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Abstract: This contribution presents a comprehensive computational study on the reactions of
secondary ozonide (SOZ) with ammonia and water molecules. The mechanisms were studied in both
a vacuum and the aqueous medium. All the molecular geometries were optimized using the B3LYP
functional in conjunction with several basis sets. M06-2X, APFD, andωB97XD functionals with the
full basis set were also used. In addition, single-point energy calculations were performed with the
G4MP2 and G3MP2 methods. Five different mechanistic pathways were studied for the reaction of
SOZ with ammonia and water molecules. The most plausible mechanism for the reaction of SOZ with
ammonia yields HC(O)OH, NH3, and HCHO as products, with ammonia herein acting as a mediator.
This pathway is exothermic and exergonic, with an overall barrier height of only 157 kJ mol−1 using
the G3MP2 method. All the reaction pathways between SOZ and water molecules are endothermic
and endergonic reactions. The most likely reaction pathway for the reaction of SOZ with water
involves a water dimer, in which the second water molecule acts as a mediator, with an overall barrier
height of only 135 kJ mol−1 using the G3MP2 method. Solvent effects were found to incur a significant
reduction in activation energies. When the second H2O molecule acts as a mediator in the reaction of
SOZ with water, the barrier height of the rate-determining step state decreases significantly.
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1. Introduction

Simple alkenes are important constituents of the urban atmosphere and tropical forests. The
unsaturated hydrocarbons of volatile organic compounds (VOCs) are continuously emitted into the
earth’s atmosphere [1,2]. Ethene (C2H4) is one of the alkenes that endures a short chemical lifetime, and
it originates from a variety of anthropogenic and natural sources. These natural sources include plants,
microorganisms, volcanos, and forest fires. The anthropogenic sources are mainly the incomplete
combustion of fossil fuels, the burning of agricultural wastes and vegetation for agriculture, and
leakage from industrial ethylene plants [3,4]. Since the 1950s, the ozonolysis of ethene has been studied
intensively through Criegee’s three-step mechanism. A schematic of the initial reaction pathways
for the ozonolysis of ethene is depicted in Figure 1. Herein, primary ozonide (POZ), carbonyl oxide,
and secondary ozonide (1,2,4-trioxolane, SOZ) are formed as transitory products of the reaction [5].
Carbonyl oxide and formaldehyde react to produce the ethene secondary ozonide that involves the
formation of a van der Waals complex on the reaction coordinate before reaching the transition state.
The process is exothermic and encounters no genuine reaction barrier [6]. SOZ is formed when a
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stabilized Criegee intermediate undergoes a 1,3-dipolar cycloaddition to the carbonyl compound,
as shown in Figure 1. SOZ is more stable than primary ozonide and exhibits a sufficiently long
lifetime [5–7].

Figure 1. The formation of secondary ozonide (SOZ) in the ozonolysis of ethene.

The formation of SOZ from alkenes has been reported in numerous studies [8,9] with a prime
focus on the formation and relative stability of SOZs resulting from the ozonolysis of selected cyclic
monoterpenes (C10H16) [10] taking place in both a gas and a liquid phase.

The SOZs of alkenes assume an important role in atmospheric chemical reactions. They react
with atmospheric species, such as NH3 and H2O. Most importantly, they play an important role in
the formation of secondary organic aerosol (SOA), which causes more environmental pollution than
primary organic aerosol (POA) does. SOAs affect visibility, human health, and air quality. They
participate in the complex physio-chemical phenomena of climate change [11,12].

