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ABSTRACT 

The goal of this research is to understand the speciation of mercury in the flue gases of 

coal combustion.  As the flue gas cools, thermochemical equilibrium calculations indicate 

that elemental mercury, Hg0, is converted to oxidized mercury, Hg2+, in the form of HgO 

or HgCl2.  Hg0 is insoluble in water, HgO has low solubility in water and HgCl2 is highly 

soluble in water. Since HgCl2 is water-soluble, it can be captured in wet chemical 

scrubbers to prevent its release to the atmosphere.  Therefore, the understanding of the 

mechanisms of mercury’s oxidation in flue gases is paramount when considering mercury 

capture.  This research attempts to elucidate the mechanisms of oxidation through a 

detailed kinetic and thermodynamic analysis.  The current research focuses specifically 

on the oxidation of mercury via chlorine-containing compounds.  Future research will 

involve the oxidation via oxygen-containing compounds and the effect of SO2 and NOx 

compounds on mercury’s oxidation.  Quantum chemistry is used to determine accurate 

transition structures, which are required for the calculation of activation energies and rate 

constants from theory.  Simultaneous to the theoretical work, an experimental apparatus 

has been designed and fabricated with the inclusion of a quadrupole mass spectrometer.  

The mass spectrometer is used in conjunction with a laminar flow reactor to simulate the 

oxidation of mercury via chlorine-containing compounds in flue gases.  The ultimate goal 

of this research is to obtain a potential mercury oxidation mechanism based upon 

theoretically predicted kinetic parameters, which are then validated through concentration 

profiles obtained from experimental measurements.  In addition, results from the 
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experimental work indicate that at ambient conditions, the oxidation of mercury via 

chlorine may result as a consequence of heterogeneous reactions involving the Pyrex 

reactor surface.  This work not only allows for a more thorough understanding of 

mercury’s speciation in the flue gas environment, but also questions current sampling 

devices and their potential interference with reactivity measurements involving mercury-

chlorine species. 
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CHAPTER 1. INTRODUCTION 

 
The oxidized forms of mercury, HgCl2 is water-soluble, allowing this form of mercury to 

be captured in wet chemical scrubbers to prevent its release to the atmosphere.  The 

current research focuses specifically on the oxidation of mercury via chlorine-containing 

compounds.  This research attempts to elucidate the mechanism of oxidation through a 

detailed kinetic and thermodynamic analysis.  Quantum chemistry is used to determine 

accurate transition structures, which are required for calculating activation energies and 

rate constants that are used in both the kinetic analysis and in the incorporation of a  

global combustion model.  The following reactions are ones that have been studied in this 

work in an attempt to elucidate the speciation of mercury amongst various chlorine 

species. 

 

 

 

 

 

 

 

 

 

 

Hg + Cl + M  HgCl + M  (1.1)      

Hg + Cl2  HgCl + Cl  (1.2) 

Hg + HCl  HgCl + H  (1.3) 

Hg + Cl2 + M  HgCl2 + M  (1.4) 

HgCl + Cl + M  HgCl2 + M  (1.5) 

HgCl + Cl2  HgCl2 + Cl  (1.6) 

HgCl + HCl  HgCl2 + H  (1.7) 

1st stages of oxidation 

2nd stages of oxidation 
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Simultaneous to the theoretical work, an experimental apparatus has been designed and 

fabricated with the inclusion of a quadrupole mass spectrometer.  The mass spectrometer 

will be used in conjunction with a laminar flow reactor to examine mercury oxidation 

reactions involving chlorine species.  The mass spectrometer has been used to directly 

examine the speciation of mercury for reactions (1.2) and (1.3) above.  Future work will 

involve using the vacuum assembly and mass spectrometer that was developed in this 

work to further understanding mercury reactions in flue gas environments.  In the 

literature there is a great deal of mercury speciation research aimed at understanding 

these oxidation mechanisms, but the measurements have involved difference techniques 

that often have difficulty accurately distinguishing between the different oxidation states 

of mercury.  The difference in the current work is that the mass spectrometer allows for 

the direct measurement of the differing mercury species through a separation process 

involving their mass to charge ratio.  In addition to this unique experimental work, the 

combustion model involves theoretical mercury kinetic data derived from high level 

quantum mechanical techniques.  This approach is much different than those used in the 

current models available in the literature, which include kinetic data that is based upon 

rough approximations such as the hard sphere collision model.  In fact, in many of the 

models, kinetic parameters are included for mercury that involve reactions with other 

metals with properties different from mercury.  The ultimate goal of this research is to 

obtain a realistic mercury oxidation pathway involving chlorine species.  The 

determination of the oxidation pathway is based upon a detailed kinetic and 
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thermodynamic analysis.  The kinetics of reactions (1.1) through (1.7) are analyzed 

through the theoretical prediction of rate constants.  The thermodynamic analysis is based 

upon equilibrium constant calculations derived from experimental data available from the 

National Institute of Standards and Technology (NIST).  In addition, the theoretical 

predictions are validated through concentration profiles obtained from direct mercury 

speciation measurements. 

 

Whether the source of release is anthropogenic or natural, mercury is released through the 

combustion of organic matter due to the existence of more than 25 mercury-containing 

minerals in the Earth’s mantle. (Schroeder and Munthe, 1998)  In the United States, 

power generation is responsible for 37% of the mercury released into the environment 

from human activity.  Specifically, coal burning is the primary source of anthropogenic 

release of mercury, with about 48 tons per year being released in the U.S. alone. (U.S. 

EPA, 2003)  Once in the atmosphere, elemental mercury is relatively inert and has a 

residence time of the order of one year, which classifies mercury as a “global pollutant”.  

(Slemr et al.; Lindqvist and Rodhe, 1985)  In 1998, the EPA began discussion of 

mandatory mercury emission measurements from all coal burning plants to lay the 

groundwork for reducing these mercury emissions in the future. (Federal Register 

Notices, 1998)  The Clear Skies Act initiated by the EPA is a mandatory program that 

will aim at reducing power plant emissions of SO2, NOx, and mercury by placing a 

national cap on each at an average of 70% below today’s levels. This will be the first-

ever national cap on mercury emissions.  In addition, emissions would be cut from 2000 
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emissions of 48 tons to a cap of 26 tons in 2010 and to a cap of 15 tons in 2018. The EPA 

plans to issue final regulations on mercury emissions from coal- and oil-fired power 

plants by December 15, 2004, with full compliance by December 2007. (U.S. EPA, 2003) 

These steps are being taken because mercury can be found in many of the foods we eat, 

from fish (Boening, 2000; Qian et al., 2001), to other foods we generally do not expect to 

have mercury, like vegetables.  (Patra and Sharma, 2000; Ristori and Barghigiani, 1994)  

Inorganic forms of mercury, such as that released from coal combustion flue gases, can 

be converted by natural biological processes to the highly toxic methyl mercury form.  

Methyl mercury has the ability to bio-accumulate more than a million fold in the aquatic 

food chain.  (Schroeder and Munthe, 1998) This would not be of concern except research 

has repeatedly shown that mercury may have many toxic effects on organisms, from 

reproductive effects, to developmental problems in children, and psychological or 

intellectual damage. (Aschner, 2001; Karimi et al., 2002) 

 

In order to effectively capture mercury from the exhaust of coal combustion, it is 

necessary to understand the speciation of mercury in the exhaust environment.  Mercury 

is in its elemental state when it is released from the coal combustion process, which 

makes it very difficult to capture.  Elemental mercury is not soluble in water, the primary 

liquid media used for emissions control, and does not adsorb readily on most solid 

substrates with capture rates between 10 and 80%. (Ghorishi, 1998)  Fortunately, 

elemental mercury reacts with oxidizing species that exist naturally in the coal exhaust 

and can be transformed into an oxidized form, HgCl2, that can be captured more easily.  
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However, the amount of oxidation is dependent on the concentration of oxidizing species 

available in the coal exhaust.   

 

The major ways of determining possible mechanisms of oxidation are through: 

 

• extraction of kinetic data from simplifications of experimental flue gas 

oxidation conditions,  

• calculation of kinetic and thermodynamic data for oxidation reactions 

using quantum mechanics, and  

• kinetic modeling based upon partial data that is available through a 

combination of the above techniques.  

 

 There are many difficulties associated with experimentally determining mercury 

speciation kinetics.  Current EPA Methods 29 and 101A that are being used to measure 

mercury can only differentiate between Hg0 and Hg2+, leaving Hg1+ unmeasured; this 

form of oxidized mercury cannot be experimentally determined. (Senior et al., 2000) 

Another difficulty with experimental measurements is due to the inability to measure 

mercury at low concentrations and high temperatures.  Mercury is normally only present 

in quantities around 10 ppbv in flue gases, and simulated flue gases often use mercury 

concentrations that are orders of magnitude higher. (Hall et al., 1991)   In addition, 

temperatures below that of real flue gas conditions are used in many kinetic experiments 

so the reactions will be slower and can be measured. (Sliger et al., 2000) 
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The current research is unique in that it involves both experimental and theoretical 

mercury kinetic predictions.  In fact, this work is the first that uses quantum mechanics to 

predict high quality rate constants for reactions (1.1) through (1.7).  Quantum chemical 

methods are capable of estimating reaction rates and kinetic parameters for mercury 

reactions and do not suffer from the difficulties in speciating mercury that the 

experimental methods do.  However, few computational studies have been performed 

thus far for understanding mercury reactions using quantum chemistry. (Sliger et al., 

2000; Xu et al., 2003) Within the current research, a series of basis sets along with 

various quantum mechanical methods will be compared in order to determine which 

combination provides the most accurate results for the oxidation of mercury via chlorine 

containing species.   

 

The applications of this research to the capture of mercury from the flue gases of coal 

combustion are abound.  In the flue gases of coal combustion systems, mercury is 

typically in the vapor form at the flue gas cleaning temperatures, and the control of 

mercury is directly related to the speciation of mercury and the type of capture devices 

employed.  In dry scrubbing systems, the control of mercury is dependent upon the 

adsorption of mercury on particulate matter that can then be captured via a particulate 

matter control device.  In wet scrubbing systems, the principal mechanism of control is 

through the oxidized water-soluble form of mercury.  At combustion temperatures, 

however, it is believed that mercury is dominantly in the elemental form (Hg0).  As the 
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flue gas cools, thermochemical equilibrium calculations conclude that the elemental form 

is oxidized to the ionic form, Hg2+ in the form of mercuric chloride (HgCl2) or mercuric 

oxide (HgO).  The elemental form, Hg0 is insoluble in water while HgO is slightly 

soluble and HgCl2 is highly soluble.   Understanding the reaction mechanisms and more 

specifically the overall speciation of mercury in the flue gases will allow for the 

development of more effective control strategies.  Characteristics of coal-fired power 

plants that affect mercury emissions are (i) the mercury content of the coal, (ii) the design 

and operation of any particulate control devices, and (iii) the design and operation of any 

flue gas treatment systems.   

 

The mercury concentrations of various coal types are available through the U.S. 

Geological Survey’s (USGS) COALQUAL database. (Toole-O’Neil et al., 1999)  In 

general, the amount of oxidized mercury formed in the flue gases is dependent upon the 

type of coal.  For instance, burning lignite coal produces less oxidized mercury than 

burning bituminous coal.  Sulfur dioxide scrubbers allow for mercury removals between 

37 to 65 percent for bituminous coals with only about 5 percent removal for lignite coals. 

(Brown et al., 2000) 

 

Predicting the chemical form of mercury in the stack gases is difficult since the 

transformations of elemental mercury in the post-combustion regime are unknown.  

However, the pathways may include heterogeneous reactions, where fly ash surfaces 

serve as a catalyst, as well as homogeneous gas phase reactions.  The major reaction 
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pathways for mercury oxidation in combustion flue gases are still in question and are the 

current focus within this work.  Specifically, the homogeneous gas phase oxidation 

reactions of mercury via chlorine species will be examined throughout this research.   
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CHAPTER 2. BACKGROUND 

 
2.1. Literature Review of Current Experimental Data 

 
 
One of the benefits of pursuing theoretical results for the study of mercury speciation is 

due to some of the limitations of the methodology of the experimental mercury 

measurements.  Mercury is released in 1-30 ppbw concentrations (1 – 30 µg/m3), making 

accurate measurements extremely difficult.  Accurate measurements of mercury are 

paramount when estimating the anthropogenic flux of mercury into the atmosphere, 

identifying mercury transport and transformation processes, determining the deposition 

and methylation mechanisms in ecosystems, assessing mercury bioaccumulation, 

determining the speciation from fossil fuel combustion systems, and ensuring the 

compliance of sources with emission regulations. (Laudal et al., 2000)  

 

One major aspect of the current research is to directly measure mercury concentrations 

from oxidation reactions using a quadrupole mass spectrometer.  A limitation in much of 

the research involving the speciation of mercury is the inability to directly measure 

mercury speciation.  Rather, the methods that have been used traditionally for measuring 

mercury speciation are difference techniques, which are unable to distinguish between the 

two different oxidation states of mercury, Hg+ and Hg2+.  Therefore, the published 

measuring techniques involve coupling these two distinct mercury species.  One of the 

benefits of mass spectrometry is that it allows one to distinguish between these two forms 

through a separation based upon a mass to charge ratio.  Since the two distinct oxidation 



  
 
 

22 
 
 

  
 

states have different charges, mass spectrometry will allow for the direct measurement of 

each.   

 

Aside from the difficulty of distinguishing between the two different oxidized forms, 

current methods are consistently poor at distinguishing between the elemental and 

combined oxidized forms.  Current measurement methods simply cannot distinguish 

between the specific oxidized forms of mercury. (Senior et al., 2000) A mercury 

speciation study consisting of data from fourteen different coal combustion systems 

obtained very inconsistent mercury speciation results.  The study reported numbers 

ranging anywhere from 30 to 95% of oxidized mercury upstream of the air pollution 

device. (Prestbo and Bloom, 1995) In addition, the analysis of mercury speciation in the 

flue gases is often performed by passing the mercury sample through a series of 

impingers that contain solutions capable of capturing and separating the oxidized (Hg2+) 

form from the elemental mercury form (Hg0).  The Ontario Hydro and Alkaline Mercury 

Speciation are two of these methods.  Research has shown that concentrations of Cl2 as 

low as 1 ppm can misrepresent Hg0 as Hg2+ by as much as 10 – 20 %.  (Linak et al., 

2001) This lack of consistency in the current methods for distinguishing between these 

different oxidation states of mercury allows further appreciation for mass spectrometry 

measurements.   

 

The overall reaction mechanisms of mercury’s oxidation in the flue gases of coal 

combustion systems is still in question and has been pursued aggressively through 
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experimental research since the early nineties.  Heterogeneous reaction mechanisms have 

been studied in which fly ash was composed of oxides of silicon, aluminum, calcium, 

iron and copper, which may serve as catalytic surfaces for mercury’s oxidation.  In 

addition, homogeneous gas-phase mercury oxidation reactions have been experimentally 

studied through the presence of chemical species such as Cl2, HCl, HOCl, H2O, NOx and 

SOx, among others.   

 

The question that remains to be answered is, “what is the overall oxidation process by 

which mercury becomes oxidized in the flue gases of coal combustion processes?”  Both 

HCl and Cl2 are present in the flue gases and are therefore the major players in mercury 

oxidation.  Although, HCl is present in much greater concentrations in typical coal 

combustion flue gases than Cl2, from experimental results, mechanisms involving Cl2 are 

more likely to be the reactions resulting in the oxidation of mercury. (Sliger et al., 2000; 

Mamani-Paco and Helble, 2001)  To gain more perspective on this hypothesis, an 

examination of all the currently available experimental results must be performed.   

