. Sulfur dioxides are the dominant product of the aviation kerosene combustion [21] and can be converted into the H2SO4 with the help of chemiions generated in engines [21–23]. While ozone is one of the most important contributors to the oxidation of SO2 to sulfates in clouds [16–29], negatively charged O3− is a common chemiion generated in engines [21–23] and produced via the charge-transfer reactions and particle transfer reactions in Earth’s atmosphere [24–26].

The SO2 conversion into sulfuric acid in the Earth’s atmopshere includes two stages [16,24–42]. The first stage is the sulfur dioxide oxidation to sulfur trioxide [16,24–36]. The second stage is the sulfur trioxide hydrolysis to sulfuric acid [37–42]. The conversion of SO2 into SO3 and H2SO4 has been investigated using experimental and theoretical methods in the past [16,24–36]. For example, the reviews of experiments relevant to the gas-phase conversion SO2 into the sulfuric acid has been presented in [16,30]. Starik with co-workers have investigated the concentrations of sulfate aerosol precursors and chemiions in the aircraft engines using advanced numerical models [34]. Ozone injection methods used to simultaneously remove NOx and SO2 in the flue gas have been investigated by Mok and Lee [35,36]. Davis with co-workers [32] have employed stop-flow time-of-flight mass spectrometry to study the reaction of SO2 and O3 and obtained the rate constant of 2 × 10−22 cm3 molecule−1s−1 at 300 K for SO2 + O3 → SO3 + O2 reaction. More recently, Jiang et al. [43] have carried out a quantum chemical study and obtained a value of 3.61 × 10−23 cm3 molecule−1s−1 at 300 K for the same reaction. However, although the SO2 oxidation has been studied in the past, a deep and insightful understanding of the mechanisms, thermochemistry and kinetics of the SO2 oxidation via the reaction with ozone, including the impact of O3 charging on the reaction mechanisms and reaction rate, are yet to be achieved. In particular, the mechanism of the the SO2 + O3− → SO3− + O2 reaction, which occurs in aircraft engines and environment, is poorly understood. Currently, no data on the thermochemistry and kinetics of the SO2 + O3− → SO3− + O2 reaction are available

In order to fill this gap and to achieve a deeper and more insightful understanding of mechanisms of SO2 oxidation, we have carried out the ab initio study of reactions of SO2, the precursor to gaseous H2SO, with the common chemiion O3− and have investigated the reaction mechanisms, thermochemistry and kinetics. The new data that characterize the above-mentioned properties and can be utilized directly for the assessment of the efficiency of different SO2 oxidation mechanisms and kinetic modeling of gas-phase chemistry of pollutants/nucleation precursors have been obtained. The comparison of the newly obtained data with the data for SO2 + O3 → SO3 + O2 reaction has been carried out and the impact of the O3 ionization and temperature on the reaction thermochemistry and kinetics has been discussed.



2. Methods

The computations have been carried out using the Gaussian 03 suite of programs [44] using the CCSD(T)/6-31G(d) + CF method. The method employed in the present study has been widely used to compute the reaction energies and to investigate reactions involving atmospheric species [45–53].

In the framework of the CCSD(T)/6-31G(d) + CF method, the geometries of all the reactants, transition states, complexes and products were optimized at the B3LYP/aug-cc-pvdz level of theory. The vibrational spectra have been calculated in order to determine the nature of stationary points. Stationary points were classified as minima in the case, when no imaginary frequencies were present in the vibrational spectrum, while those with one imaginary frequency in the spectrum are identified as transitional states [51]. Each transitional state has been examined using the intrinsic reaction coordinate (IRC) method [54] at the B3LYP/aug-cc-pvdz level in order to make sure that the transition states properly connect reactants and products. Zero-point energies (ZPE) have also been calculated using the B3LYP/aug-cc-pvdz. B3LYP/aug-cc-pvdz optimized geometries were used for the single-point energy calculations with B3LYP and high-level Coupled-Cluster method with Single and Double excitations including perturbative corrections for the Triple excitations (CCSD(T)). In order to achieve high accuracy in computed single-point energies, the basis set effects were corrected [52]. A correction factor (CF) was derived from the energy difference between the B3LYP/6-31G(d) and B3LYP/6-311++G(3df,2pd) levels of theory. Energies calculated using the CCSD(T)/6-31G(d) were then corrected by the CF.