As one of the most abundant, basic gases in the atmosphere, ammonia (NH3) plays a key role
in atmospheric chemical processes. The major source of atmospheric ammonia is agriculture and
mining-related activities, along with natural processes and human activities [13,14]. Ammonia also
reacts rapidly with sulfuric and nitric acids in a process that enhances the levels of fine particles, such
as ammonium sulfates (NH4HSO4 and (NH4)2SO4) and ammonium nitrate (NH4NO3). Depending on
the availability of NH3, these reactions eventually lead to the generation of a secondary aerosol [13].
Naa and co-workers [12] studied the formation of aerosol particles due to the ozonolysis of styrene in
the presence and absence of ammonia. Very recently, Banu and co-workers have theoretically explored
the formation of SOA from the ozonolysis of styrene in the presence of ammonia and water [14].
Rousso et al. [15] studied the ozonolysis of ethylene and their results provide valuable information about
plasma- and ozone-assisted combustion processes and atmospheric aerosol formation. Experimentally,
a decrease in the number of aerosol particles was observed in comparison with the experimental
results without ammonia. In a subsequent study, ozonolysis of α-pinene was investigated, revealing
an opposite trend of α-pinene [12,16]. Furthermore, the effect of NH3 gas on the SOA formation of
α-pinene by dark ozonolysis and photoxidation was investigated using the newly-developed flow
reactor [17]. The theoretical work by Jørgensen and Gross afforded an insight into the experimental
work of Naa and co-workers by surveying plausible, pertinent reaction mechanisms [18]. Moreover,
our previous work on ozonolysis reactions provided good initial guesses that helped us attain a
complete picture about the proposed mechanisms for this study [7,19–23].

To the best of our knowledge, literature presents no computational accounts on the reaction
mechanism of SOZ with water or ammonia in a solvent. Therefore, a thorough computational study
for the reactions of SOZ with ammonia and water molecules was performed (Scheme 1) in this work to
map out the detailed reaction mechanisms. The thermodynamic and kinetic parameters were obtained
at different levels of theory. It is hoped that this computational study would benefit experimentalists
by providing a more detailed mechanistic understanding of the reactions that prevail during the SOZ
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formation, and that it will possibly aid in the design of new experiments for a further understanding of
related atmospheric chemistry. Likewise, calculations at various theoretical levels would enable us to
optimize a suitable theoretical framework tailored specifically for SOZ reactions.

Scheme 1. Proposed reactions of SOZ with NH3, H2O, and 2H2O.

2. Computational Methods

All calculations were performed using the Gaussian-16 (G16) software package [24]. The
geometries of all reactants, transition states, intermediates, and products were fully optimized.
Transition states and energy minima were confirmed with one and no imaginary frequencies,
respectively, using the B3LYP [25,26] method with the 6-31G(d), 6-31G(2df,p), and 6-311++G(3df,3pd)
basis sets [27]. Calculations were also performed using M06-2X and M11, and functionals that include
dispersion terms, such as APFD (Austin-Frisch-Petersson functional with dispersion) andωB97XD
(uses a version of Grimme’s D2 dispersion model), were performed using a 6-311++G(3df,3pd) basis set.
Single-point energy calculations were done using G4MP2 [28] and G3MP2 methods [29,30]. Reactions
in the troposphere layer with abundant moist content were simulated via deploying a solvent model
density (SMD) [31] at the B3LYP/6-311++G(3df,3pd) level of theory.

The relative energies of all stationary points were corrected with zero-point vibrational energies
(ZPE). Furthermore, transition states were analyzed using the intrinsic reaction coordinate (IRC)
method [32] at the B3LYP/6-31G(d) level of theory. The structures of the reactant, intermediate, and
product were identified using the IRC to confirm the nature of stationary points and how they are
connected to the potential energy diagrams (PED’s) for each proposed mechanism.

The APFD requests the Austin–Frisch–Petersson functional with dispersion, while ωB97XD
includes empirical dispersion and also accounts for long-range corrected functionals, which were
developed by Head-Gordon and coworkers. Other hybrid functionals that were used from the Truhlar
Group include M11 and M06-2x. In general, density functional theory (DFT) is widely used to study
different chemical systems, as it generally requires fewer (for nonhybrid functionals) or equivalent
(for hybrid functionals) computer resources compared with other theories and it provides reasonably
accurate results. The application of DFT is still facing a problem in describing the “long-range” electron
correlation. Although H-bonded complexes are controlled by electrostatic forces, the traditional density
functionals are still generally capable of computing reasonable binding energies. Therefore, it must be
mentioned that the selection of a functional to use will have to depend on the type and property of
the system or the problem in which one is interested, and on the availability and computational cost
associated with performing the calculations.
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3. Results and Discussion

