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Abstract

In this work, we report results of calculations based on the density functional theory of different

species of metal-ozone, containing mercury, silver and gold. The chosen species range from

small molecules and large transition-metals containing ozone with mercury, silver and gold

complexes. A comparative analysis of the description of the metal-oxygen bond obtained by

different methodologies is presented. The topology of the electronic density of the metal-ozone is

studied, at DFT level, using the theory of atoms in molecules (AIM) developed by Bader.

Thermodynamic variables of reactions have been calculated. The effect of temperature on

thermodynamics quantities of the reaction has also been investigated. The LanL2MB basis set

for mercury, silver and gold with ozone are used at the B3LYP method. The energy levels of the

HOMO and LUMO orbitals compute at the B3LYP/LanL2MB level.

Keywords: density functional theory; transition state; ozone; mercury; silver; gold.

Introduction

The ozone layer is a protective shield that

blocks the sun’s harmful ultraviolet rays from

reaching the earth’s surface. However, the

ozone layer is destroyed by chemical

componds known as ozone-depleting

substances. Scientific research has proved

that the natural balance of stratospheric

ozone has been damaged by the production

and release of ozone-depleting substances,

including chlorofluorocarbons (CFC), halons,

methyl chloroform, carbon tetrachloride,
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hydrochlorofluorocarbons (HCFCs) and

methyl bromide. These substances are found

in refrigerators, air conditioners, fire

extinguishers, aerosols, agricultural

fumigants, foam and in solvents for cleaning

electronic equipment. Atomic oxygen plays

an important part in the formation of

atmospheric ozone. Oxygen atoms form in

the dissociation of an O2 molecule either

associate again in the presence of another

particle necessary to withdraw the energy

from a form molecule according to the

equation or interact with an O2 molecule also

in the presence of another particle and form

of an ozone molecule as follows. Physically,

an ozone molecule is stable, but the

decomposition rate of gaseous ozone grows

appreciably with an increase in the

temperature and amounts of some gases, and

also under the action of different radiations

and particle fluxes [1, 2].

Mercury remains in use in scientific

research applications and in amalgam

material for dental restoration in some

locales. It is used in lighting, electricity

passed through mercury vapor in a

fluorescent lamp produces short-wave

ultraviolet light which then causes the

phosphor in the tube to fluoresce, making

visible light. Silver metal is used industrially

in electrical contacts and conductors, in

mirrors and in catalysis of chemical

reactions. Gold has been a valuable and

highly sought-after precious metal for

coinage, jewelry, and other arts since long

before the beginning of recorded history. [3-

7].

Density functional theory (DFT)

describes the electronic states of atoms,

molecules, and materials and also it can be a

preferred method for electronic structure

theory for complex chemical systems, in part

yet it competes well in accuracy except for

very small systems. This is true even in

organic chemistry, but the advantages of

DFT are still greater for metals, especially

transition metals. The reason for this added

advantage is static electron correlation. It is

now well appreciated that quantitatively

accurate electronic structure calculations

must include electron correlation. It is

convenient to recognize two types of electron

correlation, the first called dynamical

electron correlation and the second called

static correlation, near-degeneracy

correlation, or nondynamical correlation.

Dynamical correlation is a short-range effect

by which electrons avoid one another to

reduce electron repulsion. It is a very general

effect for all finite systems containing two or

more electrons [8-10]. Accounting for

dynamical correlation by a configuration
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interaction wave function is very slowly

convergent and requires a very large number

of configurations. Other correlation effects,

which are very system specific and can be

either medium ranged or long ranged, can be

accounted for to a large extent by mixing a

small number sometimes two, sometimes

more of configurations that are ‘‘nearly’’

degenerate. In this work, we consider the

subject of reaction of the ozone’s molecules

with mercury, silver and gold metals by DFT.

We selected recent paper that Section 2

reviews the computational method; section 3

contains some result and discussion, and

reviews validation studies by

thermochemistry. Section 4 reviews

molecular orbital analysis and section 5

contains concluding remarks.