 

From Table 2-1, the chemical environments of the simulated flue gases are shown for 

each experimental set-up available in the literature for the oxidation of mercury via HCl.  

Since HCl is present in the flue gases at higher concentrations than Cl2, this was naturally 

the first oxidation pathway considered, and for this reason there is more mercury 

speciation data in the literature for this potential mechanism. 
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Table 2-1. Chemical Environments of Hg0 Oxidation via HCl 
 

 

 

 

 

 

 

 

 

 

 

Widmer et al. and Sliger et al. provide the most realistic flue gas environments with the 

inclusion of both water vapor and CO2.  Mamani-Paco et al. did not consider CO2 or 

oxygen, but considered the presence of NO and consequently found that NO acts as an 

inhibitor of mercury oxidation.  In flue gases where the HCl concentrations are low, Hall 

et al. found that oxidized mercury in the HgO form is additionally present.  Therefore NO 

can act as an inhibitor by reacting with HgO to form NO2 and reduce mercury back to its 

non-water-soluble elemental form.  From Figure 2-1, it is clear that the results of Hall et 

al. are very different than the other researchers for the mercury oxidation via HCl.  This 

(Hall et al, 1991)

10%  O2 in N2
Varying HCl (1-100µL/L)
100µg/m3 of Hg0 

No H2O or NO
Residence time: 1 second
Temperature Range: 20 – 900 °C

(Widmer et al, 1998)

10%  O2, 10%  CO2, 8% H2O
Varying HCl (300, 3000 ppm)
370 ppb Hg0

No NO
Residence time: 1 second
Temperature Range: 420 – 880 °C

(Sliger et al., 2000)

7.43%  O2, 6.15%  CO2, 12.3% H2O
Varying HCl (50 - 3000 ppm)
53µg/m3 Hg0 

No NO
Residence time: 1.4 seconds
Temperature Range: 860-1071 °C

(Mamani-Paco et al., 2000)

26% H2O, 25 ppm NO
Varying HCl (up to 100 ppm)
50µg/m3 Hg0

No O2, or   CO2
Residence time: 1-6 seconds
Temperature Range: up to 1225 °C
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may be due to the inclusion of inhibition and promotion that other chemical species play 

in the flue gases.  More details of the experimental results are listed in Table 2-2. 
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Figure 2-1. Experimental Results of Full Oxidation of Hg0 by HCl
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Table 2-2.  Literature Review of Homogeneous Mercury Oxidation Gas Phase Reactions 
 Reaction Studied Temperature (oC) Possible Reaction Schemes Conclusions 

Hall et al. Hg + HCl  … 
 
*50 – 150 ppm of HCl/ 13 ppm of Hg0 

500 w/ τ = 1.5 s Hg + 2HCl  HgCl2 + H2 *formation of HgCl2 

Hall et al. Hg + HCl  … 
w/ 10% O2/90% N2 

 
*100 – 300 ppm HCl/ 13 ppm of Hg0 

900 w/ τ = 0.7 s 
 
20 w/ τ = 2.8 s 

2Hg + 4HCl + O2  2HgCl2 + 2H2O 
 
4Hg + 4HCl + O2  2Hg2Cl2 + 2H2O 

*obtained 90%  
oxidation in less  
than 1 second 
 

Hall et al. Hg + Cl2  … 
 
*50 – 150 ppm of Cl2/ 13 ppm of Hg0 

20 w/ τ = 2.8 s 
500 w/ τ = 1.5 s 
700 w/ τ = 0.8 s 

Hg + Cl2  HgCl2 
 
2Hg + Cl2  Hg2Cl2 

*Hg0 reacts with Cl2  
at 20 oC 
*70% oxidized  
at 500 oC 

Widmer et al.   Hg + HCl  … 
w/ 10% O2/10% CO2/8% H2O/72% N2 

 
*370 ppb of Hg0/ 300/3000 ppm HCl 

Ranging from 420 – 
880 w/ τ ~ 1 s 

Elementary and/or global reactions were 
not reported 

*oxidation increases 
 with HCl increase 

Sliger et al. Hg + Cl  … 
w/ 7.4% O2/6.2% CO2/ 12.3% H2O/ N2 
balance 
 
*53 – 1390 µg/m3/ 100 – 600 ppm HCl/  
25 ppm NO 

540 w/ τ ~ 1.4 s (1) HCl + OH  Cl + H2O 
 
(2) Hg + Cl  HgCl 
 
(3) HgCl + HCl  HgCl2 + H 

*NO acts as an 
 inhibitor to Hg0  
oxidation 
*Hg0 oxidation  
occurs during the  
quenching stage 
 

Mamani-Paco 
and Helble 

Hg + HCl  … 
w/ 26% H2O/ N2 balance 
 
*50 µg/m3/ 100 ppm HCl 

290, 350, and 520 
residence time not  
reported 

Elementary and/or global reactions 
were not reported 

*at most 2% Hg0  
oxidation 

Mamani-Paco 
and Helble 

Hg + Cl2  … 
w/ 26% H2O/ N2 balance 
 
*50 µg/m3/ 50,100,300 and 500 ppm Cl2 

270, 300, and 500 
residence time not  
reported 

Hg + Cl2  HgCl2 *despite lower  
temperatures, 
obtained 93% Hg0 
oxidized  
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Table 2-2 shows the overall results from a literature review on all the currently available 

experimental mercury speciation data.   

 

Hall et al. have studied mercury speciation through oxidation via both HCl and Cl2.  Hall 

found that HCl will not oxidize Hg0 at room temperature without the presence of oxygen.  

Hall also predicts an increase in mercury oxidation with an increase in temperature, 

resulting in either HgCl2 and/or Hg2Cl2.  The second form, also known as calomel has not 

been considered as a possible product in other experimental flue gas observations.  

However, calomel decomposes at 382 oC, implying it will exist only at low temperatures.  

In the current experimental research, reactions are considered at ambient conditions.  

Since calomel is stable at these low temperature conditions, it is not unusual that is plays 

a large role as a product formed in the oxidation of mercury via Cl2.   In fact, there have 

been other similar studies, which have considered the oxidation of mercury via Cl2 at 

room temperature and similarly found that calomel is in fact a major product species.  

(Horne et al., 1991; P’yankov, 1949; Hall et al., 1991) 

 

Hall et al. found that Hg0 reacts readily with Cl2 even at temperatures as low as 20 oC.  

Similar to the conclusions reached from the study of mercury oxidation via HCl, Hall et 

al. propose that both HgCl2 and Hg2Cl2 are both possible product species through the 

oxidation via Cl2.  Hall additionally reports that the oxidation of Hg0 by Cl2 can occur 

heterogeneously at ambient conditions.  There has been a great deal of other research, 

which also supports this hypothesis. (Medhekar, 1979; Hall et al., 1991; Menke and 
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Wallis, 1980; Ariya et al., 2002)  It has been unanimously concluded in this past work 

that surfaces such as Pyrex and quartz are reactive and can facilitate the oxidation of 

mercury via Cl2.  The theoretical predictions of the current work also support this claim.  

The homogeneous oxidation of Hg via Cl2 is both kinetically and thermodynamically 

limited at low temperatures.  This will be examined in greater detail throughout the 

discussion of the current research. 

 

Widmer et al. studied the oxidation of Hg0 via HCl and found the reaction to be 

kinetically limited at temperatures less than 800 oC and thermodynamically limited 

without high concentrations of HCl.  They concluded that the HCl concentration has as 

large of an impact as temperature on the mercury conversion.  Mamani-Paco and Helble 

also studied the oxidation of mercury via HCl and found similar results to that of Widmer 

et al.  They examined the addition of HCl to elemental mercury at temperatures ranging 

from 563 to 793 K and found a 2% oxidation rate with HCl concentrations in the 100 

ppm range.  In fact, comparing all experimental mercury oxidation data involving HCl, 

most tend to agree with each other, aside from the results of Galbreath et al.  The possible 

reason for why Galbreath et al. obtained higher mercury oxidation levels is that their 

reactions were not strictly homogeneous.  Galbreath et al. observed 70 – 80% oxidation 

of mercury with HCl concentrations at 100 ppm and the presence of particles, which may 

serve as catalysts to facilitate in mercury’s oxidation.   
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Sliger et al. proposed a mechanism involving the oxidation of mercury via chlorine atoms 

for the first stage, and HCl for the second stage of mercury’s oxidation.  Sliger et al. also 

introduced quenching rates so that the flue gas is cooled.  As the flue gas cools, it has 

been found that the rate of oxidation is increased.  Sliger et al. concluded in their work 

that the chemical environment of the simulated flue gases is important in obtaining 

reliable mercury speciation results.  One reason that the data between Hall et al., Widmer 

et al. and Sliger et al. data disagrees is due to the fact that Widmer et al. and Sliger et al. 

have more realistic flue gas environments, involving species that Hall et al. neglect, such 

as CO2 and H2O.   

 

Mechanisms have been studied (Lee et al., 1998) that predict very slow oxidation of Hg0 

via HCl below 700°C, and only at temperatures above 700°C and HCl concentrations 

greater than 200 ppm do these reactions proceed at measurable rates.  They also found 

that SO2 and water vapor in the simulated flue gas inhibits the gas-phase oxidation of 

Hg0.  On the other hand, they found the reaction of elemental mercury with molecular 

chlorine, Cl2, to be fast, with 100% oxidation to HgCl2 in the presence of 50 ppm Cl2 at 

40°C in less than two seconds.  Lee et al. also studied heterogeneous reactions involving 

simulated fly ash consisting of mixtures of some major components found in the fly ash 

from coal.  They propose that the surface acts to catalyze the reaction of HCl to form 

molecular chlorine, which then reacts to form HgCl2.  With the fly ash present, the 

addition of HCl to Hg0 caused a 95% oxidation of elemental mercury in the temperature 

range from 150 to 250°C. 
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Table 2-3.  Experimental Rate Constants, Hg + Cl2 + M  HgCl2 + M 

 Rate Constant (298K) 
 

Seigneur et al. 
 

2.47 * 1010 cm3/mol*s 
 

Mamani-Paco et al. 
 

~2.38 * 1010 cm3/mol*s 
 

Schroeder et al. 
 

2.41 * 1010 cm3/mol*s 
 

Hall et al. 
 

7.8 + 0.4 * 108 cm3/mol*s 
 
 

 
Table 2-3 above lists agreeing experimental rate constants that have been calculated for 

the oxidation of Hg0 via Cl2.  This implies that, kinetically, this reaction is likely to occur 

at ambient conditions.  Hall et al. reported a rate constant two orders of magnitude 

smaller than the one listed above, which accounts for potential surface reactions with the 

reaction vessel at ambient conditions.  Hence, when studying this reaction at room 

temperature the possibility of surface reactions should be considered and may result in 

errors if neglected.  Schroeder et al. report that their value is an overestimate of the actual 

rate constant for this reaction, questioning whether the product species are indeed HgCl2.  

The original data of the paper published by Schroeder et al. (P’yankov, 1949) report that 

the dominant product formed by this reaction is Hg2Cl2.   

 

Although there has been much experimental mercury speciation research performed, very 

little is directly applicable to obtaining rate constants for all possible conditions for the 

entire list of possible mercury oxidation reactions.  Many of the researchers use the 
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limited kinetic data that has been measured and then create combustion models involving 

mercury oxidation.  (Niksa et al., 2001; Widmer et al., 2000) Recall, the overall goal is to 

accurately determine which pathway is dominant in the flue gas environment at oxidizing 

elemental mercury to the water-soluble form, HgCl2.  Answering this question involves a 

combination of close examination of both thermodynamic and kinetic calculations. 
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2.2. Literature Review on Current Models and their Predictions 
 
 
Several thermodynamic and kinetic models have been developed to elucidate mercury’s 

speciation in the coal combustion flue gases.  The calculation of Gibbs free energy 

(∆G°T) allows one to determine the propensity that a given reaction will occur at a given 

temperature, T.  The equilibrium constant is dependent upon ∆G°T, and its calculation 

can determine whether or not a given reaction should be studied in detail.  However, it is 

important to note that the equilibrium calculation does not lend any information on the 

kinetics or time scale for the reaction to proceed.  Does the reaction take a fraction of a 

second or perhaps months to reach equilibrium?  Therefore, a complete picture of these 

possible mercury oxidation reactions will involve the knowledge of both thermodynamics 

and kinetics so the overall reaction mechanism for oxidation can be determined.  The 

following equation represents the temperature and Gibbs free energy relationship: 

 

   ∆G°T = ∆H°T - T *∆S°T   (2.1) 

 

Using thermodynamic tables such as those available through the NIST webbook (Afeefy 

et al., 2003) or JANAF (Chase, 1998), one can determine the Gibbs free energy of a 

given reaction using the following relationship involving the stoichiometric coefficients, 

υi, of the reactant and product species: 

 
      ∆G°T = Συi ∆G°f    (2.2) 
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One more step allows for the calculation of the equilibrium constant, Keq using equation 

(2.3) below: 

   Keq = exp[-∆G°T/RT]   (2.3) 

 

Given a general gas phase reaction, Keq is defined as, 

   

i

i

i
eq p

p
K

υ

∏ 







= 0

   (2.4)
 

such that pi = partial pressure and pο = standard pressure (for the ideal gas phase, 1atm).  

These equations allow for the calculation of the equilibrium constant over a range of 

temperatures.  Examination of Keq for a series of mercury oxidation reactions will allow 

one to see the importance behind these thermodynamic calculations.  Recall from the 

experimental results in the previous chapter that some researchers proposed mechanisms 

involving Cl atoms, Cl2 molecules, and/or HCl molecules.  Some straightforward 

equilibrium calculations can provide insight on the likelihood of such reaction 

mechanisms.  Keep in mind, however, that by purely examining the thermodynamics of 

these reactions, the kinetics are being neglected, which implies only half the story is 

being told at this point.   

 

Table 2-4 below provides a list of equilibrium constants for reactions  from possible 

mercury oxidation mechanisms that have been proposed by experimentalists.  It is clear 

that any reactions involving the oxidation of HCl at high temperatures is not 
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thermodynamically favorable.  It is interesting to note that the oxidation of Hg0 in the 

presence of oxygen at temperatures less than 1200 K is thermodynamically probable, 

agreeing with the experimental results obtained by Hall et al.  Examining reaction (3) at 

298 K, the reaction is far from thermodynamically impossible.  Recall that the 

equilibrium constant is proportional to the ratio of the product concentrations over the 

reactant concentrations.  Therefore, examining the equilibrium constant for the oxidation 

of Hg0 without oxygen, there would have to be a high concentration of the HCl reactant 

species.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 
 

35 
 
 

  
 

Table 2-4. Equilibrium Calculations for Selected Mercury Oxidation Reactions 

 
(1) Hg + Cl2  HgCl2        

T(K) 298 600 1000 1200 
Keq 9.7*1030 5.2*1012 3.5*105 5.9*103 

(2) 2Hg + 4HCl + O2  2HgCl2 + 2H2O 
T(K) 298 600 1000 1200 
Keq 2.0*1075 3.7*1028 1.4*101 3.7*10-5 

(3) Hg + 2HCl  HgCl2 + H2 
T(K) 298 600 1000 1200 
Keq 3.6*10-3 4.4*10-5 1.0*10-5 3.7*10-6 

(4) HgCl + HCl  HgCl2 + H 
T(K) 298 600 1000 1200 
Keq 1.1*10-17 3.3*10-10 4.2*10-7 2.6*10-6 

(5) Hg + Cl  HgCl 
T(K) 298 600 1000 1200 
Keq 1.2*1014 6.7*104 1.2*101 8.3*10-2 

(6) Hg + HCl  HgCl + H 
T(K) 298 600 1000 1200 
Keq 1.9*10-57 1.1*10-28 2.7*10-17 2.0*10-14 

(7) HCl + OH  Cl + H2O 
T(K) 298 600 1000 1200 
Keq 8.2*1010 5.9*104 4.3*102 1.1*102 

(8) Cl + Cl  Cl2 
T(K) 298 600 1000 1200 
Keq 8.3*1036 5.4*1015 1.8*107 2.5*104 

(9) Cl2  2Cl 
T(K) 298 600 1000 1200 
Keq 1.2*10-37 1.8*10-16 5.4*10-8 3.9*10-5 

 

Examining the equilibrium constant for reaction (7) from Table 2-4, one can conclude 

that this reaction is possible over a wide range of temperatures.  Sliger et al. proposed that 

reaction (7) is the mechanism by which chlorine atoms are produced in the flue gases.  