3.1. SOZ with Ammonia

3.1.1. Pathway A

In Pathway A (Figure 2), the reactant (RA) reacts to produce CH2NH (methyleneimine), H2O2,
and HCHO. In the first step, the ammonia molecule is weakly attached to the reactant. Following
this weak adsorption, a hydrogen atom is transferred from the nitrogen atom to the oxygen atom,
O1, leading to the formation of I1aA through TS1A followed by a conformational change to produce
the second intermediate I1bA. These intermediates are conformers and share very similar geometries,
differing mainly in the torsion of hydroxyl and amine groups, and their activation energies are very
small. In the subsequent step, I1bA produces the reaction products through TS2A directly. Considering
the four-centered transition state structure of TS2A, the bond length O4–C5 is significantly elongated by
0.40 Å with respect to I1bA, whereas the C–N bond is shortened to a double-bond distance. Concentric
hydrogen transfer reactions via TS2A conclude the mechanism and form the final reaction products
CH2NH, H2O2, and HCHO (PA).

Figure 2. Optimized geometries for the stationary points in Pathway A of the reaction between SOZ
and ammonia. Calculated at the APFD/6-311++G(3df,3pd).

The barrier heights of the rate-determining steps of TS1A and TS2A are the lowest when calculated
at B3LYP/6-311++G(3df,3pd) with the values of 189 and 140 kJ mol−1. The barrier heights for the
first transition states for all proposed mechanisms were taken with respect to the separated species,
as shown in the Supporting Information (SI), Figure S1. The corresponding energy barriers of TS1A
and TS2A become noticeably lowered to 158 and 136 kJ mol−1 using SMD solvation models at
B3LYP/6-311++G(3df,3pd) (Table 1). The Gibbs energies of activation of TS1A and TS2A are 228
and 137 kJ mol−1, respectively, at B3LYP/6-311++G(3df,3pd). The Gibbs energies of activation of the
rate-determining step differ no more than 30 kJ mol−1 at all levels of theory.

The use of functionals that include dispersion correction, such as APFD and ωB97XD,
does not decrease the barrier height. The activation energies at APDF/6-311++G(3df,3pd) and
ωB97XD/6-311++G(3df,3pd) levels of theory are 195 and 205 kJ mol−1, respectively. Furthermore, the
activation energy calculated with high-accuracy energy G3MP2 is 203 kJ mol−1, which is very close to
the barrier of B3LYP/6-311++G(3df,3pd) (Table 1). The barrier heights, with respect to the complex
reactant, are also included in the Supporting Information in Tables S1–S3 for all proposed mechanisms.
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Table 1. Barrier Heights and Gibbs energies of activation (in kJ mol−1) at 298.15 K for Pathways A
and B.

Theory/Basis Set TS1A TS2A TS1B TS2B

E ‡ ∆G ‡ E ‡ ∆G ‡ E ‡ ∆G ‡ E ‡ ∆G ‡

B3LYP/6-31G(d) 189 230 153 151 109 150 55 58

B3LYP/6-31G(2df,p) 191 232 148 146 114 155 57 60

B3LYP/6-311++G(3df,3pd) 189 228 140 137 112 151 58 61

ωB97XD/6-311++G(3df,3pd) 205 245 167 164 144 184 70 73

APDF/6-311++G(3df,3pd) 195 235 158 155 114 154 63 66

M06-2X/6-311++G(3df,3pd) 218 258 179 176 182 222 84 88

M11/6-11++G(3df,3pd) 204 243 161 157 171 212 73 76

G3MP2 203 238 170 166 157 189 84 88

SMD a 158 169 136 129 96 102 26 29
a Calculations were carried out at the B3LYP/6-311++G(3df,3pd) level of theory. ‡ Standard notation for the
activation energy.

3.1.2. Pathway B

Potential energy diagrams (PEDs) for all the reaction mechanisms are reported in the Supporting
Information in Figures S1–S5 at the respective levels of theory. Relative energies are in kJ mol−1. In
Pathway B (Figure 3), the reaction of SOZ with NH3 produces three different products: HC(O)OH,
NH3, and HCHO. The NH3 molecule acts as a mediator to facilitate the transfer of the hydrogen atom
in the complexes. In the first step, the reactant (RB) forms the I1aB adduct through TS1B followed by
conformational change to give a second intermediate I1bB. In the ensuing step, the chemical bond
between O4 and C5 is broken and a double hydrogen atom transfer occurs to generate the products
via TS2B.