In order to ensure the quality of the obtained results, additional calculations with MP2, CCSD(T) and QCISD(T) methods with different basis sets have been carried out. The reaction rate constants have been calculated with the canonical variational transition state theory (CVT) with small-curvature tunneling (SCT) effect [55,56] using the optimized geometries, energy and Hessian data of all the reactants, complexes, transition states and products. The rate calculations were carried out using Polyrate 9.7 Suite of Programs [57].



3. Result and Discussion


3.1. Reaction Mechanism

Sulfur dioxide molecule attacks negatively charged ozone ion, captures the oxygen atom from O3− and subsequently forms negatively charged sulfur trioxide ion and oxygen molecule [35]. Sulfur dioxide molecules can approach negatively charged ozone ion in two ways corresponding to two possible reaction pathways. The possible reaction pathways are shown in Scheme 1. Figure 1 presents the optimized geometries of the reactants, complexes, transition states and products and the most important geometrical properties characterizing these systems.

Scheme 1. The possible reaction pathways of the SO2+O3−→SO3−+O2 reaction with the potential barriers E* (kcal mol−1) and reaction heats (kcal mol−1).
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Figure 1. Geometries of stationary points associated with the SO2 + O3− → SO3− + O2 reaction obtained at B3LYP/aug-cc-pvdz level of theory. Bond distances are given in Å. TS1 and TS2 denote transition states of pathway A and B, respectively.
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Two transition states (TS1 and TS2) have been identified. Both transition states have only one imaginary harmonic vibrational frequency and can be classified as the first-order saddle points. The values of the imaginary frequencies for TS1 and TS2 transition states are −528.1303i and −436.9066i, respectively. In order to ensure that the transition states connect corresponding reactants and products, the intrinsic reaction coordinate (IRC) calculations have been performed. The calculations of the relative energies of transition states indicate that van der Waals complexes CP1 and CP2 were formed prior to the formation of corresponding transition states.

In the case of the pathway A, the sulfur dioxide molecule approaches the ozone ion vertically and captures the terminal oxygen atom. The barrier height of the pathway A is 0.61 kcal mol−1. CP1 was formed prior to TS1. The O(2)-O(6)bond is 0.080Å longer than O-O bonds in O3− molecule, while O(5)-O(6) bond reduced in length to 1.288Å. The S(1)-O(2) was found to be 2.052Å. As the reaction continued, the TS1 was formed. S(1)-O(2) bond length of 1.764Å in TS1 is 0.288Å shorter than S(1)-O(2) in CP1. O(5)-O(6) bond reduced in lengths to 1.245Å and is now close to the double O-O bond (1.208Å). The length of O(2)-O(6) is 1.665Å that is 0.235Å longer than the corresponding bond in CP1. The lenghts of the S(1)-O(2) bond in SO3− is 1.536Å that is 0.228Å shorter than the corresponding bond in TS1. The double 1.208Å O(1)-O(2) bond was formed in the oxygen molecule.

In case of pathway B, sulfur dioxide molecule approaches the negative ozone ion slantly and captures the terminal oxygen atom. The barrier height of the pathway B is 3.40 kcal mol−1. CP2 is formed prior to the formation of TS2. The S(4)-O(3) (2.052Å) in CP2 is nearly identical to the S(1)-O(2) (2.052Å) in CP1. The S(4)-O(3) bond in TS2 is 1.795Å that is 0.257Å shorter than the corresponding bond in CP2. The lengths of O(1)-O(2) bond in the TS2 is 1.225 Å that is 0.072Å and 0.125Å shorter than the O-O bonds in CP2 and O3−, respectively, and close to the lengths of the double O-O bond of O2.