Once the chlorine atoms are produced, they can readily react to oxidize elemental 

mercury.  Atomic chlorine can react with elemental mercury via reaction (5) and appears 

thermodynamically favorable at temperatures below 1200 K.  However, reaction (8) is a 
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very probable reaction over a wide temperature range, which also allows for the oxidation 

of mercury via molecular chlorine.  The equilibrium calculation for reaction (1) exhibits 

that this reaction pathway of oxidation is also thermodynamically favorable.  Again, it is 

important to emphasize that this current discussion is based solely upon thermodynamics 

and has not yet considered the kinetics of these reactions. 

 

Equilibrium calculations performed by Senior et al. predicted that below 725 K all the 

mercury will be in the HgCl2 form.  Above 975 K, 99% of the mercury is predicted to be 

in the elemental form, Hg0, with the remaining 1% existing as HgO.  In addition, they 

propose that between these two temperature limits, the relative concentrations of HgCl2 

and Hg0 are dependent upon the chlorine concentration of the coal itself. (Senior et al., 

2000) Since the flue gas is cooled prior to air pollution control devices, it is expected that 

all mercury should exist as the water-soluble HgCl2 form.  However, this is only the case 

if equilibrium conditions were dominant in the flue gas.  In fact, other minor species such 

as CO and SO2 do not have time to establish equilibrium as the flue gas cools. (Flagan 

and Seinfeld, 1988)  Similarly, mercury also may not have time to equilibrate after the 

flue gas quenches.  Senior et al. conclude in their study that the mercury oxidation is 

frozen in the flue gas at about 800 K.   

 

Besides thermodynamic analysis, in an attempt to gain insight to the entire problem, a 

great amount of kinetic analysis and modeling has been performed.  Sliger et al. 

suggested that the direct oxidation of Hg0 via HCl has a high energy barrier through a 
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comparison to a similar reaction performed with cadmium. (Hranisavljevic et al., 1997)  

From this observation, they conclude that the oxidation occurs via an intermediate 

derived from HCl, with the intermediate being atomic chlorine.  They report a fast rate at 

room temperature for the reaction of Hg0 and Cl (Horne et al., 1968) of 1.95 + 1.05 * 1013 

cm3/mol*s.   They propose a second step via HCl to the fully oxidized, HgCl2 water-

soluble form.  The model that they developed required kinetic parameters including 

activation energies and rate constants.  For the proposed first stage, they used the 1968 

data from Horne et al.  For the proposed second stage, they employed purely theoretical 

techniques.  Sliger et al. used quantum mechanics and transition state theory to predict an 

activation energy and rate constant for the step involving the full oxidation of mercury 

via HCl.  At room temperature their rate prediction is 6.88*102 cm3/mol*s.  Details of 

this calculation and its validity are discussed in great detail later in chapter 3.3.3.   

 

A kinetic model was developed (Widmer et al., 2000) using SENKIN software and an 

adapted general combustion chemistry mechanism. (Glarborg et al., 1986)  Required for 

their model were activation energies and rate constants for a series of mercury oxidation 

reactions.  The data for the model which are listed below in Table 2-5, came from many 

different sources.  Just as for the Sliger et al. proposed mechanism, Widmer et al. used 

the experimental data by Horne et al. for reaction (1).  It is important to note that this 

research was performed in ideal conditions with just elemental mercury and chlorine 

atoms.  There were no flue gas components such as water vapor, oxygen or carbon 

dioxide that the experimental results that much of the current literature include.  Also, the 
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data from Horne et al. consists only of one data point at 393K.  For reactions (2) and (4) 

Widmer et al. use analogous kinetic parameters taken from reactions that do not involve 

mercury, but rather, involve lead.  Reactions (5), (6) and (8) were assigned the same 

values that were given to reactions (2), (4) and (3) without reasoning or validation.  They 

found that their model underpredicts mercury oxidation at high temperatures.  They 

propose, based upon research by Sliger et al., that the formation of chlorine atoms at 

these high temperatures is thermodynamically limited, which is evident through reaction 

(9) of Table 2-4.  Overall, the kinetic model developed by Widmer et al. concludes that at 

high temperatures, free radicals such as chlorine exist, but the thermodynamics favor the 

decomposition of HgCl2.  At the same time, at low temperatures where thermodynamics 

favors complete conversion of mercury, the oxidation process is too slow.  Widmer et al. 

admit in their work, that required critical rate constants, and in some cases, even reliable 

thermodynamic data are currently lacking. 
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Table 2-5. Widmer et al. Kinetic Parameters for Mercury Oxidation Model 

 A 
[cm3/mol*s] 

B Ea 
[kcal/mol] 

∆Hrxn 
[kcal/mol] 

 
(1) Hg + Cl + M  HgCl + M 

 
2.40*108 

 
-1.4 

 
-14.4 

 
-23.6 

 
(2) Hg + Cl2  HgCl + Cl 

 
1.39*1014 

 
0 

 
34.0 

 
34.0 

 
(3) Hg + HOCl  HgCl + OH 

 
4.27*1013 

 
0 

 
19.0 

 
33.6 

 
(4) Hg + HCl +  HgCl + H 

 
4.94*1014 

 
0 

 
79.3 

 
79.3 

 
(5) HgCl + Cl2  HgCl2 + Cl 

 
1.39*1014 

 
0 

 
1.0 

 
-26.0 

 
(6) HgCl + HCl   HgCl2 + H 

 
4.94*1014 

 
0 

 
21.5 

 
19.1 

 
(7) HgCl + Cl + M  HgCl2 + M 

 
2.19*1018 

 
0 

 
3.1 

 
-84.1 

 
(8) HgCl + HOCl  HgCl2 + OH 

 
4.27*1013 

 
0 

 
1.0 

 
-26.9 

 

Kinetic modeling was also performed by Niksa et al. for homogeneous mercury 

oxidation, and their models included the influence of NO and H2O in the simulated flue 

gases.  They began the modeling with the kinetic framework provided by Widmer et al. 

as presented in Table 2-5 above.  However, for reaction (7) from Table 2-5, the 

theoretical rate constant calculated by Sliger et al. was used.  The model includes 

submechanisms accounting for a broad range of Cl and NOx chemistry. (Roesler et al., 

1992; Roesler et al., 1995) In addition, they use an updated moist CO oxidation 

submechanism (Roesler et al., 1992; Mueller et al., 1999a; Mueller et al., 1999b) at low 

to moderate temperatures, allowing for perturbations from NOx conversion (Mueller et 

al., 1999b) and interactions between NOx and SOx (Mueller et al., 2000) conversion 

chemistry.  The model also includes an H/N/O submechanism (Mueller et al., 1999b; 

Mueller et al., 2000; Allen et al., 1997), which describes the kinetics of NOx conversion 



  
 
 

40 
 
 

  
 

at low to moderate temperatures.  In total, the model developed by Niksa et al. includes 

102 elementary chemical reactions.  Just as Widmer et al., they used Senkin for the 

differential equation solving.  They concluded that the only channel that oxidized 

mercury at appreciable rates is the oxidation of Hg0 via atomic chlorine, while the 

decomposition of HgCl via OH radical was an inhibitor of mercury’s oxidation.  They 

found the primary production channel for the oxidation to the water-soluble form, HgCl2 

to be the oxidation of HgCl via Cl2.  Niksa et al. found large inhibition effects from NO, 

which will react readily with OH radical to form HONO.  One may question this initially 

since scavenging OH may mean promoting the formation of HgCl as previously 

mentioned.  However, it turns out that the major role of OH is to produce Cl atoms and 

water through reactions with HCl.  Therefore, if these OH radicals are scavenged via NO, 

then they are unavailable to create atomic chlorine which could react directly to oxidize 

Hg0. 

 

Overall, from reviewing the literature, it appears unanimous among the modelers that side 

reactions involving chlorine species play a key role in the mercury oxidation process.  

This implies that the recombination reaction involving chlorine atoms to produce 

molecular chlorine, Cl2, is as important to consider as the direct oxidation reactions 

involving mercury.  This makes sense when one considers a mechanism involving the 

oxidation of mercury involving both atomic chlorine and molecular chlorine.   
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In addition, from both the thermodynamic and kinetic models, which have primarily been 

based on experimental mercury speciation data, one or a combination of the following 

channels appear to be the pathways of mercury’s oxidation in the flue gases of coal 

combustion processes: 

 

 

 

 

 
 

 

 

 

 

 

 

The current work focuses on a slightly larger pool of potential mercury oxidation 

reactions and the results will be compared in future chapters through a combination of 

theoretical, experimental, and modeling results. 

 

Figure 2-2. Possible Mercury Oxidation Pathway Hypotheses

 
I. Formation of chlorine atoms: 

HCl + OH  Cl + H2O 
Cl2 + M  2Cl + M 

HgCl + M  Hg + Cl + M 
 
 

II. First stage of Hg0 oxidation: 
Hg + Cl + M  HgCl + M 

 
 

III. Possible Second Stages of Hg0 oxidation: 
HgCl + HCl  HgCl2 + H 
HgCl + Cl2  HgCl2 + Cl 

Hg + Cl2 + M  HgCl2 + M 
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2.3. Quantum Mechanics and Basis Sets 
 
 
Ab initio methods of quantum chemistry have in recent years proven to be effective in 

predicting the structure and thermodynamic properties of chemical systems. (Steinfeld et 

al., 1998; Pople, 1999; Gao and Truhlar, 2002; Alcami et al., 2001) All such methods 

seek to derive a solution of the Schrödinger Wave Equation (SWE) for the molecular 

system, formulated as a stationary configuration of nuclei with an accompanying set of 

interacting electrons. 

 

The nuclei can be considered stationary as, being approximately three orders of 

magnitude heavier than the electrons, their motion occurs on a much slower timescale 

than that of the electrons, and thus the nuclear and electronic motions are effectively 

decoupled.  Therefore, the SWE can be separated for the two.  This is commonly known 

as the Born-Oppenheimer approximation, and has the consequence that one need only 

seek solutions for the electronic SWE (stated here in the usual atomic system of units): 

 

    elelelel EH ψψ =ˆ    (2.5) 
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In equation (2.5), ψel is the wave function describing a particular electron, Eel are the 

electronic energies that lead one to predict such things as heats of reaction and activation 

energies, and the purely electronic Hamiltonian operator is defined in equation (2.6). 

(Levine, 2000) The first term in equation (2.6) is the operator for the kinetic energy of the 

electrons.  The second term is the potential energy of the attractions between the 

electrons and the nuclei, riα, where α is the distance between electron i and nucleus.  The 

third term is the potential energy of the repulsions between electrons i and j.  It is 

important to note that this Hamiltonian operator neglects relativistic interactions such as 

the spin-orbit coupling of the electrons.  The spin-orbit interaction would add another 

term to the Hamiltonian, and typically the influence of the addition of this term to the 

Hamiltonian increases with an increase in the atomic number.  From the frame of 

reference of the electron, the nucleus appears to be moving around the electron, which 

induces a magnetic field on the electron.  The spin-orbit coupling is the coupling of the 

magnetic field induced by the nucleus and its relationship to the intrinsic spin (magnetic 

moment) of the electron.  The strength of the magnetic field is proportional to the orbital 

angular momentum while the magnitude of the electronic magnetic moment is 

proportional to the intrinsic spin of the electron.  In general, the spin-orbit coupling 

equation is of the following form: 

sl ˆˆ)(ˆ ⋅= rH SO ξ          (2.7) 
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The wave equation becomes, 
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  elelelelelSOel ErHHH ψψξψ =⋅+=+ ]ˆˆ)(ˆ[]ˆˆ[ sl   (2.9) 

 

Perturbation theory can be used if the spin-orbit coupling is relatively small.  If this 

method is applied, the spin-orbit Hamiltonian is treated as the perturbation. (Bernath, 

1995; Berning et al., 2000) In addition, for lighter atomic species, L-S or Russel-

Saunders is the coupling scheme used. Larger atoms on the other hand experience greater 

spin-orbit coupling and so configuration interaction has been the method used to obtain 

the zero-order wave functions. (Berning et al., 2000) Also, for larger atoms such as 

mercury, j-j coupling is required rather than L-S coupling.  (Dicke and Wittke, 1960) The 

details of each coupling scheme are difficult and are omitted here. 

 

Recalling that the focus of this research is on mercury-chlorine species, consider the 

molecule HgCl with a total of 115 electrons.  For this molecule, spin-orbit coupling could 

potentially be a factor for energy computations.  In order to examine the effect of spin-

orbit coupling on HgCl, a review on how to obtain its term symbol is necessary.   

 

For an atom, the term symbol is represented by, 

J
s L12 +     (2.10) 

 

such that,   slJandsSlL
i

i
i

i ˆˆˆ,ˆˆ,ˆˆ +=== ∑∑ .  (2.11) 

On the other hand, for a molecule, the term symbol is represented by, 
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    Ω
+ Λ12s     (2.12) 

such that Λ is the orbital angular momentum projection  along the internuclear axis (z), Σ 

is the spin projection along the z-axis and  

    Ω=Σ+Λ ˆˆˆ .   (2.13) 

Consider the electron configuration of Hg+ and Cl- separately,  

 

Hg+: [Xe] 4f145d106s1 

    Cl-: [Ne] 3s23p6   (2.14) 

 

As can be seen in Figure 2-3, when a mercury ion bonds with a chlorine ion, one valence 

electron goes into an antibonding orbital, σ* in the ground state.  Four of the p electrons, 

specifically two each from the px and py orbitals go into the two nonbonding π orbitals.  

The remaining two electrons go into the σ bonding orbital.  The ground state term symbol 

for HgCl is X2Σ+.  In general, the ground state is always represented with an X, the first 

excited state an A, the second excited state a B and so forth.  In the case of HgCl, as seen 

in Figure 2-3, there is only one unpaired electron, yielding a spin multiplicity of two (i.e. 

2S+1), (where S = ½).  The plus in the exponent of the term symbol arises from the 

symmetry of the molecule with respect to a σv plane.   

 

 

 

 



  
 
 

46 
 
 

  
 

 

 

 

 

 

 

Examination of excited states of HgCl results in two different scenarios.  Either an 

electron can be excited from σ to σ*, or from π to σ*.  The first scenario results in a 

similar term symbol to that above, but since this corresponds to the second excited state, 

results in B2Σ+.  The first excited state is not as straightforward since, in this case, the 

electron is being excited from a π nonbonding orbital.  The π orbital corresponds to 

orbital angular momentum quantum numbers, Λ, of + 1.  Also, the one unpaired electron 

can exist with Σ as either plus or minus  ½ .  From equation (2.14) above, this 

corresponds to Ω values of 1/2 and 3/2, yielding term symbols A2Π1/2 and A2Π3/2.  Below 

in Figure 2-4 these different energy levels with possible transitions are presented.  

