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Introduction 

 

Source of mercury in the environment are both natural and anthropogenic in origin and 

is removed through dry and wet deposition processes. Elemental mercury has an average 

lifetime of 0.5 – 2 years [1, 2]. In nature, cinnabar and metacinnabar are the most 

important mercury containing ores and it is estimate that realized mercury into the 

atmosphere due to natural sources is 2.5×104 to 5×105 ton/year [3]. 

In this study, we carry out thermodynamic and kinetic studies of dry reaction of 

elemental mercury and ozone, and with present of one and two water molecule. 
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Computational method 

 

All geometries were fully optimized at the B3LYP level [4-5] with the 6-311++G** basis 

set using the G03 program.  Stationary  structures,  zero point energy  and thermodynamic 

parameters were characterized by calculation of harmonic vibrational frequencies. Transition 

state structures obtained from QST2 with converting reactant to product. Intrinsic reaction 

coordinate calculation (IRC) and the topological analysis AIM 

[6] were performed to examine the correspondence of the calculated TS to the reactants and 

products. The rate constant for each reaction is calculated using transition state theory. 

 

 

Results and discussion: 

 

Possible mechanisms for dry reaction of elemental mercury and ozone in gas phase 
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involve two transition state (TS) that named cyclic (TS1) and non cyclic structure (TS2). 

These TS form from two complex that named IMr1 and IMr2. Cyclic structure of complex 

obtained from the following reaction: 
 

Hg(g) + O3 (g) → HgO 3 (IMr1) → TS1 → HgO(g) + 3
 (1) 

 

The geometric parameters of all of the reactants, complexes, transition states, and 

products involved in reaction optimized at the B3LYP level of theory with the 6- 

311++G** for oxygen atom and LANL2DZ for mercury. 

AIM computed results of HgO3 complex confirm the interaction between all atoms. 

This results show bond formation between Hg and oxygen 3 is intermolecular interaction. 

The O2-O3 bond is interatomic interaction. AIM topological analysis results confirm four 

member square structure of transition state. The positive value of Laplacian (L) shows 

that the interaction of oxygen number 1 and 3 with Hg is intermolecular interaction. The 

harmonic vibrational frequencies are calculated at the same level of theory to characterize 

the nature of each critical point and to make zero point energy (ZPE) correction. 

Comparison of the calculated harmonic vibrational frequencies of all of the reactant with 

the available experimental data show that the results have a good agreement with 

experimental value. 

The second structure of mercury and ozone reaction complex and TS is noncyclic form. 

The overall reaction is shown in the following reaction: 
 

Hg(g) + O3 (g) → HgOO2 (IMr2) → TS2 → HgO(g) + 3
 (2) 

 

Optimized geometries and AIM topological analysis confirms formation of transition 

state (TS2) from IMr1. The reactions enthalpies, entropies, and Gibbss free energies of 

the ozone-mercury in different pathway are calculated. Various standard activation 

thermodynamics data have been calculated for the TS. Activation thermodynamics data 

are corrected by the ZPE. 

 

 

Mercury-ozone reaction with water and water dimer molecule: 

 

The geometric parameters of all species optimized with the former level of calculation 

and compared with the experimental values. In transition states molecules the breaking 

bond Hg-O1 and O2-O3 increases by 30 and 33% respectively, the forming bonds Hg-

O3, O2-O1 are elongated by 6.1 and 20.8% with respect to the equilibrium 
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bond length of molecules HgO and O2 respectively. The harmonic vibrational frequencies 

are calculated to make zero point energy corrections and characterized the nature of each 

molecule. The number of imaginary frequencies (0 or 1) indicates whether a minimum or 

a transition state has been located. One complex which is located in the reactant channel 

of reaction IMr corresponds to all real frequencies. The imaginary frequency of TS is 

273i. The reaction enthalpy, entropy, and free energy of 

the Hg(g) + O3 (g) + H 2 

O 

are obtained. 



 

 

 

The rate constant: 

 

For bimolecular reactions, one traditionally uses transition state theory, 

which requires knowledge of an accurate transition structure so the activation 

energy is known. The rate constant for reaction channel as calculated by 

using the conventional transition state theory. The predominant pathway 

under the atmospheric conditions is found to be the reaction with the water 

dimmer. 

Locating a structure with one imaginary frequency does not guarantee a 

correct transition structure has been detected for a given reaction. Intrinsic 

reaction coordinate (IRC) was performed to validate of the found transition 

structures. 
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