Computational

Method used

The optimized geometries of reactants,

products, complexes in two possible

transition states (TS), cyclic (TS1) and non

cyclic (TS2) obtain using the density

functional theory with Becke 3-parameter

hybrid exchange and Lee – Yong - Parr

correlation (B3LYP) calculations that have

been shown in Figure 1.

Figure 1. The optimized geometries of the complexes of two possible transition states cyclic

(TS1) and non cyclic (TS2) at B3LYP/ LanL2MB level

The LanL2MB basis set for mercury,

silver and gold with ozone are used at the

B3LYP method (Table 1) [11-13]. This work

has been also repeated by the Moller-Plesset

many-body perturbation theory method to

second order (MP2) using LanL2DZ basis set

(Table 2).
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Table 1. Total energy (au) values of the structures considered for all species of mercury, silver and gold

with ozone reaction in B3LYP/ LanL2MB level

Reactions Total energy Corrected total

energy

BSSE

Hg (g) + O3 -265.1268 -265.1194

TS1Hg -265.1615 -265.1527 0.0312

TS2Hg -265.1440 -265.1361 0.0224

HgO(g) + O2 -264.9874 -264.9824

Ag (g) + O3 -368.1021 -368.0947

TS1Ag -368.1738 -368.1670

TS2Ag -368.1563 -368.1488

AgO(g) + O2 -368.0451 -368.0405

Au (g) + O3 -357.7843 -359.7769

TS1Au -357.8390 -357.8306

TS2Au -357.8560 -357.8484

AuO(g) + O2 -357.7476 -357.7427

Table 2. Total energy (au) values of the structures considered for all species of mercury, silver and gold

with ozone reaction in MP2/LanL2DZ level

Reactions Total energy Corrected total

energy

BSSE

Hg (g) + O3 -266.1651 -266.1535

TS1Hg -266.1819 -266.1702 0.0076

TS2Hg -266.1675 -266.1557 0.0027

HgO(g) + O2 -266.1019 -266.0995

Ag (g) + O3 -369.6341 -369.6225

TS1Ag -369.5180 -369.2538

TS2Ag -369.6535 -369.6529

AgO(g) + O2 -369.6428 -369.6404

Au (g) + O3 -359.2554 -359.2438

TS1Au -359.2638 -359.2538
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TS2Au -359.2541 -359.2418

AuO(g) + O2 -359.1269 -359.1243

Transition states, zero point energies

(ZPE) and thermodynamic contributions to

the gaseous phase at T = 298.15 K and

atmospheric pressure for optimized structures

were calculated at the same levels of theory.

The quantities that have been deduced for

these metals are given in Tables 3 to 5.

Table 3. Relative internal energies, enthalpies, free energies, and TS (kcal.mol-1) for steps of reactions

with ZPE correction for mercury

Reactions ∆E ∆H T∆S ∆G

B3LYP/LanL2MB

3( g ) ( g )H g + O T S 1 -20.77 -21.4 -7.41 -13.99

T S 1 T S 2 10.92 10.85 1.88 8.97

2( g )T S 2 H g O + O 96.13 96.76 6.65 90.11

3 2( g ) ( g ) ( g ) ( g )H g + O H g O + O 86.28 86.22 1.19 85.03

MP2/LanL2DZ

3( g ) ( g )H g + O T S 1 -10.23 -10.79 -6.64 -3.95

T S 1 T S 2 9.04 8.97 0.94 8.03

2( g )T S 2 H g O + O 35.52 36.14 7.52 28.62

3 2( g ) ( g ) ( g ) ( g )H g + O H g O + O 34.32 34.32 1.56 32.76

Table 4. Relative internal energies, enthalpies, free energies, and TS (kcal.mol-1) for steps of reactions

with ZPE correction for silver

Reaction ∆E ∆H T∆S ∆G

B3LYP/LanL2MB

3( g ) ( g )A g + O T S 1 -45.94 -46.12 -8.09 -38.03

T S 1 T S 2 11.42 11.42 0.00 11.42
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2( g )T S 2 A g O + O 68.52 69.15 9.54 59.61