Spectroscopic techniques can be applied so that these excited states can be investigated.  

The two different Ω values correspond to different relative orientations of ,ˆˆ SandL  

resulting in different amounts of spin-orbit interaction. 

 

 

 

Figure 2-3. Molecular Orbital Diagram of HgCl
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The Ω-splitting levels shown in Figure 2-4 is a representation of what is termed, “fine 

structure” in molecular spectroscopy.  This current discussion offers a starting point to 

considering spin-orbit effects in future mercury calculations.  Much work would still 

need to be done in terms of understanding how to apply some of the complex methods 

referenced here.  Therefore, within the current work, spin-orbit coupling was not included 

in the Hamiltonian for the energy calculations.   The concept of spin-orbit interaction will 

appear again later when nonadiabatic reactions are considered in chapters 3.2.3 and 3.2.4. 

 

The wave equation (2.5) may only be solved analytically for the single-electron problem, 

and so for larger systems of interest, an approximate method must be employed.  First it 

should be observed that the wave equation has an infinite dimensional solution space, and 

thus for computational purposes this must be approximated by a finite dimensional 

subspace spanned by a chosen set of basis functions which hopefully offer a reasonable 

representation of the electronic motion.  In the usual ab initio molecular orbital (MO) 

Figure 2-4. Schematic of Energy Level Splittings for HgCl
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approach, one considers the molecular orbitals to be linear combinations of the atomic 

orbitals: 

    Ψi = ∑cµiφµ.   (2.15) 

 

Ψi is the i-th molecular orbital, cµi are the coefficients of the linear combination, φµ is the  

µ-th atomic orbital, and n is the number of atomic orbitals. (Szabo and Ostlund, 1989) In 

the software used in this research, Gaussian 98 (Ref. 37), Gaussian-type orbitals are used 

in the calculations.  A Gaussian-type orbital has the following form: 

 

  
2

,,,,, ),,( rcba
cbacba ezyxNr α

αφθχ −′=   (2.16) 

 

such that a, b, and c are quantum numbers which describe the angular shape and direction 

of the orbital, and exponents α which apply to the radial size of the electron. (Simons, 

2003)  In general, a basis set is a linear combination of these Gaussian Type Orbitals 

(GTOs).  The explicit basis sets of each of the atoms studied in this work are presented in 

Appendix A. 

 

The atomic orbitals are themselves expressable as linear combinations of the atomic basis 

functions.  In general, the larger the basis set, the closer to the "exact" solution one gets.  

However, larger basis sets require more computational resources so there are practical 

limits to the accuracy one can obtain.   
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In addition, it is important to note that both polarization and diffuse functions were added 

to the basis sets of hydrogen, chlorine, oxygen and nitrogen when they were used in the 

calculations.  Polarization functions are functions of one higher orbital angular 

momentum than an atom actually has in its valence orbital space.    The orbital exponent 

of the basis function, however, cause their radial sizes to be similar to the actual sizes of 

the true valence orbital.  The goal of the addition of polarization functions is to provide 

additional angular flexibility to the linear combination of atomic orbitals in forming 

bonding orbitals. (Simons, 2003) The addition of diffuse functions to a basis set can also 

improve the accuracy of the calculations.  Typically diffuse functions are added for 

anions or compounds with lone pairs of electrons; in general, these species have 

significant density at large distances from the nucleus.  A diffuse basis function is one 

with a small orbital exponent in the range of 0.01 to 0.1.  (Levine, 2000) 

 

Calculation methods can be divided into two categories; ab initio methods, which base 

themselves on the aforementioned MO statement, and density functional methods.  The 

simplest ab initio method in common usage yielding at least semi-qualitative results is the 

Hartree-Fock Self Consistent Field (HF-SCF) approach. (Hehre et al., 1986)  In this 

method, (2.5) is reduced to a one-electron problem for each electron, coupled so that each 

electron interacts with the averaged field of the other electrons.  These are the so-called 

Fock equations, and are solved iteratively until self-consistency is obtained.  HF-SCF has 

the advantage of being a variational method - the energy obtained is an upper bound of 

the exact energy, and is also reasonably cheap in terms of computational requirements.  
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However, the "averaged field" assumption in the scheme means that short-range 

correlations between electrons are ignored, and this can be particularly important when 

heavy elements are part of the system under study. 

 

Thus for the present reaction systems of interest, a post-SCF correlated method is greatly 

desirable.  Møller-Plesset (MP) perturbation theory is the next step in sophistication 

beyond HF, taking the HF wavefunction and energy as the zeroth-order components and 

applying the standard ansatz of Rayleigh-Schrodinger (RS) perturbation theory. (Møller 

and Plesset, 1934) Most commonly one takes the perturbation expansion to second order 

(MP2) or fourth order (MP4) depending on the computational resources available. 

(Bartlett and Shavitt, 1977; Purvis and Bartlett, 1978)  MP methods generally do well at 

including the correlation energy (the difference between the "exact" HF energy and the 

energy from the exact solution), however it has been shown that the MP series expansion 

yields poor results for many heavy element systems. (Schwerdtfeger et al., 1989) 

 

Thus for systems such as the mercury reactions of present interest, an "infinite order" 

method such as Coupled Cluster (CC) or Quadratic Configuration Interaction (QCI) is 

preferred. (Cizek, 1966; Cizek and Paldus, 1971; Chavitt and Schaefer, 1977; Pople et 

al.,1977)  These methods use summation techniques to add certain terms in the MP 

expansion to infinite order, thus alleviating the problem of convergence.  These 

approaches are also size-consistent - meaning that the method scales correctly with the 

number of particles in the system.  This can be a problem when MP or truncated 
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Configuration-Interaction methods are applied to systems with a large number of 

electrons such as the species in this work. 

 

A final matter of concern with these calculations is consideration of special relativistic 

effects, which can have a marked effect on systems including heavy elements.  These are 

most evident in the inner core electrons of heavy atoms where electron velocities can be a 

considerable fraction of the speed of light.  As previously mentioned, the relativistic 

effect of spin-orbit coupling will not be considered in the Hamiltonian.  The time 

independent wave equation can only be solved exactly for the hydrogen atom and H2
+.  

The hydrogen atom being a two body problem and the hydrogen molecule ion being a 

three body problem, but solvable due to the nuclear distance being fixed while finding 

solutions for the electronic energies.  In the current situation, mercury itself has eighty 

electrons.  The Hamiltonian operator takes into account the kinetic energy of each 

electron, the attractive forces of each electron with the nucleus and each repulsive 

interaction experienced pairwise by the electrons.  In order to simplify the calculations, 

the use of Effective Core Potentials (ECP) are essential.  The ECP (also referred to as a 

pseudopotential) is an effective potential describing the inner core and at the same time 

semi-empirically accounts for relativistic effects. (Pettersson et al., 1983; Dyall, 2001) 

 

The following relativistic effective core potentials are the most recent ones developed in 

the literature for mercury and are compared in this research: Stuttgart 1997 (Häussermann 

et al., 1993), Stevens and Krauss 1992 (Stevens et al., 1992), and Hay and Wadt 1985. 
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(Hay and Wadt, 1985).  Further details of the methods and basis sets used are presented 

in chapter three where each reaction is studied in detail.   

 

       

The Gaussian 98 (Pople et al., 1998) software package was used to calculate the relative 

energies of reactants, transition structures and product species for each reaction studied in 

this work.  In addition, each energy in the work includes thermal corrections that include 

zero point energies.  The frequency calculations were left unscaled due to the 

unavailability of proper scaling factors. (Pople et al., 1993) Tunneling corrections of the 

form below (Gonzalez-Lafont et al., 1991) were used in all of the rate constant 

calculations. 
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such that h is Planck’s constant, υim is the imaginary frequency accounts for the 

vibrational motion along the reaction path, c is the speed of light, kb is Boltzmann’s 

constant, and T is the temperature. Tunneling is more of a factor for lighter atoms, but 

nevertheless was accounted for throughout the rate constant calculations in this work.  

This correction must be multiplied by the calculated rate constant in order to obtain the 

rate where tunneling is accounted for.   
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2.4. Chemical Kinetics Tools 
 
 
A.  Transition state theory 
 
 
For bimolecular reactions, one traditionally uses transition state theory, which requires 

knowledge of an accurate transition structure so the activation energy is known.  The 

following is a familiar equation for calculating the rate constant for a bimolecular 

reaction, originally derived from Eyring (1935): 

 

             Tk
E

B

BA

TS

bim
B

a

e
h
Tk

QQ
QLk

−

= κ*   (2.18) 

 

such that κ is the tunneling correction; L* is the statistical factor; QTS, QA, and QB are the 

partition functions of the transition structure and reactant species respectively; kB is 

Boltzmann’s constant; h is Planck’s constant; and Ea is the activation energy.   

 

The key to calculating the bimolecular rate constant is in finding an accurate activation 

energy, which requires knowledge of the location of the transition structure on the 

potential energy surface.  In general, each of the 3n-6 degrees of freedom of an n-atom 

non-linear molecule contributes one dimension to a potential energy surface (3n-5 for a 

linear molecule).  In some cases, one may be fortunate if some of these degrees of 

freedom are constant along the reaction coordinate such that a three dimensional potential 

energy surface can be generated.  However, in general, there are often more than just 
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three degrees of freedom that are involved during a reaction so the potential energy 

surface cannot be constructed except in a hyperspace, making the energetic analysis 

difficult.  The transition structure is defined as the saddle point on the adiabatic potential 

energy surface.  The following is a more mathematical definition (Steinfeld et al., 1999): 
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   (2.19) 

 

such that U is the electronic potential energy, s is defined as the coordinate along the 

reaction path in which the energy is a maximum and ξ is defined as the coordinate 

perpendicular to the reaction path in which the energy represents a minimum.  It is 

important to note that the second partial derivative with respect to the reaction coordinate, 

s, is negative which implies the vibrational frequency for motion along the reaction path 

is imaginary.  Hence, when using quantum mechanical packages such as Gaussian 98, the 

criteria for a transition state search is that a stationary point is found where one imaginary 

frequency exists.  However, when using this software, one should not stop after this point 

has been found.  Locating a structure with one imaginary frequency does not guarantee a 

“correct” transition structure has been detected for a given reaction.  To validate that the 

structure found is indeed a transition structure, either the vibrational modes should be 

carefully analyzed to ensure the negative frequency corresponds to the reaction 

coordinate or an intrinsic reaction coordinate (IRC) calculation should be performed.  
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One can obtain a summary of the IRC reaction path where the assumed transition 

structure geometry links the correct products to the correct reactants.  Once an IRC 

calculation is performed, one can recognize with confidence that the transition structure 

is the true saddle point along the reaction path of interest. 

 

B. Canonical variational transition state theory 
 
 
Many of the reactions studied within this work appear to be barrierless reactions.  For 

such reactions, the rate constants for each combination of method and basis set were 

calculated using canonical variational transition state theory (CVTST) given by: 

 

    kCVT/G(T) = κG(T)kCVT(T)  (2.20) 

 

where T is the temperature, κG(T) is a ground-state (G) transmission coefficient which 

primarily accounts for tunneling, and kCVT(T) is the hybrid canonical variational 

transition state theory (CVT) rate constant where the intrinsic reaction coordinate is 

treated classically and the bound vibrations are quantized. (Gonzalez-Lafont et al., 1991; 

Truhlar and Gordon, 1990)  The hybrid CVT rate can be obtained by variationally 

minimizing the universal RRKM-theory rate constant, kuni (T) with respect to the position 

x of the generalized transition state along the reaction coordinate, 

 

   
),(min)( xTkTk unix

CVT =
   (2.21) 
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where kuni (T, x) is expressed in equation (2.20). 

 
 
C.  RRKM theory 
 
 
Transition state theory is traditionally used to calculate rate constants for bimolecular 

reactions.  However, many of the reactions within this work are unimolecular, making 

RRKM (Rice-Ramsperger-Kassel-Marcus) theory a necessary tool.  The overall 

unimolecular reaction is written in terms of two energies; E+ and E* as shown below in 

Figure 2-5.  E* is the energy of the reactant once it acquires the energy needed to react.  

The energy, E+, is the activation energy, E0, subtracted from the energy of the energized 

reactant (i.e. E+ = E* - E0). (Holbrook et al., 1996)   

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5. RRKM Energy Description

• E*= E0 + E+ E* = total vibrational and rotational energy

E+ = total energy of a given transition state
E0 = activation energy
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The density of states, ρ(E*), and the sum of states, W(E+), were calculated using the 

Beyer-Swinehart algorithm. (Beyer and Swinehart, 1973)  The universal rate constant for 

a unimolecular reaction can then be calculated from: 
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E* = total vibrational and rotational energy  L = statistical factor 
E+ = total energy of a given transition state  k = Boltzmann's constant  
E0 = activation energy     βc = collisional efficiency 
Q1+= partition function for the rotation of A+  W(E+) = sum of states 
Q1 = partition function for the rotation of A  ρ(E*) = density of states 
ZLJ = Lennard-Jones collision frequency  h = Plank’s constant 
Q2 = partition function for non-rotational modes [M] = concentration of bath gas 
 

All of the parameters listed above can be obtained from theory with the exception of the 

collisional deactivation efficiency, βc.  This collisional efficiency is an empirical value 

that can be obtained through experimental knowledge of the reaction. (Troe, 1977)  Many 

models have been determined for calculating the collisional efficiency, but again 

experimental data is necessary. (Keck and Carrier, 1965; Tardy and Rabinovitch, 1966)  

Due to the lack of experimental data for the reactions studied in this work, βc is used as a 

fitting parameter that ranges between zero and one.   
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CHAPTER 3. OVERVIEW OF THEORETICAL RESULTS 

 
3.1.Validation of Quantum Mechanical Methods and Basis Sets 

 
 
Due to mercury having 80 electrons, relativistic effects are crucial to the calculations.  

Therefore each of the basis sets examined in this work include relativistic 

pseudopotentials. The following relativistic effective core potentials are the most recent 

developed in the literature for mercury and are the ones compared in this research: 

Stuttgart 1997 (Küchle et al., 1991; Häussermann et al., 1993; Dolg et al., 1991) and 

Stevens et al. 1992 (Stevens et al., 1992), and will be referred to as the 1997 and 1992 

basis sets respectively throughout this work.  However, in the early stages of the research 

a basis set developed by Hay and Wadt (Hay and Wadt, 1985) was also considered.  Due 

to its disagreement with experiment it was disregarded in further calculations.  The basis 

set used for chlorine is a standard Pople basis set including both diffuse and polarization 

functions: 6-311++G(3df, 3pd). 

 

The LANL2DZ and SDD basis sets include relativistic pseudopotentials and are easy to 

use since they are built in to the Gaussian 98 software package.  For this reason, these 

basis sets have been readily used by other researchers to perform the quantum mechanical 

calculations necessary for obtaining rate constant data. (Sliger et al., 2000; Li L.C. et al., 

2003; Xu M. et al., 2003) Typically, the smaller the number of electrons accounted for in 

the effective core of the pseudopotential, the more accurate the energy predictions will 
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be.  Both the LANL2DZ and SDD basis sets use a Dunning and Hay (1976) full double 

zeta basis set for first row elements. The LANL2DZ basis set includes the Los Alamos 

National Labs Double Zeta Effective Core Potential (ECP) for the sodium through 

bismuth elements, which was developed by Hay and Wadt in 1985. The SDD basis set 

includes a Stuttgart/Dresden ECP for the remainder of the elements after the first row. 