Figure 3. Optimized geometries for the stationary points in Pathway B of the reaction between SOZ
and ammonia. Calculated at the APFD/6-311++G(3df,3pd).

The barrier height for the conversion of the reactant as a complex to TS2B is 58 kJ mol−1 (see
Table S1 in the SI). In comparison, the barrier height of the same step reported by Jorgensen and Gross
is much higher, with a value of 81.2 kJ mol−1 using G2 and G3 methods. It becomes even higher
with a value of 84 kJ mol−1 using the G3MP2 method. Analogous activation energies of TS2B are 63
and 70 kJ mol−1 at APFD and ωB97XD levels of theory, respectively. The energy barriers of TS2B,
calculated by the B3LYP method with different basis sets, are scattered in the range 55–58 kJ mol−1
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(Table 1). The highest energy barriers of TS2B are 84 kJ mol−1, calculated with the M06-2X and G3MP2
methods. The Gibbs energies of activation of TS1B are 151 and 102 kJ mol−1 in the gas and solution
phases, respectively, at B3LYP/6-311++G(3df,3pd).

3.1.3. Pathway C

The first step of this pathway is similar to that of Pathway A. In the second step, a scission of the
O1–O2 occurs, and the chemical bond between O1 and N is formed, leading to a new ring-like structure
I2C that is formed via TS2C (Figure 4). Intermediate I2C is slightly less stable than I1bA1. In the last
step, the molecular structure breaks into three moieties; the chemical bonds between C3–O4 and C5–N
are broken, leading to the product structure (PC) via the transition state TS3C, as shown in Figure 4.

Figure 4. Optimized geometries for the stationary points in Pathway C of the reaction between SOZ
and ammonia. Calculated at the APFD/6-311++G(3df,3pd).

The overall barrier height of Pathway C is 189 kJ mol−1 at B3LYP/6-311++G(3df,3pd) with a Gibbs
energy value of 228 kJ mol−1, while in the work of Jorgensen and Gross the same reaction was reported
to have an overall barrier height of 234 kJ mol−1 calculated with G2 and G3 methods. The barrier
heights of TS2C are 229 and 255 kJ mol−1 at APFD andωB97XD methods, respectively. The application
of the SMD model reduces the overall barrier height to 158 kJ mol−1 at B3LYP6-311++G(3df,3pd)
(Table 2). This is due to the larger solvation effects on TS1A.

In the reaction mechanisms, Pathways A and B, the conversion of SOZ into products requires
overcoming two activation barriers, whereas in Pathway C the reaction involves three barriers with
a barrier energy of 189 kJ mol−1. The enthalpy and Gibbs energies for Pathway A were found to be
endothermic and endergonic, respectively, while for Pathway B they are exothermic and exergonic
at all levels of theory and basis sets. In addition, the rate-determining step in the solvent model for
Pathway A is 158 kJ mol−1, while for Pathway B it is 96 kJ mol−1, which makes Pathway B more
favorable at all levels of theory, see Figures S1–S2. The SMD method dropped the barrier heights in
the range 31–45 kJ mol−1 at B3LYP6-311++G(3df,3pd) and G3MP2. This is due to the fact that the
transition state was stabilized more by the SMD model.
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Table 2. Barrier Heights and Gibbs energies of activation (in kJ mol−1) at 298.15 K for Pathway C.

Theory/Basis Set
TS1C TS2C TS3C

E ‡ ∆G ‡ E ‡ ∆G ‡ E ‡ ∆G ‡

B3LYP/6-31G(d) 189 230 221 223 45 42

B3LYP/6-31G(2df,p) 191 232 225 228 45 42

B3LYP/6-311++G(3df,3pd) 189 228 213 215 48 45

ωB97XD/6-311++G(3df,3pd) 205 245 255 257 68 63

APDF/6-311++G(3df,3pd) 195 235 229 231 68 61

M06-2X/6-311++G(3df,3pd) 218 258 278 281 80 75

M11/6-11++G(3df,3pd) 204 243 273 276 70 75

G3MP2 203 238 223 225 73 70

SMD a 158 169 179 181 77 67
a Calculations were carried out at the B3LYP/6-311++G(3df,3pd) level of theory. ‡ Standard notation for the
activation energy.