3 2(g ) (g ) (g ) (g )A g + O A g O + O 34.45 34.45 1.45 33.00

MP2/LanL2DZ

3( g ) ( g )A g + O T S 1 2.38 3.01 -8.79 76.56

T S 1 T S 2 9.04 8.97 0.94 -6.78

2( g )T S 2 A g O + O -81.51 -81.58 0.69 -82.27

3 2(g ) (g ) (g ) (g )A g + O A g O + O -10.86 -10.79 1.70 -12.49

Table 5. Relative internal energies, enthalpies, free energies, and TS (kcal.mol-1) for steps of reactions

with ZPE correction for gold

Reaction ∆E ∆H T∆S ∆G

B3LYP/LanL2MB

3( g ) ( g )A u + O T S 1 -33.38 -33.95 -7.09 -26.86

T S 1 T S 2 -11.61 -11.67 -1.19 -10.48

2( g )T S 2 A u O + O 66.77 67.46 9.54 57.92

3 2(g ) (g ) (g ) (g )A u + O A u O + O 21.77 21.84 1.20 20.64

MP2/LanL2DZ

3( g ) ( g )A u + O T S 1 -6.15 -6.71 -7.46 0.753

T S 1 T S 2 7.15 7.15 -0.94 8.09

2( g )T S 2 A u O + O 73.98 74.92 9.91 65.01

3 2(g ) (g ) (g ) (g )A u + O A u O + O 74.99 75.36 1.50 73.86

Additionally to confirm the optimized

structures of all species the topological

analyses of atoms in molecules (AIM) were

carried out by means of the AIM2000 series

of programs. All calculations were performed

using the quantum chemical software

GAUSSIAN 09 [14-16]. Comparison of

calculation results for some studied

molecules with experimental values

suggested that the most reliable geometries

are obtained at B3LYP level, so these were

utilized in the final analysis with respect to
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the energies [17]. Because of the lower level

of transition states energies results, it is

expected to be more reliable, so they are

given in tables for comparison. The AIM

calculated results of transition states are

shown in Figure 2 and Table 6.

Figure 2. Molecular structure of the transition states TS1 (right), TS2 (left), showing the bond paths and

the bond (small red circles) and ring (small yellow circles) critical points

Table 6. Topological parameters (in au), the electron densities (r) ; at metal-O3 RCPs, their Laplacians

2  and energetic parameters (r)V , (r)G and (r)H in parentheses refer to aqueous solution.

(r) 2  (r)G (r)V (r)H

TS1Hg, Hg-O3 0.0141 0.0812 0.0171 -0.014 0.0031

TS1Ag, Ag-O3 0.0188 0.1244 0.0267 -0.0223 0.0044

TS1Au, Au-O3 0.0209(0.022) 0.1368(0.148) 0.0295(0.0327) -0.0248(-0.0282) 0.0047(0.0045)

Results and discussion

Elemental mercury, silver, gold and their

reactions with atmospheric species have been

studied by using both the density functional

theory and the Moller-Plesset many-body

perturbation theory method to second order

(MP2). The effect of aqueous solvent has

been studied using the effect of water

molecule with complex of ozone-mercury,

ozone-silver and ozone-gold reactions.

Reaction of ozone with mercury, silver and

gold is possible from doublet pathway. Based
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on our calculated results, the first step of

reaction is formation of a cyclic transition

states complex (TS1). Other step of reaction

is formation of a non cyclic transition states

complex (TS2). The geometric parameters of

transition states complexes involved in

reactions are schematized in Figure 3.

Figure 3. Structural parameters of transition species of gaseous medium in B3LYP/lanl2mb level of

theory. Bond lengths are on angstrom and bond angle in degrees in reaction of ozone with mercury, silver

and gold.