(Wedig et al., 1985; Schwerdtfeger et al., 1989; Häussermann et al., 1993) The current 

research, however, has focused on the use of relativistic pseudopotentials that have been 

developed more recently in literature and in fact include fewer electrons in the effective 

core in comparison to the built-in Gaussian basis sets for mercury.   

 

It is important to recall the environment of the mercury oxidation reactions of interest in 

this research; these are possible reactions that are taking place within the flue gases of 

coal combustion.  There are many chemical species that make up combustion flue gases 

and, depending on the source of the coal, the concentrations of these species can vary 

(Hall et al., 1991).  Within this research the focus is on the oxidation of mercury via 

chlorine-containing species.  Many researchers have concluded that the majority of 

mercury is oxidized through chlorine (Sliger et al., 2000; Widmer et al., 1998; Lee et al., 

1998 ).  However, it is important to note that there are other species that can either 

promote or inhibit mercury oxidation in the flue gases.  Within these quantum chemical 

rate constant derivations, the conditions are ideal and only mercury and chlorine are 

examined.  The presence of  NO2, SO2, etc. are neglected for the sake of providing a 
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starting point to these calculations.  Many of the experimentalists consider the entire 

chemical environment when obtaining mercury oxidation data.  However, the data 

obtained is based upon mercury speciation data rather than rate constant data, making 

comparison to experiment a difficult task. 

 

Table 3-1 provides a list of optimized bond lengths for all basis set and method 

combinations, showing the QCISD/1992 combination to be the most accurate with an 

average absolute error of 0.03 Angstroms.  In fact, the 1992 and 1997 basis sets give 

fairly low errors for all computational methods that have been examined.  In contrast, the 

research performed by Lai-Cai Li, et al. was based upon the SDD basis set and yielded an 

overall average error of 0.119 angstroms with the QCISD(T) results and 0.103 angstroms 

with the MP2 optimizations carried out for this work.  Inaccuracies in molecular 

geometries will lead to incorrect vibrational analyses, which will then shift the partition 

functions and give an incorrect reaction rate.  Once one verifies that geometries are 

correct, one needs to compare energetic results to available experimental data too. 

 
Heats of reaction predictions are compared to experimental results using a large set of 

reactions involving mercury, chlorine, oxygen, and hydrogen atoms below in Table 3-2 to 

further validate the choice of method and basis set.   
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Although the 1992 and 1997 basis sets, which are the focus of this work, are less user-

friendly than the LANL2DZ and SDD basis sets, they yield the most accurate predictions 

to experiment, as is evident from the heats of reaction comparison in Table 3-2. 

In fact, Table 3-2 shows that the higher level QCISD method used in conjunction with the 

1992 basis set provides the smallest deviation from experiment with an overall average 

error of 4.37 kcal/mol.  It is also important to note how well the lower level B3LYP 

method performs in conjunction with the 1997 basis set.  The computational effort for the 

B3LYP method is a fraction of that for the QCISD method, and the overall absolute error 

for this combination is 4.93 kcal/mol.  Hence, it appears that B3LYP may be a reasonable 

method when used with the 1997 basis set in predicting reaction parameters.  The SDD 

basis set with the QCISD calculational method was also considered in Table 3-2 due to 

its use in recent mercury speciation work (Xu et al., 2003; Li et al., 2003).  However, for 

the nine reactions in Table 3-2, the SDD basis set with the QCISD method provided the 

greatest errors with an average absolute error of 16.14 kcal/mol.   The MP2 calculational 

method in combination with the built-in SDD Gaussian basis set provides the greatest 

deviation from experimental heats of reaction values with an overall average error of 

26.64 kcal/mol.  Unfortunately, there have recently been publications using this 

unsuccessful combination (Li, L.C. et al., 2003).  Modelers that depend on these 

theoretical predictions for kinetic data need to be aware that although the 1992 and 1997 

basis sets may be less user-friendly because they are not built-in basis sets, they clearly 

are providing more accurate results than the built-in basis sets that have been used in the 

past (Sliger et al., 2000; Li L.C. et al., 2003; Xu M. et al., 2003).   
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Table 3-1.  Bond Lengths (Å) of Mercury Species 
 

Method: 
Basis Set: 

MP2 
SDD 

QCISD(T) 
SDD 

QCISD 
1992* 

QCISD 
1997* 

B3LYP 
1992* 

B3LYP 
1997* 

B3LYP 
LANL2DZ 

Experiment 
 

                     
 HOCl : 
   H-O :               
  O-Cl : 

 
0.997 
1.856 
∠103.4° 

 
0.9965 
1.889 
∠102.8° 

 
0.961 
1.6869 
∠103.5° 

 
0.961 
1.6869 
∠103.5° 

 
0.9666 
1.6996 
∠103.6° 

 
0.9666 
1.6996 
∠103.6° 

 
0.9576 
1.7012 
∠103.2° 

 
0.975a 

1.690 

∠102.5° 
OH 0.9973 1.0036 0.9684 0.9684 0.9739 0.9739 1.0017 0.9708 
HCl 1.3144 1.3243 1.2833 1.2833 1.285 1.285 1.3149 1.2746a 
HgCl 4.4587 4.4267** 2.412 2.4085 2.4896 2.4648 2.6122 2.23b 

HgCl2 2.3489 2.3612** 2.3003 2.3116 2.3195 2.3211 2.4423 2.28c 

Cl2 2.2455 2.2858 1.997 1.997 2.0106 2.0106 2.2244 1.9878a 
H2 0.7384 0.7473 0.7422 0.7422 0.7427 0.7427 0.7434 0.7414 a 
HgO 1.9075 2.0025 1.9413 1.9535 1.9497 1.9474 2.0444 --- 
Average Absolute Bond Distance Error 0.351 0.360 0.030 0.031 0.044 0.041 0.110  

         * Pople: 6-311++G(3df,3pd) basis set used for atoms other than mercury 
 **due to convergence problems these were run only to double excitations 
 aRef (CRC, 2003-04); bRef (Maxwell and Mosely, 1940); cRef (Braune and Knoke, 1933) 
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Table 3-2. Heats of Reaction (kcal/mol) For Mercury Oxidation Reactions 
Method: 
Basis Set: 

MP2 
SDD 

QCISD 
SDD 

QCISD 
1992* 

QCISD 
1997* 

B3LYP 
1992* 

B3LYP 
1997* 

B3LYP 
SDD 

B3LYP 
LANL2DZ 

Experiment 
NIST 

Hg + HOCl  HgCl + OH -18.79 26.11 22.71 14.94 29.99 22.61 36.67 11.19 31.199 
Hg + HCl  HgCl + H 70.6 73.47 77.06 69.28 85.65 78.27 86.91 62.53 78.243 
HgCl + Cl2  HgCl2 + Cl -60.09 -54.43 -30.07 -33.35 -18.04 -24.32 -50.97 -29.83 -24.723 
HgCl + HCl  HgCl2 + H -9.48 -4.04 23.78 20.5 35.81 29.53 1.92 25.77 20.449 
Hg + 2HCl  HgCl2 + H2 -25.96 -22.67 -3.67 -14.73 2.45 -11.21 -15.9 -16.42 -5.514 
Hg + Cl2  HgCl2  -60.47 -54.87 -55.34 -66.4 -40.77 -54.44 -51.29 -54.43 -49.634 
Hg + Cl  HgCl -0.3783 -0.4454 -25.27 -33.05 -22.73 -30.11 -0.32 -24.59 -24.911 
Hg + Cl2  HgCl + Cl 19.99 23.07 23.2 15.43 31.79 24.41 34.01 6.92 33.071 
HgCl + Cl  HgCl2 -80.47 -77.95 -78.55 -81.84 -72.57 -78.85 -85.3 -61.35 -82.705 
HgCl + HOCl  HgCl2 + OH -98.89 -51.39 -30.56 -33.84 -19.84 -26.12 -48.31 -25.57 -26.595 
Average Absolute Error 26.64 15.05 4.42 9.37 6.77 4.67 12.08 11.06  
* Pople: 6-311++G(3df,3pd) basis set used for atoms other than mercury 
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In an attempt to decrease the error of the theoretically calculated heats of reaction, the 

1992 and 1997 basis sets were extended.  In general, it is important for the basis sets of 

the atoms in a given reaction to be balanced in terms of polarization and diffuse functions 

(Martin et al., 1999).   

 

An imbalance can possibly result in superposition errors which may account for the 

errors in the theoretically calculated heats of reaction data from Table 3-2.  Results of 

some basis set extensions were analyzed on only four of the nine reactions in Table 3-2 

due to the computational expense of calculating the energies for HgCl2.  The extensions 

included the addition of a d-type diffuse function of 0.0837 and 0.01 to the 1992 and 

1997 mercury basis sets, respectively, along with the addition of two f-type polarization 

functions with exponents of 0.4 and 0.9.  These extensions were added to each of the 

basis sets in an attempt to gain a better balance.  The results of this modification can be 

seen in Tables 3-3 and 3-4 below.   

 

Table 3-3.  Theoretical  Heats of Reaction (kcal/mol) with 1992 Extensions 
Method QCISD QCISD QCISD(T) QCISD(T) QCISD   
Basis set for mercury 1992* 1992* 1992* 1992* 1992 NIST 
Basis set for all other atoms Dunning Pople Dunning Pople Pople Experiment 
(1) Hg + Cl + M   HgCl + M 

-22.01 -23.96 -30.54 -32.65 
                 
-25.27 -24.91 

(2) Hg + HOCl  HgCl + OH 24.48 23.55 20.43 19.30 22.24 31.20 
(3) Hg + HCl   HgCl + H   76.53 76.23 69.36 68.97 74.92 78.24 
(4) Hg + Cl2   HgCl + Cl 

 25.50 
         
24.51 20.97 19.84 23.20 33.07 

Average Absolute Error 4.73 4.79 9.35 10.54 5.63   
Dunning: cc-pVTZ          
Pople: 6-311++G(3df,3pd) 
*refers to the modified 1992 basis set 
 



  
 
 

65 
 
 

  
 

 

 

Table 3-4.  Theoretical  Heats of Reaction (kcal/mol) with 1997 Extensions 

Method QCISD QCISD QCISD(T) QCISD(T) QCISD   
Basis set for mercury 1997* 1997* 1997* 1997* 1997 NIST 
Basis set for all other atoms Dunning Pople Dunning Pople Pople Experiment 
(1) Hg + Cl + M   HgCl + M -27.51  -28.65 -28.84 -30.11 -33.05 -24.91 
(2) Hg + HOCl  HgCl + OH 18.98 18.87 22.14 21.84 14.46 31.20 
(3) Hg + HCl   HgCl + H 71.03 71.55 71.07 71.51 67.14 78.24 
(4) Hg + Cl2   HgCl + Cl 20.00 19.83 22.67 22.39 15.43 33.07 
Average Absolute Error 8.78 9.00 7.64 7.99 13.41   
Dunning: cc-pVTZ          
Pople: 6-311++G(3df,3pd) 
*refers to the modified 1997 basis set 
 

This modification decreased the overall absolute error for the 1992/QCISD combination 

by 0.834 kcal/mol.  

 

Also, the use of the correlation-consistent basis sets of Dunning instead of the Pople 

basis set used in the previous calculations decreased the error by an additional 0.069 

kcal/mol.  In fact, careful observation of the results in Tables 3-3 and 3-4 show that the 

use of Dunning or Pople basis sets for all other atoms aside from mercury provide similar 

results and either is a reasonable basis set choice for this system.  Comparing the results 

of Tables 3-3 and 3-4 for the given set of reactions, it is clear that the extended 1992 

basis set with the QCISD method provides the most accurate results in terms of heats of 

reaction predictions. 
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To obtain further energetic accuracy compared to experiment, the Quadratic 

Configuration calculations were extended to include triple excitations.  However, using 

the 1992/QCISD(T) combination, the triple excitations increased the overall absolute 

error for heats of reaction predictions.  On the other hand, in the case of the 1997 basis 

set, the use of QCISD(T) decreased the error significantly.  Based upon the results of 

Tables 3-3 and 3-4, the extended 1992 basis set for mercury with the QCISD method will 

be strongly considered for calculating transition structures for future rate constant 

calculations.  When the 1997 basis set for mercury is used, QCISD(T) should be used in 

addition to the extensions to the basis sets. 

 

It is important to emphasize that these thermodynamic results are based upon only four of 

the nine reactions studied in Table 3-2 due to the computational expense of computing 

the structure and frequencies of HgCl2.  In order to verify that the above mentioned 

combination is indeed the most accurate, calculations should be carried out on all nine of 

the reactions in future work. 
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3.2.  First Stages of Oxidation 
 
 
3.2.1. Hg + Cl + M  HgCl + M     (3.1) 
 
 

This is a reaction for which experimental data is available.  Thus, with this relatively 

simple system, a comparison of the accuracy of various theoretical methods can be made.  

Given the discovery of a sufficiently accurate method, it may be employed to make 

theoretical predictions on related mercury - chlorine systems for which experimental data 

is currently absent. 

 

The basis set for chlorine was chosen due to the agreement of the calculated theoretical 

rate constant with the experimental rate constant for the following reaction: 

                 MClMCl +↔+ 22    (3.2) 

 

as shown by Figure 3-1 below. (Carabetta and Palmer, 1967)  Comparing the theoretical 

results to experiment, the decomposition reaction of chlorine has a collisional efficiency 

in the range of 0.1 to 0.2 .  Agreement between the theoretical and experimental rate 

constants showed that the Pople, 6-311++G(3df, 3pd) basis set was adequate for chlorine.  
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The experimental rate constant reported for the reverse of reaction (3.1) is 1.95 x 1010      

M-1sec-1. (Horne et al., 1968)   RRKM theory allows for the calculation of unimolecular 

decompositions in the forward direction only.  Thus, the equilibrium constant was found 

to be Keq = 2.21 * 10-10 with the Shomate Equation and data from the NIST webbook 

before the following relationship was used to calculate the equilibrium rate constant,  

 

    1

1

−

=
k
kKeq

   (3.3) 

 

Figure 3-1. Comparison of Rate Constants, Cl2 + M  2Cl + M 
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The experimental rate constant for the forward reaction is 4.309 M-1sec-1.   In addition to 

the 1992 and 1997 basis sets, a third basis set developed in 1985 by Hay and Wadt was 

also examined.  Within the present research, reaction (3.1) was the first studied and so a 

broader range of mercury basis sets was initially considered.  As the research progressed, 

calculations were carried out using the 1992 and 1997 basis sets only.  Each of the 

mercury basis sets (1985, 1992, 1997) were combined with two chosen methods 

(MP4SDQ, QCISD) forming six different combinations.  Density functional theory using 

B3LYP with the LANL2DZ basis set was also studied giving seven theoretical 

combinations evaluated in this work.  Experimental thermodynamic and kinetic data are 

compared to theory for each combination of method and basis set in Table 3-5.   

 

The 1985 basis set was eliminated from consideration after comparing the calculated 

geometries with experiment with a minimum error of 25%.  A reason for the inaccuracy 

of the 1985 basis set is due to the small number of basis functions outside the effective 

core.  Recall that a basis function contains an exponent that is allowed to change 

throughout the calculation to provide orbital flexibility.  Each basis function acts as a 

single electron orbital.  In general, the smaller the number of electrons represented as 

functions on their own with the flexibility of the orbital exponent, the less accurate the 

results will be.  Unfortunately in the case of the 1985 basis set, a majority of the electrons 

are held ‘fixed’ in an effective core.  The explicit basis functions of the 1985 basis set is 

available in Appendix A. 
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Similarly, density functional theory using the B3LYP/LANL2DZ combination yielded an 

inaccurate geometry value with an error of 11.6%.  However, it is important to note that 

the theoretical rate constant is within two orders of magnitude of the experimental value.  