3.2. Thermochemical Analysis

The SO2-O3− reaction energies for pathways A and B calculated using different methods are presented in Table 1. As it may be seen from Table 1, the reaction energies calculated using ab initio or ab initio-based methods are quite close, while those obtained by B3LYP/6-31G(d) and B3LYP/6-311++G(3df,2pd) methods significantly differ from the ab initio results. The RE values obtained at MP2/6-31G(d), CCSD(T)/6-31G(d), CCSD(T)/6-31G(d) + CF levels of theory agree within less than 3 kcal mol−1, while the B3LYP/6-31G(d) and B3LYP/6-311++G(3df,2pd) predictions deviate from ab initio results by 6–10 kcal mol−1. At the CCSD(T)/6-31G(d) + CF level of theory, the products are predicted to be −25.25 kcal mol−1 more stable than the reactants. Figure 2 presents the profile of the potential energy surface for sulfur dioxide and negatively charged ozone ion calculated at the CCSD(T)/6-31G(d) + CF level of theory.

Figure 2. The potential energy surface for the SO2 + O3 → SO3− + O2 reaction.



[image: Entropy 16 06300f2 1024]





Table 1. Comparison of the SO2 + O3− → SO3− + O2 reaction energies (RE), the relative energies of the van der Waals complexes with respect to reactants (REcp) and potential energy barriers (ΔE) with zero-point correction included (kcal mol−1) for the pathways A and B calculated at different levels of theory in the present study with and energies of the SO2 + O3 → SO3 + O2 reaction [43].


	Method
	REcp1
	REcp2
	ΔE1
	ΔE2
	RE





	MP2/6-31G(d)
	−24.64
	−26.23
	2.66
	10.17
	−28.90



	B3LYP/6-31G(d)
	−36.38
	−37.33
	1.48
	12.17
	−18.65



	B3LYP/6-311++G(3df,2pd)
	−26.59
	−28.25
	1.37
	11.71
	−17.77



	CCSD(T)/6-31G(d)
	−30.75
	−32.03
	0.72
	3.86
	−26.13



	CCSD(T)/6-31G(d)+CF
	−20.95
	−22.95
	0.61
	3.40
	−25.25



	G2M a
	–
	–
	9.68
	–
	−27.45





aSO2 + O3 → SO3 + O2 reaction [43].




As seen from Table 1, the potential energy barriers with zero-point correction included for Pathway A and B are quite sensitive to the basis sets even if a DFT method such as B3LYP is applied. In order to correct the basis set effect, we have employed the basis set correction method [52]. The potential energy barriers predicted at the CCSD(T)/6-31G(d) + CF level of theory for pathways A and B were found to be 0.61 kcal mol−1 and 3.40 kcal mol−1, respectively. As it may be seen from Table 1, potential energy barriers for pathways A and B differ by less than 2.7 kcal mol−1.

The relative energies of transition states of both pathways computed at all the MP2, B3LYP and CCSD(T) levels of theory are negative. This is a clear indication of the formation of complexes prior to the formation of the transition state. The relative energies for CP1 and CP2 with zero-point corrections included are shown in Table 1. The CCSD(T)/6-31+G(d) + CF values for CP1 and CP2 are −20.95 kcal mol−1 and −22.95 kcal mol−1 respectively. The values are more negative than energies of the corresponding transition states, −20.34 kcal mol−1 and −19.55 kcal mol−1, respectively. This is a clear indication of the possible formation of associated complexes prior to the formation of the corresponding transition states.

As it may be seen in Table 1, the SO2 + O3 →SO3 + O2 reaction energy [43] is close to that the energy of the SO2 + O3− → SO3− + O2 obtained in the present study. However, the barrier of the SO2 + O3 → SO3 + O2 reaction is by 9 kcal mol−1 higher than that of SO2 + O3− → SO3− + O2 reaction. This shows clearly that the O3 charging greatly reduces the barrier of the reaction of SO2 with ozone.