All of species and pathways confirm using

theoretical results such as geometry

optimization, the total energies, AIM

topological and thermochemistry of pathways

that are obtained. Comparison of TS of

metals by the free energy of activation show

that metal of Hg with ozone molecules are

formed cyclic and non cyclic complexes for

low and high temperatures, respectively. But,

Au metal shows reverse condition, because

complex of this metal with ozone molecule is

cyclic at low temperature that with

temperature increasing is converted to non

cyclic complex, and Ag metal with ozone

molecule show cyclic complex in this

temperature range. The results show that the

complexes of metals can turn to the HgO,

AgO, AuO and O2. The geometric

parameters of all species involved in the

reaction (TS1Hg, TS1Ag, TS1Au, TS2Hg,

TS2Ag, TS2Au and O3) are calculated and

compared in some cases with the available

corresponding experimental data or other

theoretical results. Several excellent reviews

which have been published on the theory of

atoms in molecules (AIM) developed by

other authors have been based on the critical

points of the molecular electronic charge
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density,  r . Four types of critical points are

of interest in molecules. One of them is the

bond between critical points, which

corresponds to a maximum in  r

characterized by 2 and occurs between two

neighboring nuclei, indicating the existence

of a bond between them. Another one is the

ring critical points that indicate the formation

of a ring between three or more atoms [17-

20]. AIM has been shown to provide valuable

information about many different chemical

systems by an analysis of molecular ozone-

mercury, ozone-silver and ozone-gold

reactions. The positive value of Laplacian,

2 according to the bond critical points

indicates weak intermolecular or ionic bond

and the negative value of Laplacian shows

the strong covalent bonds between the atoms.

The absolute value of Laplacian and the bond

critical points value is related to the bond

order between two neighboring nuclei. The

values of bond critical points parameters and

electronic density gradient satisfy criteria for

some important bonds. Thus, it shows the

positions of the maxima in electron density

and bond paths connecting the nuclei, as well

as the positions of the bond critical points

and ring critical points. But, two topological

parameters, the Laplacian 2  and the total

energy density (r)H at BCP are often

applied to classify and characterize metal

oxygen bonds. The ring critical points are

appear in systems which the bond paths form

a ring. They are located in the interior of the

rings and are defined by the termini of all

trajectories  coming from infinity and

going to the bond critical points and to the

attractors. The  trajectories linking the

attractors and bond critical points that the

ring contains form the so called ring surfaces.

In this work, molecular graphs (set of bond

paths and critical points) of the three

complexes defined in figure 2, the region of

interest showing the bay region ring

involving the three oxygen atoms with metal

atom. Color code for critical points are small

spheres, bond critical points (BCPs, red) and

ring critical points (RCPs, yellow) [20, 21].

The change of thermodynamic properties

for every reaction is also calculated from the

corresponding thermodynamic properties of

products and reactants. Their value is

corrected by zero point energy (ZPE) for the

reaction. The calculated free energy of

activation for cyclic and non cyclic transition

state has been also calculated for various

temperatures have been summarized in

Tables 7 and 8.
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Table 7. The free energy of activation (kcal.mol-1) for cyclic transition state (TS1) in gaseous medium

compared at various temperatures

T/K G±∆ TS1Hg G±∆ TS1Ag G±∆ TS1Au

100 -16.91 -35.71 -29.64

500 -9.83 -33.28 -22.88

1000 1.42 -20.28 -12.19

1500 12.42 -7.14 -1.80

2000 23.25 6.13 8.50

2500 33.96 19.51 18.64

3000 44.56 32.99 28.68

Table 8. The free energy of activation (kcal.mol-1) for non cyclic transition state (TS2) in gaseous

medium compared at various temperatures

T/K G±∆ TS2Hg G±∆ TS2Ag G±∆ TS2Au

100 -8.90 -24.27 -42.86

500 -2.21 -21.87 -32.46

1000 5.70 -8.79 -19.00

1500 13.35 4.51 -5.325

2000 20.83 17.96 8.50

2500 28.18 31.52 22.44

3000 35.43 45.18 36.48

The data of Tables 9 and 10 have been also

shown by a logarithmic k versus 1 T plot in

Figures 4 and 5 for cyclic and non cyclic

transition state at various temperatures,

respectively [17].