Due to the large error of the estimated geometry by density functional theory, the 

accuracy of the rate constant calculation should be questioned and this method and basis 

set will not be considered further for this reaction.  At this point there are four 

combinations left for comparison for reaction (3.1).  
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Table 3-5.  Thermodynamic and Kinetic Data, HgCl + M  Hg + Cl + M 
 

  Experimental LANL2DZ 
B3LYP 

1985 
MP4SQ 

1985 
QCISD 

1992 
MP4SQ 

1992 
QCISD 

1997 
MP4SDQ 

1997 
QCISD 

 Geometry (Å) 2.23a  2.612 1.689 1.689 2.406 2.412 2.404 2.407 

rxnH∆ (kcal/mol)  
24.91 b 24.95 - - 26.00 25.89 32.98 33.02 

Frequency (1/cm) - 228 1583 1582 292 290 300 292 
Activation Energy 
(kcal/mol)  
at 393K 

- 82.15 - - 71.60 67.52 87.01 84.34 

Rate Constant   
(M-1s-1) at 393K 

k1=4.309  
k-1=1.95*1010  [c]  

k1=2.29*10-1  - - k1= 4.25 k1= 14.6 2.98*10-2 6.11*10-2 

aRef (Maxwell and Mosely, 1940), bRef  (NIST), , cRef  (Horne et al., 1968) 
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Experimental frequency values for mercuric chloride could not found, but the four 

theoretical combinations remaining give frequencies that range between 290 and 300 

wave numbers.   Comparing each combination of method and basis set to the 

experimental geometries, the errors are relatively equal, with 1997/MP4sdq having the 

lowest error of 2.7% and 1992/QCISD having the greatest error of 3.0%.  A comparison 

of the heats of reaction shows that the 1992 basis set has a maximum error of 3.9% 

compared to the 1997 basis set which has a minimum error of 32.3%.  This implies the 

energies using the 1997 basis set will not be accurate, leading to incorrect activation 

energies. 

 

Comparing the theoretical rate constants to experiment, the most accurate combinations 

are 1992/QCISD and 1992/MP4SDQ.  Using Figure 3-2 below, with ßc = 0.2 for the 

decomposition reaction of mercuric chloride, both rate constant estimates are within an 

order of magnitude of the experimental rate constant value.   These results lead to the 

conclusion that the 1992 basis set is the most accurate when compared to all available 

experimental data.   
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This research strongly suggests that the 1992 basis set is a good basis set for representing 

mercury when calculating reaction phenomena.  However, due to the lack of 

experimental data for reaction (3.1), it will be important to consider both the 1992 and 

1997 basis sets for future oxidation reactions involving mercury and chlorine.  Also, due 

to the convergence problems associated with large basis sets and Møller-Plesset 

perturbation theory, QCISD will be the method of choice. 

 

From the calculations in this work and using Figure 3-3 below, it was found that a good 

estimation of the rate constant for the reverse of reaction (3.1) is: 

 

   kCVT/G [M-1s-1] = 4.25*1010 e-8588/T  (3.4) 

in the temperature range of 393 - 1500 K. 

Figure 3-2.  Rate Constants Varying ßc ,  HgCl  + M  Hg + Cl + M
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The rate constant expression is based upon the QCISD calculational method and the 1992 

basis set for mercury.  This expression will be used as a final expression for this reaction 

which will be incorporated later in the modeling section of this work. 

 

 

 

Figure 3-3.  Comparison of Rate Constants,  HgCl + M  Hg + Cl + M
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3.2.2. Hg + Cl2 + M  HgCl2 + M    (3.5) 
  

 

Similar to reaction (3.1), the Stuttgart 1997 and Stevens et al. 1992 basis sets including 

relativistic effective core potentials are used for mercury in the study of reaction (3.5).  

The basis set used for chlorine and hydrogen is a standard Pople basis set including both 

diffuse and polarization functions; 6-311++G(3df, 3pd).   

 

The B3LYP calculational method was used in the kinetic predictions of reaction (3.5).   

Recall from Table 3-2, the 1997 basis set in combination with the B3LYP method 

resulted in heats of reaction errors of less than 5 kcal/mol.  Although QCISD has proven 

to be a more accurate method, B3LYP is computationally less expensive.  The motivation 

behind the kinetic study of reaction (3.5) was to obtain fairly accurate energies, but with a 

reduction in the computational cost than results with the use of QCISD. 

  

To the author's knowledge, this is the first time that reaction (3.5) has been examined 

theoretically through quantum mechanical techniques.  The B3LYP density functional 

computational method, in combination with each of the 1992 and 1997 basis sets, was 

used to calculate rate constants and activation energies for reaction (3.5) from 298 – 2000 

Kelvin.   
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Due to the lack of experimental kinetic data available for reactions (3.5) over a sufficient 

temperature range, it is imperative to compare to data that is experimentally available 

such as heats of reaction, geometries and frequencies.  Table 3-6 below shows a 

comparison of varying calculational method and basis set combinations.   

 
 

Table 3-6. Thermodynamic and Energetics Data, Hg + Cl2 + M  HgCl2 + M 
  T=298K 

aRef (Maxwell and Mosely, 1940), bRef (CRC, 2004), cRef (Braune and Knoke, 1933),dRef (Herzberg, ), 
eRef (Herzberg, ), fRef (NIST) 

 
 
 
Table 3-6 above also shows a comparison of experimental geometries and frequencies to 

the theoretical predictions regarding reaction (3.5).   In terms of the optimized 

 Experimental 1992 
B3LYP 

1997 
B3LYP 

Geometry  
(Å) 

   

HgCl 2.23a 2.4896 2.4648 
HCl 1.2746b 1.2808 1.2808 
HgCl2 2.28c 

∠180° 
2.3195 
∠180° 

2.3211 
∠180° 

Frequencies 
(1/cm) 

   

HgCld 292.61 244.40 260.97 
HCld 2989.74 2943.60 2943.60 
HgCl2

e 75, 75, 363, 413 92,92,318,374 84,84,319,373 
Transition 
Structure 

no experimental 
data available 

105, 222, -247 96, 227,-237 

∆Hrxn  
(kcal/mol)f 

 
-49.63 

 
-55.34 

 
-54.44 

Activation 
Energy  
(kcal/mol) 

   

forward no experimental 
data available 

 
39.34 

 
30.51 

reverse no experimental 
data available 

 
80.12 

 
84.95 
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geometries, both basis sets have similar predictions, with the 1997 basis set being just 

slightly more accurate.  In terms of predicted frequencies, the 1997 basis set proves to be 

the most accurate with an overall absolute average error of 30.0 cm-1 compared to 35.4 

cm-1 for the 1992 basis set.  The 1997 basis set also performed better with the heat of 

reaction prediction being within 5 kcal/mol to experiment.  The 1992 basis set in 

combination with B3LYP has an error of 5.71 kcal/mol when compared to the 

experimental heat of reaction value. 

 

Transition state theory was used in combination with Figure 3-5 below to calculate the 

theoretical rate constant data for reaction (3.5). 
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For the theoretical predictions, βc = 0.1 
 
 
 

Figure 3-4. Comparison of Rate Constants, HgCl2 + M  Hg + Cl2 + M
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In Figure 3-4 above, both experimental and model results are compared to the theoretical 

results predicted in the current research.  Schroeder et al. performed a detailed analysis 

(1991) on the experimental findings of P’yankov (1949) and Menke and Wallis (1980).  

There has also been more recent experimental progress on this reaction by Ariya et al. 

(2002).  It is important to note that these experimental kinetic findings are for ambient 

conditions at 1 atmosphere and 298 Kelvin.  In addition, there have been both 

experimental (Sliger et al., 2000) and modeling work (Senior et al., 2000) performed for 

this reaction at 1 atmosphere and 773 Kelvin.  Again, the limited experimental data 

available in the literature for a sufficient temperature range poses difficulty in comparing 

the theoretical predictions to experiment.  This emphasizes the importance of quantum 

mechanical predictions of such data where experimental results are difficult to carry out.  

Table 3-7 below provides a comparison of the theoretical kinetic predictions to those 

found in the literature.  
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Table 3-7.  Rate Constant Data, Hg + Cl2 + M  HgCl2 + M 
 

Temperature 
(K) 

 
Keq

a  
 

 
kfor (cm3/mol s) 

 
krev (1/s) 

 
298 

 
1.018*1031 

 

 
Experimental 

 2.40*108 [b]  
 6.02*105 [c] 

 
Theoretical 

1992/B3LYP: 3.98*10-45 

1997/B3LYP: 1.06*10-48 

Experimental 
9.63*10-28 [b] 

2.41*10-30 [c] 

 
773 

 
5.08*108 

 

 
Experimental 

3.4*109 [d] 
 

Model 
6.44*108 [e] 

 

 
Theoretical 

1992/B3LYP: 7.79*10-8 

1997/B3LYP: 3.61*10-9 

Experimental 
1.05*10-4 [d] 

Model 
1.99*10-5 [e] 

 

aRef (NIST) , b(Schroeder et al.,1991 ), c(Ariya et al., 2002),d(Sliger et al., 2000), e(Senior et al., 2000) 

 

The lack of agreement of the theoretical predictions to experimental and model findings 

requires some explanation.  The experimental rate constant value calculated at ambient 

conditions from the analysis of Schroeder et al. is based heavily on the concentration of 

chlorine and water vapor in the reaction.  It is important to note that the quantum 

mechanical predictions are based on ideal conditions, that is, without the presence of 

water vapor and other constituents that may exist in either the flue gases of coal 

combustion or the atmospheric environment of mercury oxidation.  In fact, the 

experimental work described by Schroeder, et al. also considers the oxidation of mercury 

via molecular chlorine in the troposphere, which differs greatly from the chemical 

environment of the coal combustion exhaust.  Therefore, using this experimental data for 

modeling the flue gases of coal combustion should be done carefully.  Schroeder, et al. 
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claim that this value is an upper estimate for the rate constant of reaction (3.5).  Another 

aspect to consider is the potential complexity of solely studying reaction (3.5) as an 

isolated system from an experimental perspective.  In other words, one does not know if 

the experimental rate constant found is a global rate constant accounting for product 

species other than HgCl2, like would happen in multichannel reactions.  Below is a 

representation of the potential complexities that experimentalists may confront when 

reacting elemental mercury with molecular chlorine. 

 





















→+→+
→+

→+
222

2

2

2 ClHgClClHgHgHgCl
HgClClHgCl

HgCl

ClHg o
o

  (3.6)

 

 

In fact, the work of P’yankov explicitly states that the principal formation was that of  

mercurous chloride (Hg2Cl2) not mercuric chloride (HgCl2).  Ariya, et al. also claim that 

their calculated rate constant for reaction (3.5) is an overestimate, but provide few details 

on why this is true. A third experimental data point for reaction (3.5) was reported by 

Sliger, et al. and although this experimental data also disagrees from the theoretical 

prediction, the difference is much less, within four orders of magnitude.  When 

comparing this experimental rate constant data to the 1997/B3LYP combination that has 

performed very well thus far, there is a disagreement of five orders of magnitude.  There 

are two comments to be made here.  The first point is that there is a lack of experimental 

data at this temperature since we have only one data point for comparison.  Second, the 
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purpose of this paper is to determine whether the lower level B3LYP method is suitable 

for kinetic predictions.  At this point one should not rule out the use of B3LYP 

completely without more experimental data for reaction (3.5), which may be impossible 

to generate for an isolated system.  

 

Figure 3-5 below shows the transition structure bond lengths and angles of reaction (3.5).  

The transition structure is a trigonal planar structure that proceeds via a very slow rate 

constant as can be seen from the theoretical predictions in Table 3-7.     

 
 
 

Cl Cl

Hg

2.7413 Å61.854 º

2.6414 Å
Cl Cl

Hg

64.1738 º

2.5479 Å

(a) B3LYP/1992 (b) B3LYP/1997

2.7583 Å

 
 

 

 

Since RRKM theory allows for the calculation of unimolecular decompositions in the 

forward direction only, to compare to the experimental data, the equilibrium constant had 

Figure 3-5. Transition Structures, Hg + Cl2 + M  HgCl2 + M
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to be calculated at 298 and 773 K.  The equilibrium constant at 298 K and 773 K was 

found to be 1.018*1031 and 5.08*108, respectively, using the Shomate equation and data 

from the NIST webbook. Using the following equation for the equilibrium constant, 

 

   ,)( i
ieq aK ν∏=     (3.7) 

and the forward and reverse rate expressions for equation (3.5), a relationship between 

Keq and the forward and reverse rate coefficients using activity coefficients can be 

described with the following equation:       

   
1

1

1 −







=

k
k

bar
RTKeq     (3.8) 

 

Substitution of Keq and the experimental forward rate constants yield experimental rate 

constants for the reverse of reaction (3.5), which are listed in Table 3-7 for comparison to 

the theoretical predictions.    

 

RRKM theory was used to calculate the theoretical rate constants in Figure 3-5.  The 

collisional efficiency, βc, for reaction (3.5) was assumed to be 0.1, which is typical for 

this type of decomposition reaction involving mercury and chlorine. (Wilcox et al., 2003)  
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Using Figure 3-4, the rate expressions calculated for the oxidation of mercury via 

molecular chlorine are: 

 

kUNI [1/ s] = 1.94*1016 e-41642/T , using B3LYP/1992 

kUNI [1/ s] = 2.29*1016 e-44144/T , using B3LYP/1997 

 

in the temperature range of 298 - 2000 K.  We see here that the very large activation 

barrier for direct insertion of mercury into Cl2 will lead to a very slow reaction that 

probably will not contribute to the overall reaction mechanism of mercury oxidation by 

chlorine.  However, this work is the first work to even demonstrate that this reaction is 

feasible and could contribute to the overall rate of mercury oxidation. 

 

Finally, reaction (3.5) has been modeled in previous work (Edwards et al., by using the 

experimental rate constant for reaction (3.1), which was reported by Horne et al. using 

flash photolysis in 1968. (Horne et al., 1968) Due to the difference in the collisional 

diameters between HgCl (molecule colliding with chlorine in reaction (3.5)) and Hg, the 

overall reaction energetics and collisional frequency will be substantially different for 

these reactions.  Also, Edwards et al. assumed an activation energy for reaction (3.5) of 

zero, however, from the theoretical estimates obtained in this work, the activation energy 

for reaction (3.5) is estimated to be a substantial 30.51 kcal/mol using the 1997/B3LYP 

basis set and quantum mechanical method.   Hence, it is evident that the few modelers 
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who have identified this reaction as important were making severe extrapolations from 

the lack of available data for this reaction. 

 

Future work could entail examining reaction (3.5) toward other product species like HgCl 

and Cl.  It will be interesting to compare the upper limit experimental estimates to the 

combined rates obtained from the two different pathways in this work with the 

multichannel results from the entire mechanism when all of the data has been generated. 

The results reported for this reaction will allow the older models to now be updated to 

correctly reflect the kinetics of reaction (3.5). 
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3.2.3. Hg + Cl2  HgCl + Cl     (3.9) 
 
 
When the computational time is available, the best method of obtaining a valid transition 

structure for a given reaction is to create a potential energy surface.  The QCISD method 

with each of the 1992 and 1997 basis sets were used to create three dimensional potential 

energy surfaces for reaction (3.9).  Due to the reaction only having three atoms, it was 

assumed that chlorine approached mercury linearly on the path to the transition state and 

this was verified to be the lowest energy configuration for many sample coordinates.  