3.2. Reaction of SOZ with Water

3.2.1. Pathway D

This pathway represents the reaction with one water molecule, which is depicted in Figure 5.
In the first step, a nucleophilic attack occurs from water on the carbon atom C5 of SOZ, and then a
hydrogen atom is transferred from the oxygen in the water molecule to the oxygen atom O1 in the SOZ,
leading to the formation of a I1D structure through TS1D. In the next step, a proton is transferred from
the terminal oxygen to O4. The chemical bond between the C5 atom and terminal oxygen is noticeably
shortened, leading to the formation of a double bond. Thus, two fragments are formed; one of them is
the reaction product, HCHO, and the other one is HOCH2OOH formed via TS2D. In the last step, the
fragment HOCH2OOH breaks down to form the reaction products H2O2 and HCHO, as shown in
Figure 5.

Figure 5. Optimized geometries for the stationary points in Pathway D of the reaction between SOZ
and water at the APFD/6-311++G(3df,3pd) for Pathway D.
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The lowest barrier for the first step (TS1D) is 163 kJ mol−1 at G3MP2, but the highest barrier
at M06-2X/6-311++G(3df,3pd) is 201 kJ mol−1. The effects of the solvent (SMD model) on this step
slightly reduce the barrier height to 147 kJ mol−1 at B3LYP6-311++G(3df,3pd). The barrier height for
the second step is 172 kJ mol−1 at B3LYP6-311++G(3df,3pd). The use of the SMD solvation model
predicts high activation energies for this step (173 kJ mol−1). The barrier height of the last step amounts
to 190 kJ mol−1 at B3LYP6-311 ++G(3df,3pd). The SMD solvation model decreases the barrier by 16
and 28 kJ mol−1 at G3MP2 and B3LYP6-311 ++G(3df,3pd), respectively, for the first step (Table 3) with
reference to the gas phase process. This is due to the larger solvation effects on TS1A.

Table 3. Barrier Heights and Gibbs energies of activation (in kJ mol−1) at 298.15 K for Pathways D
and E.

Theory/Basis Set TS1D TS2D TS3D TS1E TS2E TS3E

E ‡ G ‡ E ‡ G ‡ E ‡ G ‡ E ‡ G ‡ E ‡ G ‡ E ‡ G ‡

B3LYP/6-31G(d) 174 214 164 166 183 179 128 205 82 89 99 105

B3LYP/6-31G(2df,p) 173 214 165 167 181 178 130 207 83 91 101 106

B3LYP/6-311++G(3df,3pd) 175 213 172 174 190 177 117 180 98 106 110 118

ωB97XD/6-1++G(3df,3pd) 193 232 178 181 194 192 159 233 104 112 122 130

APDF/6-311++G(3df,3pd) 180 220 169 172 186 183 147 224 82 90 104 110

M06-2X/6-11++G(3df,3pd) 201 240 191 193 200 196 168 241 97 105 120 126

M11/6-++G(3df,3pd) 187 224 187 189 196 191 155 225 95 102 112 120

G3MP2 163 192 179 182 197 194 135 201 113 122 127 138

SMD a 147 153 173 174 197 182 75 80 98 106 43 42
a Calculations were carried out at the B3LYP/6-311++G(3df,3pd) level of theory. ‡ Standard notation for the
activation energy.

3.2.2. Pathway E

This pathway is a reaction with two water molecules. The first step characterizes a nucleophilic
attack from the water molecule on the carbon atom, followed by a hydrogen atom transfer from the
oxygen in the water molecule to the oxygen atom in the SOZ. Then, a hydroxide group is transferred
from the second water molecule to the terminal carbon atom in the SOZ, leading to the I1E intermediate
through TS1E. The second step incorporates analogous reactions that are encountered in Pathway D.
Subsequently, a conformational change produces I2bE. In the last step, the fragment HOCH2OOH
breaks down to form H2O2, HCHO, and H2O via TS3E (see Figure 6).

The second water molecule in the reaction of SOZ with water acts as a mediator. Therefore, the
barrier height of the water-mediated reaction dropped significantly to become 43 kJ mol−1.