Table 9. Comparison between rate constants logarithm as a function of temperature for cyclic transition

state of mercury, silver and gold elements and ozone molecule in gaseous medium

T/K LnkTS1Hg LnkTS1Ag LnkTS1Au

100 114.56 209.18 178.63
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500 39.35 62.96 51.49

1000 30.17 39.67 35.59

1500 25.29 31.85 30.06

2000 23.61 27.96 27.32

2500 22.66 24.55 25.71

3000 17.35 23.93 24.65

Table 10. Comparison between rate constants logarithm as a function of temperature for non cyclic

transition state of mercury, silver and gold elements and ozone molecule in gaseous medium

T/K LnkTS2Hg LnkTS2Ag LnkTS2Au

100 74.26 151.62 245.14

500 31.68 51.47 62.12

1000 26.59 33.88 39.02

1500 24.98 27.94 31.242

2000 24.22 24.94 27.32

2500 23.78 23.11 24.94

3000 23.51 21.89 23.34

In these cases, rates of reaction decrease

with increasing temperature. When following

an approximately exponential relationship the

constant rate can be fit to an Arrhenius

expression, this results in a negative value of

Ea. Elementary reactions exhibiting these

negative activation energies are typically

barrierless reactions, in which the reaction

proceeding relies on the capture of the

molecules in a potential well. Increasing the

temperature leads to a reduced probability of

the colliding molecules capturing one another

(with more glancing collisions not leading to

reaction as the higher momentum carries the

colliding particles out of the potential well),

expressed as a reaction cross section that

decreases with increasing temperature. Such

a situation no longer leads to direct

interpretations as the height of a potential

spot. A large number of reactions of the type

.

R + HX and
.

R + X2 have been reported as

having negative activation energies where X
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is I, Br, Cl. These reactions have none of the

behavior of reactions that are expected to

have negative activation energies. It is shown

that they must be simple metathesis reactions

having a single transition state. Some of what

appear to be simple metathesis reactions but

proceed via atom plus radical recombination

has had rate constants reported, close to the

collision limit [22, 23].

In this paper, accordingly, the expected

rate constant value at each temperature, the

values of ln k plotted against 1/T (Arrhenius

plot) have been shown in Figures 4 and 5 for

cyclic and non cyclic transition state at

various temperatures, respectively. Data on

ln k vs 1/T can be fitted to the Arrhenius

equation, yielding negative and apparently

constant values of activation energy Ea.
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Figure 4. The Arrhenius plot for mercury, silver and gold with ozone in gaseous medium (cyclic TS1)
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Figure 5. The Arrhenius plot for mercury, silver and gold with ozone in gaseous medium (non cyclic

TS2)

The relative free energy values for these

reactions over the temperature range 100 to

3000 K are presented in Table 11. The

variations of the relative free energies with
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temperature at the different temperatures

have been shown in Figures 6. From analysis

of the data, it was found that the relative free

energies depend more strongly on the

t e m p e r a t u r e  o f  r e a c t i o n .

Table 11. ΔG values (kcal.mol-1) of the structures considered B3LYP/LanL2MB (aqueous medium in

parenthesis)

T/K 100 500 1000 1500 2000 2500 3000

∆GReHg 85.65(70.21) 83.46(68.61) 80.63(66.44) 77.94(64.63) 75.36(62.56) 72.92(60.81) 70.66(59.15)

∆GReAg 41.42(31.48) 31.19(29.63) 27.86(27.02) 24.66(24.56) 21.59(22.23) 18.64(20.02) 15.75(17.90)

∆GReAu 21.21(19.40) 19.01(17.83) 16.13(15.68) 13.43(13.68) 8.97(11.84) 8.35(10.10) 6.02(8.46)