Hence, in the potential energy surface calculations, one axis corresponds to the chlorine 

bond stretching, while the other corresponds to the mercury chlorine bond forming.  The 

potential energy surfaces for the 1992 and 1997 basis sets are presented as Figures 3- 7 

and 3-8 respectively.  These surfaces are representing a three dimensional energy plot 

with respect to sequential changes in the nuclear distance.  Recall the basis of the Born-

Oppenheimer approximation is that the motion of the electrons is decoupled from that of 

the nucleus so that the solution to the SWE is an electronic energy solution with a fixed 

nuclear distance.  The reaction coordinate of reaction (3.9) is such that the Cl2 bond is 

stretching as the HgCl bond is forming as it approaches a transition structure.  The 

surfaces presented in Figures 3-6 and 3-7 represent the ground energy surfaces for 

reaction (3.9) with each the 1992 and 1997 basis sets.  The triplet surface is the excited 

surface of the reactant species, while the singlet surface is the excited surface of the 

product species.  These excited surfaces are not studied in this work and not presented in 

the potential energy surfaces in Figures 3-6 and 3-7. 
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Figure 3-6. Potential Energy Surface (1992 BS), Hg + Cl2  HgCl + Cl

 

Hg -----Cl-Cl  (singlet) 

Hg-Cl  ----  Cl  (triplet)
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Figure 3-7. Potential Energy Surface (1997 BS), Hg + Cl2  HgCl + Cl

 

Hg -----Cl-Cl  (singlet) 

Hg-Cl  ----  Cl  (triplet)
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To generate the potential energy surface, single point energies were calculated at 

approximately 100 different points corresponding to the Cl2 molecule stretching and the 

HgCl molecule forming.  After compiling a list of energies versus geometries, the 

potential energy surface was generated using three dimensional plotting software in 

Matlab.  Ideally one would locate a saddle point on the three dimensional surface and 

with a frequency analysis in combination with an intrinsic reaction coordinate (IRC) 

calculation, determine the location of the transition structure.  Within performing the 

single point energy calculations for the generation of a potential energy surface, one has 

to specify the spin multiplicity of the species of interest.  Mercury as presented in 

equation (3.9) as a reactant has two valence electrons.  These electrons can be paired in 

which case their spins must be opposite, corresponding to a singlet state.  However, the 

electrons may also be unpaired, in which case, each would have a spin of ½ 

corresponding to a triplet state.  In the generation of the potential energy surface, both the 

ground state (singlet) and the excited state (triplet) were examined.  Similarly, when the 

geometry structure approaches that of the product species, there exists both a singlet and 

triplet surface.  In this case, the triplet is lower in energy, more specifically the ground 

state.  Close examination of Figures 3-6 and 3-7 above reveals the crossing of the singlet 

surface where the geometries are close to the reactant species, with the triplet surface 

where the geometries are close to the product species.  An extreme case of this example 

of surface crossing in a two dimensional picture is shown below in Figure 3-8.  If the 

system “hops” from state A to A’, this is considered a nonadiabatic process, whereas, if 

the system stays on the lower level, this is termed an adiabatic process.  In general, the 
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adiabatic assumption is based upon the high speed that the electrons move with respect to 

the “heavy” nucleus.  In other words, the electronic wave function can instantaneously 

recover to their original state for every change in nuclear position.   

 

A

A*

B*

B

2ε12

 

 

 

 

Traditionally a system that starts out on the ground-state surface should always remain on 

that surface, despite changes in the nuclear coordinates, such as reacting to form product 

species. (Moore and Pearson, 1981).  Given that the distance between the two surfaces is 

small enough there will be some finite probability that the two surfaces will interact, 

resulting in an energy splitting, 2ε12.  This probability of surface hopping can expressed 

by the Landau, Zener, and Stueckelberg equation below (Landau, 1932; Zener, 1932; 

Stuckelberg, 1932): 












−−= 21

2
12

24
ssheP υ

επ

    (3.10) 

Figure 3-8. Example of a Crossing Potential Energy Surface
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such that υ is the velocity along the reaction coordinate, s1 and s2 are the slopes of where 

each surface would cross if splitting did not exist.  Notice that the probability of a 

nonadiabatic process occurring approaches one as the energy splitting, ε12 becomes small 

as the velocity becomes very large.  Under a nonadiabatic process, the Born-

Oppenheimer approximation breaks down and the vibrational and electronic motions can 

no longer be separated.   In order to calculate an interaction energy between the two 

states, one has to consider both vibronic coupling and spin-orbit coupling.  Due to the 

increasing complexity of this material, further details will not be presented in the current 

work.  As mentioned in Chapter 2.3, future work should account for the spin-orbit 

coupling of these heavy mercury-chlorine species.  Spin-orbit coupling would not only 

increase the accuracy of the energy solutions, but also in the present case, it would assist 

in determining the interaction energy between these two surfaces. 

 

It should be noted that since the probability of surface hopping has been neglected here, 

the rate expression calculated below is a first approximation. 

 

k [1/ M*s] =3.59*109 e-13564/T , using QCISD/1997. 

 

A contour plot was generated for a series of points from both the singlet and triplet 

surfaces in order to locate the approximate saddle point on the total lower energy surface.  
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The transition structure at this seam crossing has a stretched Cl2 bond of 2.8Å and a 

forming HgCl bond of 2.5Å.   
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3.2.4. Hg + HCl  HgCl + H     (3.11) 
 

Reaction (3.11) is very similar to (3.9) previously discussed.  Similarly the 1992 and 

1997 basis sets were used with the QCISD calculational method to generate two different 

three dimensional potential energy surfaces which are presented in Figures 3-9 and 3-10, 

respectively.  In addition, potential energy surfaces have also been generated at the 

B3LYP level of theory using each of the two basis sets and these are presented in Figures 

3-11 and 3-12.  
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Figure 3-9. Potential Energy Surface (QCISD/1992 BS), Hg + HCl  HgCl + H
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Figure 3-10. Potential Energy Surface (QCISD/1997 BS), Hg + HCl  HgCl + H
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Figure 3-11. Potential Energy Surface (B3LYP/1992 BS), Hg + HCl  HgCl + H
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Figure 3-12. Potential Energy Surface (B3LYP/1997 BS), Hg + HCl  HgCl + H
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Just as before, for the present reaction, these surfaces present a crossing of ground and 

excited states.  Also, the assumption will be made that the system in the product stage 

stays on the lower (triplet) surface since it began on the ground state (singlet) with 

respect to the geometry near the reactant species.   Again, it should be noted that since the 

probability of surface hopping has been neglected here, the rate expression calculated 

below is a first approximation. 

 

k [1/ M*s] =7.66*107 e-48278/T , using QCISD/1992. 

 

The rate expression was calculated for only the one combination of basis set and method 

due to the excellent agreement with experimental geometries and heats of reaction, as 

exhibited back in Tables 3-1 and 3-2.  A contour plot was generated for a series of points 

from both the singlet and triplet surfaces in order to locate the approximate saddle point 

on the total lower energy surface.  The transition structure at this seam crossing has a 

stretched Cl2 bond of 2.8Å and a forming HgCl bond of 2.4Å.   
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3.3.Second Stages of Oxidation 
 
 
3.3.1. HgCl + Cl + M  HgCl2 + M    (3.12) 
 
 
 
To the authors’ knowledge, this is the first time that reaction (3.12) has been examined 

theoretically through quantum mechanical techniques.  The B3LYP density functional 

computational method in combination with each of the 1992 and 1997 basis sets was used 

to calculate rate constants and activation energies in the range of 298 – 2000 Kelvin.     

Due to the ambient pressure conditions of the coal combustion flue gases, the 

unimolecular rate constant is calculated using RRKM theory.  For more details on this 

methodology, see previous research which employs the same technique for rate constants 

of similar mercury-chlorine reactions. (Wilcox et al., 2004) All of the parameters 

required in RRKM theory can be obtained from theory with the exception of the 

collisional deactivation efficiency, βc.  This collisional efficiency is an empirical value 

that can be obtained through experimental knowledge of the reaction. (Troe, 1977) While 

many models have been determined for calculating the collision efficiency, experimental 

data is necessary. (Keck and Carrier, 1965; Tardy and Rabinovitch, 1966) Due to the lack 

of experimental data for the reaction studied in this paper, the collisional efficiency for 

reaction (3.11) is assumed to be 0.1, which is typical for this type of decomposition 

reaction involving mercury and chlorine. (Wilcox et al., 2004) 
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Because there is a shallow barrier on the potential energy surface for reaction (3.12), the 

rate constants for each combination of method and basis set were calculated using 

canonical variational transition state theory (CVTST).  (Gonzalez-Lafont et al., 1991) 

The rate constant is obtained by variationally minimizing the universal RRKM-theory 

rate constant, kuni (T), with respect to the position of the generalized transition state along 

the reaction coordinate.  In the remainder of this section, thermal corrections that include 

the zero point energy were included in all calculated results, and the frequency 

calculations were left unscaled due to the unavailability of proven scaling factors.  (Pople 

et al., 1993)   

 

There is a lack of experimental kinetic data available for reaction (3.12), making it 

imperative to compare to data that is experimentally available such as heats of reaction, 

geometries and frequencies.  Previous work based upon these types of comparisons has 

repeatedly shown that both the 1992 and 1997 basis sets when used in conjunction with 

the density functional method, B3LYP, provide both accurate geometries and heats of 

reaction.  Table 3-8 below examines these comparisons specifically for reaction (3.12).  

Comparing the 1992 and the 1997 basis sets, Table 3-8 shows that the 1997 basis set 

provides more accurate vibrational frequencies and heats of reaction, implying that the 

kinetic rates with this method will be more accurate.  With confidence that the 

computational method and basis set are able to reproduce the species in this system, the 

rate constants can be calculated. 
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Since RRKM theory allows for the calculation of unimolecular decompositions in the 

forward direction only, to compare to the model data, the equilibrium constant must be 

calculated from 298 to 2000 K.  The equilibrium constants throughout this range were 

found using the Shomate equation and data from the NIST webbook. Using the following 

equation for the equilibrium constant,   

    ,)( i
ieq aK ν∏=    (3.13) 

and the forward and reverse rate expressions for equation (3.12), a relationship between 

Keq and the forward and reverse rate coefficients using activity coefficients can be 

described with the following equation: 

     
1

1

1 −







=

k
k

bar
RTKeq    (3.14) 

Use of Keq and combustion-based model-derived forward rate constants (Widmer et al., 

2000; Edwards et al., 2001) yields a prediction for the reverse of reaction (3.12), allowing 

for a comparison to the RRKM derived theoretical prediction as shown below in Figure 

3-13.  The models have been used in the past by other researchers to predict mercury 

speciation in flue gases (Niksa et al., 2001; Xu et al., 2003) and their accuracy is essential 

for developing more effective control strategies for preventing mercury’s release into the 

atmosphere.   
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For Theoretical  Predictions βc = 0.1 

 

The rate constant data for the reverse of reaction (3.12) from the model developed by 

Widmer, et al., differs from that of the model developed by Edwards, et al..  The model 

developed by Widmer, et al., predicts this rate constant through a complex non-linear fit 

to global experimental data, whereas the model developed by Edwards, et al., uses an 

experimental rate constant for the following mercury-chlorine reaction: 

 

  
MClHgMHgCl

k

k
+++ ↔

−

1

1    (3.15) 

 

Figure 3-13. Comparison of Rate Constants, HgCl2 + M→ HgCl + Cl + M
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As it turns out, the approximation used by Edwards, et al., predicts rate constants that are 

more similar to the ones derived in this work through quantum mechanical techniques 

than the rate constant predicted through the Widmer, et al., model.  Only at low 

temperatures do all the methods agree. 

 

Using Figure 3-13, the rate expressions calculated for the decomposition of mercuric 

chloride are: 

 

kUNI (s-1) = 7.43*1011 e-36828/T, using B3LYP/1992 

kUNI (s-1) = 1.16*1012 e-37297/T , using B3LYP/1997 

       

in the temperature range of 298 - 2000 K.  These rate constant estimations are based on 

quantum chemical methods and should be more accurate than the model estimates 

currently in use.  Despite the better agreement of the 1997 basis set results in Table 3-8 

below, both methods are nearly identical and either rate expression above can be used in 

mercury speciation kinetic models. 
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Table 3-8. Energetics Data, HgCl2 + M → HgCl + Cl + M 
 Note: T = 298 K 

 Experimental 1992 
B3LYP 

1997 
B3LYP 

Geometry 
(Å) 

   

HgCl 2.23a 2.4896 2.4648 
HgCl2 2.28b 

∠180° 
2.3195 
∠180° 

2.3211 
∠180° 

Frequencies (1/cm)    
HgCl 292.61c 244.40 260.97 
HgCl2

 75, 75, 363, 413d 92,92,318,374 84,84,319,373 
∆Hrxn 

(kcal/mol) 
 

82.70e 
 

72.57 
 

78.85 
a(Maxwell and Mosley, 1939), b(Braune and Knoke, 1933), c(Herzberg, 1939), d(Herzberg, 1966),  
 eRef (NIST) 
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3.3.2. HgCl + Cl2  HgCl2 + Cl      (3.16) 
 
 
Currently there is no published theoretical data on this reaction so that this will be the 

first time that reaction (3.16) has been studied theoretically.  Although other mercury 

oxidation reactions have been studied with the high level QCISD method, currently the 

goal is to determine if the less computationally expensive B3LYP density functional 

theory method can produce just as accurate results as QCISD, but with increased 

efficiency.  The reasonable agreement of theoretical heats of reaction and geometries to 

experimental values are exhibited in Tables 3-1 and 3-2.  This leads one to believe that 

the less computationally expensive B3LYP method is a contender for determining 

reasonably accurate rate constants.   Two potential energy surfaces were generated for 

this work and are presented in Figures 3-14 and 3-15. It is important to note that within 

these potential energy surface, it was assumed that the transition structure for this 

reaction is linear and several calculations were done to show that the linear structure was 

the minimum energy structure.  Each potential energy surface was generated using 

different basis sets, but produce similar surfaces confirming the consistency of the 

theoretical data.  The surfaces were generating similarly to the surfaces in chapter 3.2.4.  

The Cl2 bond length was stretched as the HgCl bond was formed.  The second HgCl bond 

was held fixed.  In Figures 3-14 and 3-15, it is important to notice the change in color of 

the surface as the reaction coordinate is followed.  The dark blue colors on the surface 

correspond to low energies, whereas the yellow and red colors correspond to higher 
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energy values.  The surface rises and continues to do so in the direction of the reaction 

path without moving through a saddle point or transition structure on the surface.   
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        Figure 3-14. Potential Energy Surface (1997 BS), HgCl + Cl2  HgCl2 + Cl 
 

 



  
 
 

107 
 
 

  
 

 

 

 

 

 

 

 

 

 

 

Figure 3-15. Potential Energy Surface (1992 BS), HgCl + Cl2  HgCl2 + Cl 
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For the current research, the goal is to obtain the transition structure, which is ideally 

located at the saddle point of the energy surface.  However, reaction (3.16) appears to be 

barrierless and requires the use of canonical variational transition state theory (CVTST).  

CVTST involves determining a series of rate constants at a specific temperature, at 

varying geometries along the reaction coordinate, with the minimum rate constant along 

the reaction coordinate being the true rate.  In order to obtain an Arrhenius expression, 

this procedure must be repeated at varying temperatures.   