The barrier height of the first step amounts to 117 and 135 kJ mol−1 SMD at
B3LYP/6-311++G(3df,3pd) and G3MP2, while in Pathway D, it is 175 and 163 kJ mol−1, respectively.
It should be noted here that the solvent effects have a significant role in this step. The water phase
reduces the energy barrier of TS1E to 42 kJ mol−1 according to calculations made using SMD at
B3LYP/6-311++G(3df,3pd). In the second step, the barrier height is 98 kJ mol−1. The analogous value
in Pathway D is 172 kJ mol−1 of barrier height for the same step. The overall barrier for Pathway E in
the aqueous phase using the SMD method attains a value of 75 kJ mol−1 at B3LYP/6-311++G(3df,3pd)
(Table 3 and Figures S4–S5).

The enthalpy and Gibbs energies for the reaction of SOZ with water were found to be endothermic
and endergonic, respectively, at all levels of theory for the two pathways (D and E). Thus, the reaction
of SOZ with water incurs a thermodynamic penalty in the atmosphere.
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Figure 6. Optimized geometries for the stationary points in Pathway E of the reaction between SOZ
and 2H2O. Calculated at the APFD/6-311++G(3df,3pd).

4. Conclusions

In this work, a detailed computational study on the reactions of SOZ with NH3, H2O, and
2H2O in a vacuum and a solution was carried out. The dissociation reaction of SOZ with H2O that
produces H2O2, H2O, and HCHO (Pathway E) is energetically favored over all other pathways, with
an overall barrier height of only 117 and 135 kJ mol−1 at B3LYP/6-311++G(3df,3pd) and G3MP2.
Interestingly, Pathway B attains the overall activation energy of 112 and 157 kJ mol−1 in a vacuum at
B3LYP/6-311++G(3df,3pd) and G3MP2. The dissociation reaction of SOZ with two water molecules
(Pathway E) is energetically favored compared with the analogous pathway that utilizes a single water
molecule (Pathway D). The solvent effects play an important role in Pathway E, which shows a barrier
substantially reduced, becoming 42 kJ mol−1 at the B3LYP/6-311++G(3df,3pd) level of theory.

It is worth noting here that the barrier heights and the Gibbs energy of activation calculated
at B3LYP/6-311++G(3df,3pd) were very close to the G3MP2 method, differing by no more than 7
and 27 kJ mol−1 for all proposed pathways, respectively. This makes the B3LYP/6-311++G(3df,3pd)
reliable and a good choice to study such systems compared with the most computationally expensive
method, G4MP2. The entropy values for all proposed pathways are very small (ranging from −0.06 to
0.40 kJ mol−1) when using both complex and separated species. It is also worth noting here that the
barrier heights and the Gibbs energy of activation calculated at B3LYP/6-311++G(3df,3pd) were very
close to the G4MP2 method, differing by no more than 13 and 27 kJ mol−1 for all proposed pathways,
respectively. This makes the B3LYP/6-311++G(3df,3pd) reliable and a good choice to study such
systems compared to the most computationally expensive method, G4MP2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/1/100/s1,
Figure S1: PED for the reaction of SOZ with ammonia (Pathway A) at the respective levels of theory. Relative
energies are in kJ mol−1. Figure S2: PED for the reaction of SOZ with ammonia (Pathway B) at the respective levels
of theory. Relative energies are in kJ mol−1. Figure S3: PED for the reaction of SOZ with ammonia (Pathway C) at
the respective levels of theory. Relative energies are in kJ mol−1. Figure S4: PED for the reaction of SOZ with water
(Pathway D) at the respective levels of theory. Relative energies are in kJ mol−1. Figure S5: PED for the reaction
of SOZ with water (Pathway E) at the respective levels of theory. Relative energies are in kJ mol−1. Table S1:
Barrier heights and Gibbs energies of activation (in kJ mol−1) at 298.15K for Pathways A and B. Relative energies
with respect to the complex reactant. Table S1: Barrier heights and Gibbs energies of activation (in kJ mol−1) at
298.15K for Pathways A and B. Relative energies with respect to the complex reactant. Table S3. Barrier heights
and Gibbs energies of activation (in kJ mol−1) at 298.15K for Pathways D and E. Relative energies with respect to
the complex reactant.

http://www.mdpi.com/2073-4433/11/1/100/s1
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