In order to ensure the quality of the obtained results, we have performed additional high levels ab intio calculations using CCSD(T)/6-311G(d,p) and QCISD(T)/6-311G(d,p) methods. The results of these calculations are summarized in Table 2. As it may be seen from Table 2, the activation energies obtained at CCSD(T)/6-31G(d) + CF and CCSD(T)/6-311G(d,p) levels of theory are very close, with the largest difference of 1.8 kcal mol−1 only. Activation energies produced by the CCSD(T)/6-31G(d) + CF and QCISD(T)/6-311G(d,p) methods are also in agreement within 1.69 kcal mol−1 and 0.97 kcal mol−1 in the case of pathways A and B, respectively. This means that CCSD(T)/6-31G(d) + CF method adequately describes the reaction energies and that CCSD(T)/6-31G(d) + CF data can readily be used for kinetic calculations of rate constants.

Table 2. Activation energies (kcal mol−1) for the abstraction reaction of sulfur dioxide with negatively charged ozone molecule calculated using high level ab initio methods.


	Pathway
	CCSD(T)/

6-31G(d)
	CCSD(T)/

6-31G(d)+CF
	CCSD(T)/

6-311G(d,p)
	QCISD(T)/

6-311G(d,p)





	A
	0.72
	0.61
	2.41
	2.30



	B
	3.86
	3.40
	2.53
	4.37










3.3. Reaction Kinetics

The CVT/SCT method was used for the kinetic calculations. Since the temperature in aircraft engines decreases from 1500 K near the combustor to 600 K near the nozzle, the temperature range of 200–1500 K has been chosen for kinetic calculations to represent both aircraft engine and atmospheric conditions.

The CVT/SCT rate constants calculated at 200–1500 K with the input parameters obtained at the CCSD(T)/6-31G(d) + CF level of theory are shown in Table 3. The rate constants for pathways A and B were fitted using the Arrhenius formula to obtain KA = 1.11 × 10−12exp(−2526.13/T) and KB = 2.7 × 10−14exp(−1029.25/T) respectively. Figure 3 shows the comparison of KA and KB with the rate constants for the SO2 + O3 → SO3 + O2 reaction by Davis et al. [32], Jiang et al. [43] and NIST data [58].

Figure 3. Comparison of the rate constants KA and KB for SO2 + O3− → SO3− + O2 reaction at 200−1500 K with the experimental and theoretical data for the SO2 + O3 → SO3 + O2 reaction [32,43,58]. Symbols A, B, exp*, theor*, NIST* refer to pathway A (present study), pathway B (present study), ref. [32], ref. [43] and NIST fitted data ref. [58], respectively.
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Table 3. Rate constants KA and KB at 200–1500 K.


	T(K)
	Pathway A (cm3 mol−1 s−1)
	Pathway B (cm3 mol−1 s−1)