T / K
0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0 3 5 0 0


G

/k
ca

l.m
ol

-1

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0 H g

A g

A u

Figure 6. The ΔG / kcal.mol-1 of the reactions of mercury, silver and gold with ozone molecule as a

function of temperature

Molecular orbital analysis

The highest occupied molecular orbital

(HOMO) and the lowest lying unoccupied

molecular orbital (LUMO) are named as

frontier molecular orbitals (FMO). A

molecule with a small frontier orbital gap is

more polarizable and is generally associated

with a high chemical reactivity and low

kinetic stability and is also termed as soft

molecule. The HOMO-LUMO energy gap of

a molecule will play a crucial role in deciding

its bioactive properties and is a very

important parameter for quantum chemistry

[24]. The HOMO energy distinguishes the

capacity of electron donor, whereas LUMO

energy characterizes the capacity of electron

acceptor, and the gap distinguishes the

chemical stability. The distributions and

energy levels of the HOMO and LUMO

orbitals computed at the B3LYP/LanL2MB

level for the cyclic and non cyclic complexes

have been shown in Figure 7.
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Figure 7. The HOMO and LUMO cyclic (left) and non cyclic (right) complexes of mercury,

silver and gold with ozone in gaseous medium

The calculations indicate that the cyclic

complex has the value of the energy

separation between the HOMO and LUMO

which are −0.175 and −0.096 eV for Hg,

−0.163 and −0.061 eV for Ag and −0.203 and

−0.099 eV for Au at the same levels,

respectively. The non cyclic complexes also

show the energy separation between the

HOMO and LUMO -0.165 and -0.139 eV for

Hg, -0.155 and -0.104 eV for Ag and -0.184

and -0.123 eV for Au at the same levels,

respectively. Tables 12 and 13 show the

HOMO, LUMO, and the interfrontier

molecular orbital energy gap (ΔE) values of

the species for cyclic and non cyclic

complexes, respectively. The change of

thermodynamic property for various reaction

channels are the difference between the

thermodynamics data of product from

reactant.

Table 12. The HOMO and LUMO energies (eV) and interfrontier energy gaps (ΔE) of the cyclic

complexes structure considered in gaseous medium

Orbital molecular energy TS1Hg TS1Ag TS1Au

E(HOMO) -0.175 -0.163 -0.203

E(LUMO) -0.096 -0.061 -0.099

ΔE(HOMO-LUMO) -0.079 -0.102 -0.104
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Table 13. The HOMO and LUMO energies (eV) and interfrontier energy gaps (ΔE) of the non cyclic

complexes structure considered in gaseous medium

Orbital molecular energy TS2Hg TS2Ag TS2Au

E(HOMO) -0.165 -0.155 -0.184

E(LUMO) -0.139 -0.104 -0.123

ΔE(HOMO-LUMO) -0.026 -0.051 -0.061

Au and Ag are characterized with the

lowest and highest lying HOMO energy

values, respectively. Irrespective of the

complexes structure used, the order is

3 3 3AgO HgO   AuO  ,  whereas  the order  of

LUMO energies for cyclic complexes structure is

3 3 3AgO HgO   AuO  a n d  f o r  n o n c y c l i c

complexes structure is 3 3 3AgO AuO   HgO  .

Conclusion

In order to test the performance of the

computational method, we compare these

efficiently calculated DFT results with the

highly accurate but computationally

expensive post-Hartree-Fock approaches of

Moler-Plesset second-order many body

perturbation theory (MP2). The calculations

are carried out as implemented in Gaussian

09 Package. The relativistic effective core

pseudo potentials (LANL2DZ) and the

experimental basis sets are employed in the

studies of the relativistic partially bonding

between metal-oxygen in complexes

mercury, silver and gold with ozone

molecules. In other words, consideration of

atomic mercury, silver and gold reactions

with ozone molecules, geometry optimization

and AIM analysis of all components of

reaction have been used for confirmation of

reaction mechanism. Thermodynamic

variable of all reactions have been calculated

and also the results for the Gibbs free energy

of reactions at different temperatures are

listed in table 6. According to the results of

calculations, the most favorable change is

3 2Au + O AuO + O and then

3 2Ag + O AgO + O , whereas the least

likely one among the mentioned reactions is

3 2Hg + O HgO + O . Also the Gibbs free

energy of reactions at different temperatures

show that the reactions favorability increases

with temperature decreasing.
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