	200
	3.63 × 10−18
	1.57 × 10−16



	300
	2.45 × 10−16
	8.74 × 10−16



	400
	2.07 × 10−15
	2.06 × 10−15



	500
	7.60 × 10−15
	3.45 × 10−15



	600
	2.04 × 10−14
	5.51 × 10−15



	700
	2.98 × 10−14
	6.21 × 10−15



	800
	4.21 × 10−14
	6.99 × 10−15



	900
	5.78 × 10−14
	7.85 × 10−15



	1000
	7.74 × 10−14
	8.81 × 10−15



	1100
	1.01 × 10−13
	9.89 × 10−15



	1200
	1.30 × 10−13
	1.11 × 10−14



	1300
	1.65 × 10−13
	1.24 × 10−14



	1400
	2.05 × 10−13
	1.39 × 10−14



	1500
	2.52 × 10−13
	1.56 × 10−14








As it can be seen from Table 3, the rate constants for both pathways grow with the temperature over the full range of temperatures. The rate constants for pathways A and B are very close and differ by a factor of 2–10 only. As it may be seen from Table 3 and Figure 3, at temperatures typical for inside of aircraft engines, the pathway A dominates over pathway B and that the high temperature zones, which are located near the combustor, are the sites, where most of the SO2-to-SO3− conversion occurs. In contrast, at the atmospheric temperatures the pathway B dominates over the pathway A. The rate constants at 300 K are 2.45 × 10−16 cm3 molecule−1 s−1 and 8.74 × 10−16 cm3 molecule−1 s−1 for pathway A and pathway B, respectively. The rate constants for the SO2 + O3− → SO3− + O2 reaction appear to be much larger than those obtained by Davis et al. [32] (2 × 10−22 cm3 molecule−1 s−1 at T = 300 K) and Jiang et al. [43] (3.61 × 10−23 cm3 molecule−1 s− at T = 300 K) for SO2 + O3 → SO3 + O2 reaction. The rate constants for SO2 + O3− → SO3− + O2 reaction (either A, or both A and B) are much large than the rate constants for SO2 + O3 → SO3 + O2 reaction over the whole temperature range of 200–1500 K. These considerations lead us to the conclusion that high temperatures and negative charging of ozone are favorable for the SO2 oxidation via the reaction with ozone.




4. Conclusions

In this study, the mechanisms of the oxidation of SO2, precursor to H2SO4, via the reaction with negatively charged ozone molecules, the common chemiion generated in engines and produced via the charge-transfer reactions and particle transfer reactions in Earth’s atmosphere, have been investigated using the CCSD(T)/6-31G(d) + CF method. The present study leads us to the following conclusions:


	There exist two pathways of the SO2 + O3− → SO3− + O2 reaction, pathway A and pathway B. The reaction energy is −25.25 kcal mol−1, while the activation energies for pathways A and B are 0.61 kcal mol−1 and 3.40 kcal mol−1, respectively. It is also important to note that while ab initio and ab initio-based methods predict the reaction energy in very good agreement with each other, both B3LYP/6-31G(d) and B3LYP/6-311++G(3df,2pd) underestimate the reaction energy by 6–10 kcal mol−1.


	The analysis of the reaction kinetics shows clearly that while the rate constants for pathways A and B, KA = 1.11 × 10−12exp(−2526.13/T) and KB = 2.7 × 10−14exp(−1029.25/T), differ by a factor of 2–10 only, pathway A dominates over the pathway B over the whole range of temperatures typical for aircraft engines (600–1500 K). However, at lower temperatures typical for the Earth’s atmosphere the pathway B dominates over the pathway A.


	The rate constants for both pathway A and pathway B grow with the temperature. This means that the high temperature zones, which are located near the combustor, are the sites, where most of the SO2 to SO3− conversion in the aircraft engines occurs.


	The SO2 + O3 → SO3 + O2 reaction energy [34] is close to that the energy of the SO2 + O3− → SO3− + O2 obtained in the present study. However, the barrier of the SO2 + O3 → SO3 + O2 reaction is by 9 kcal mol−1 higher than that of SO2 + O3− → SO3− + O2 reaction. This shows clearly that the O3 charging greatly reduces the barrier of the reaction of SO2 with ozone. The rate constants for the SO2 + O3− → SO3− + O2 reaction at atmosphere temperatures are much larger than those obtained by Davis et al. [32] (2 × 10−22 cm3 molecule−1 s−1 at T = 300 K) and Jiang et al. [43] (3.61 × 10−23 cm3 molecule−1 s− at T = 300 K) for the SO2 + O3 → SO3 + O2 reaction.




These considerations lead us to conclude that both high temperatures and charging are favorable for the SO2 oxidation via the reaction with ozone. This finding has important implications for the physics and chemistry of atmospheric pollutants formed in aircraft engines and the Earth’s atmosphere, while new data obtained in the present study can be utilized directly for the evaluation of experiments and model predictions concerning SO2 oxidation and kinetic modeling of gas-phase chemistry of gaseous pollutants and nucleation precursors.
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