 

A comparison of reactant and product geometries and frequencies can be seen below in 

Table 3-9.  Consistent with the conclusions of Table 3-1, the LANL2DZ basis set 

provides less accurate results than the more recently developed basis sets.  Again, the 

1992 basis set with QCISD provides the most accurate results.  
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Table 3-9. Energetics Data, HgCl + Cl2  HgCl2 + Cl 
        Note: T=298 K 

 
 
   

 
 

Basis Set: 
Method: 

LANL2DZ 
B3LYP 

1992 
B3LYP 

1997 
B3LYP 

1992 
QCISD 

1997 
QCISD 

Experimental 

Geometries (Å)       
HgCl 2.6122 2.4896 2.4648 2.4121 2.4084 2.23a 

Cl2 2.2244 2.0106 2.0106 1.997 1.997 1.9878b 

HgCl2 2.4417 
∠180° 

2.3195 
∠180° 

2.3211 
∠180° 

2.3002 
∠180° 

2.3116 
∠180° 

2.28c 

Frequencies (1/cm)       
HgCld 228.92 244.40 260.97 290.69 297.81 292.61 
Cl2

d 467.99 540.50 540.50 562.82 562.82 564.9 
HgCl2

e 66,66, 
288,345 

92,92, 
318,374 

84,84, 
319, 373 

97,97, 
340,394 

89,89, 
338, 388 

75, 75, 
363, 413 

Note: for chlorine is the following Pople basis set was used: 6-311++G(3df,3pd). 
a(Maxwell and Mosley, 1939), b(CRC, 2004), c(Braune and Knoke, 1933), d(Herzberg, 1939), e(Herzberg, 1966) 
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Unlike the heats of reaction results, in this case, both the 1992 and 1997 basis sets 

provide the most accurate results with the higher level QCISD method.  The accuracy of 

the results in Table 3.9 above for B3LYP do not measure up to that of QCISD, but should 

not be ruled out as a possible contender for estimating accurate rate constants. 

 

Canonical Variational Transition State Theory (CVTST) was carried out for the current 

reaction of focus due to the barrierless nature of the reaction.  The minimum rate constant 

was found for each of the basis sets with the B3LYP method at the geometries listed 

below in Table 3-10. A closer look at this table shows the differing results between the 

1992 and 1997 basis sets.  Due to the 1997/B3LYP agreement obtained from the heats of 

reaction data, one may be inclined to favor the results of the 1997 calculated rate 

constants.  The details of these rate constant calculations can be found in Appendix D.3. 
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Table 3-10. Thermodynamic and Kinetic Parameters, HgCl + Cl2  HgCl2 + Cl 
Note: T= 298 K 
 1992 B3LYP 1997 B3LYP 
Geometries of Transition 
Structure (Ǻ) 
 
 

Cl-Cl:  2.3 
Cl-Hg:  3.7 

Hg-Cl:  2.44 
∠ Cl-Cl-Hg: 180° 
∠ Cl-Hg-Cl: 180° 

Cl-Cl:  2.3 
Cl-Hg:  3.7 

Hg-Cl:  2.42 
∠ Cl-Cl-Hg: 180° 
∠ Cl-Hg-Cl: 180° 

Frequencies of 
Transition 
Structure (cm-1) 
 

-87.91, 43.81, 44.13, 128.69, 
128.70, 140.32, 267.99 

-102.65, 42.31, 42.42, 127.14 
127.15, 129.86, 283.39 

Activation Energy: 
(kcal/mol) 

 
7.45 

 
6.92 

Rate Constant: 
(M-1s-1) 

Forward:  1.70*106 

 
Forward:  1.27*106 

 

 

The following rate expressions were calculated for reaction (3.16), 

k (M-1s-1) = 2.92*109 e-2220/T, using B3LYP/1992 

k (M-1s-1) = 1.29*109 e-2063/T , using B3LYP/1997 

from 298 to 1500 K. 

 

In total, theoretical rate constants have been estimated for mercury oxidation reactions by 

molecular chlorine that may occur in the flue gases of coal combustion.  Due to the lack 

of experimental kinetic data available for this reaction, the method and basis set choice 

has been validated by a comparison of heats of reaction for a series of potential mercury 

oxidation reactions occurring in the flue gases.  Although these predicted rate constants 

are very similar to each other, recall that the 1997/B3LYP combination resulted in more 
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accurate heats of reaction.  If one of the above expressions should be chosen over the 

other for a combustion model involving mercury, one should choose to use the predicted 

rate with the 1997/B3LYP combination. 
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3.3.3 HgCl + HCl  HgCl2 + H      (3.17) 
 
 
Agreement between the theoretical and experimental rate constants from chapter 3.2.1, 

showed that the 6-311G++(3df, 3pd) Pople basis set is an adequate choice for chlorine.  

The basis set chosen for hydrogen was based upon the high accuracy of the theoretical 

heat of reaction compared to the experimental heat of reaction obtained from the NIST 

webbook.  The theoretical heat of reaction for the decomposition of H2 with the 1.37.1 

basis set (Poirier et al., 1985) is 104.52 kcal/mol compared to the experimental value of 

104.20 kcal/mol.  It should be noted that reaction (3.17) was one of the first examined in 

the series of mercury oxidation reactions and that this hydrogen basis has since been 

replaced with the 6-311G++(3df, 3pd) Pople basis set for the theoretical heats of reaction 

predictions in Table 3-2. This rate constant calculation of this reaction is the only 

calculation which does not use the extended Pople basis set. 

 

The experimental ∆Hrxn and the experimental geometries of the products and reactants for 

reaction (3.17) are compared to predictions from each combination of method and basis 

set in Table 3.2. For comparison, results from density functional theory using the 

LANL2DZ basis set are shown as this method was used in previous calculations for this 

reaction (Sliger et al., 2000). Overall, density functional theory with the B3LYP method 

and the standard double-zeta LANL2DZ basis set provided the greatest errors with 

respect to the geometries and the frequencies of the products and reactants.  Also, for 
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reaction (3.17), density functional theory exhibited the greatest error in terms of ∆Hrxn 

with a 5.27  kcal/mol deviation from experiment.
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Table 3-11.  Energetics Data, HgCl + HCl  HgCl2 + H 
Note: T=298 K 
  Experimental LANL2DZ 

B3LYPa 
1992 

QCISD 
1997 

QCISD 
1992 

B3LYP 
1997 

B3LYP 
Geometry  
(Å) 

      

HgCl 2.23b 2.6122 2.4121 2.4084 2.4896 2.4648 
HCl 1.2746c 1.3149 1.2833 1.2833 1.2808 1.2808 
HgCl2 2.28d 

∠180° 
2.4417 
∠180° 

2.3002 
∠180° 

2.3116 
∠180° 

2.3195 
∠180° 

2.3211 
∠180° 

Transition 
Structure 

no 
experimental 
data available 

HCl: 2.3335 
HgCl (1): 2.4634 
HgCl (2): 2.4517 
∠HHgCl: 179.89° 
∠ClHgCl: 179.5° 

HCl: 1.7781 
HgCl (1): 2.3697 
HgCl (2): 2.3576 
∠HHgCl: 180° 
∠ClHgCl: 180° 

HCl: 1.7598 
HgCl (1): 2.3799 
HgCl (2): 2.3383 
∠HHgCl: 180° 
∠ClHgCl: 180° 

HCl: 2.1827 
HgCl (1): 2.3462 
HgCl (2): 2.3312 
∠HHgCl: 180° 
∠ClHgCl: 180° 

HCl: 2.0855 
HgCl (1): 2.3588 
HgCl (2): 2.3331 
∠HHgCl: 180° 
∠ClHgCl: 180° 

Frequencies 
(1/cm) 

      

HgCle 292.61 228.92 290.69 297.81 244.40 260.97 
HCle 2989.74 2709.61 2947.12 2947.12 2943.60 2943.60 
HgCl2

f 75, 363, 413 66,66,288,345 97,97,340,394 89,89,338, 388 92,92,318,374 84,84,319,373 
Transition 
Structure 

no 
experimental 
data available 

61,61,103,103, 
283,335,-247 

81,81,250,300, 
508,508,-1647 

81,81,260,305, 
423,423,-1584 

83,83,161,161, 
311,360,-375 

76,76,163,163, 
315,357,-424 

             a(Maxwell and Mosley, 1939), b(CRC, 2004), c(Braune and Knoke, 1933), d(Herzberg, 1939), e(Herzberg, 1966), f(NIST) 
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Table 3-12. Thermodynamic and Kinetic Data, HgCl + HCl  HgCl2 + H 
      Note: T=298 K 

 Experimental LANL2DZ 
B3LYP 

1992 
QCISD 

1997 
QCISD 

1992 
B3LYP 

1997 
B3LYP 

∆Hrxn  
(kcal/mol)a 

 
20.50 

 
25.77 

 
24.42 

 
20.50 

 
29.17 

 
22.89 

Activation 
Energy  
(kcal/mol) 

      

forward no experimental 
data available 

 
 

25.89 

 
 

30.27 

 
 

27.11 

 
 

37.30 

 
 

31.57 
reverse no experimental 

data available 
 
 

0.121 

 
 

5.85 

 
 

6.61 

 
 

8.13 

 
 

8.68 
Rate 
Constant  
(cm 3 /mol s) 

      

forward  no experimental 
data available 

 
 

3.57 * 10 -5 

 
 

3.91 * 10-12 

 
 

8.86 * 10-10 4.07*10-17 

 
 

7.98*10-13 

reverse no experimental 
data available 

 
 

4.11 * 10 12 

 
 

1.62 * 109 

 
 

3.91 * 108 4.19*107 

 
 

1.65*107 

  aRef (NIST)
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From Table 3-11, the QCISD method with either the 1992 or 1997 basis set provides 

reasonably accurate molecular geometries and frequencies.   Due to the lack of 

experimental kinetic data, each method and basis set combination is considered in 

Figures 3-16 and 3-17.   
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Using Figure 3-16 above, the rate expressions calculated for the oxidation of mercury 

chloride via hydrogen chloride are: 

 

kTST [cm3/mol*s] = 3.11*1011 e-15713/T , using QCISD/1992 

kTST [cm3/mol*s] = 1.95*109 e-12586/T , using QCISD/1997 

in the temperature range of 298 - 2000 K. 
 

Figure 3-16.  Comparison of Rate Constants, HgCl + HCl  HgCl2 + H
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For the reverse of reaction (3.17), the calculated rate constant expressions are: 

 

kTST [cm3/mol*s] = 4.5*1013 e-3049.2/T , using QCISD/1992 

kTST [cm3/mol*s] = 3.8*1013 e-3420.3/T , using QCISD/1997 

These values are compared directly at 298 K in Table 3-12.   

 
 

Figure 3-18  shows a comparison of these theoretically determined rate constants 

compared to model-derived rate constants from previous work.  Both models developed 

rate constants for reaction (3.17) of the form k =A*Tn exp(-E/RT).  The model developed 

Figure 3-17.  Comparison of Rate Constants, H + HgCl2  HgCl + HCl
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by Widmer et al. was developed using the SENKIN routine to solve the ODE’s, which is 

part of Reaction Design’s CHEMKIN III software.  In addition, a general combustion 

chemistry mechanism adapted and used in their model. (Glarborg et al., 1986)  and the 

preexponential factors for some of their reactions were taken from corresponding 

reactions involving lead. (Cosic and Fontijn, 1999) The model developed by Niksa et al. 

is in good agreement with the theoretical results of  Sliger et al. because Niksa et al. used 

a ‘frequency’ factor in their model for reaction (3.17) in order to obtain this agreement.  

Niksa’s  original value was based upon the hard sphere collision model, which was an 

order of magnitude lower than their new scaled value. However, in general, the hard 

sphere collision number derived from elementary gas-kinetic theory is calculated at the 

gas-kinetic limit and should be an overestimate of the rate constant (Weston and 

Schwartz, 1972).  This highlights that fact that one of the difficulties of modeling is that 

one has to fit limited available data, which can lead to results that disagree with basic 

kinetic theory like in the case just described here. 

 

Previous calculations for the reaction investigated in this work used the B3LYP method 

with the LANL2DZ basis set (Sliger et al., 2000) to estimate the rate constant.  However, 

the results from this work show that the reaction energetics using this basis set and 

density functional theory are highly inaccurate.  The B3LYP method, even with larger 

basis sets, still does not lead to the same degree of accuracy that the QCISD results show 

with the 1992 basis set.  In addition, the work here showed that use of the SDD basis sets 

even with high level methods leads to large errors. 
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In general, for mercury oxidation reactions involving chlorine, either the 1992 or 1997 

basis set combined with the QCISD method will provide reasonably accurate 

thermodynamic and kinetic results.  However, a careful review of Table 3-2 reveals that 

the combination of the density functional method, B3LYP with the 1997 basis set 

provides reasonably accurate heats of reaction.  Due to the lower computational cost of 

B3LYP compared with the QCISD method, B3LYP was also considered for further rate 

constant calculations in conjunction with the highly accurate 1992 and 1997 basis sets.   

Table 3-11 shows a comparison of experimental geometries and frequencies to the 

theoretical predictions regarding reaction (3.17). Again, the 1992 and 1997 basis sets, 

regardless of the method used in conjunction with each, outperform the built-in 

LANL2DZ Gaussian basis set.  The SDD basis set was not considered for the kinetic 

predictions since the previous errors were so great for the thermodynamic analysis.  

Recall, the focus of these calculations is to test the accuracy of the low level B3LYP 

method to see how it measures up in accuracy to the more computationally demanding 

QCISD method.  Table 3-12 lists the theoretically predicted activation energies and rate 

constants for various basis set and method combinations for reaction (3.17).  

Unfortunately, there are currently no reported experimental rate constant predictions for 

this reaction so validation of this data is based upon the previous geometry, frequency 

and heat of reaction agreement discussed above.  Examination of Table 3-12 shows that 

activation energies for 1992/QCISD and 1997/B3LYP differ by less than 1.43 kcal/mol in 

the forward direction and by less than 2.39 kcal/mol in the reverse direction.  In fact, at 
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298 K, their rate constants are within one order of magnitude of each other in the forward 

direction.  The close agreement of the 1997/B3LYP combination to the higher level 

QCISD method suggests that the lower level method may indeed be sufficiently accurate 

for use in a combustion model. 
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Figure 3-18. Rate Comparison of B3LYP with QCISD, HgCl + HCl  HgCl2 + H 
 

Transition state theory was used to calculate the theoretical rate constant data for reaction 

(3.17) in Figure 3.19.  Using this figure, the rate expressions calculated via density 

functional theory for the oxidation of mercury chloride via hydrogen chloride are: 
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kTST [cm3/mol*s] = 1.61*1012 e-19772/T , using B3LYP/1992 

kTST [cm3/mol*s] = 2.22*1012 e-16931/T , using B3LYP/1997 

in the temperature range of 298 - 2000 K. 

 

Recall Table 3-3 strongly suggests that the incorporation of the diffuse and polarization 

functions in the 1992 basis set in order to gain more balanced basis sets for each of the 

atoms within a given reaction will lead to improved energetics.  In future work, these 

extensions should be pursued for their validation with other mercury speciation reactions 

involving HgCl2.  Overall, the present kinetic results suggest that the 1992 Stevens et al. 

basis set used in conjunction with the QCISD calculational method should be used to 

accurately predict both thermodynamic and kinetic data for mercury oxidation reactions 

involving chlorine.  However, if the computational expense is a factor, the density 

functional method, B3LYP in combination with the Stuttgart 1997 basis set provides 

reasonable accurate results also. 
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3.4. Discrepancies with other Theoretical Results Published in the Literature 
 
 
This section discusses comments on an article entitled, “A study on the reaction 

mechanism and kinetic of mercury oxidation by chlorine species” that was published in 

the Journal of Molecular Structure (Theochem) in 2003.  Within the previous work by 

Lai-Cai Li, et al., the complexity of some of these mercury oxidation reactions was 

drastically underestimated and therefore this current section will attempt to correct some 

of these simplifications.  

 

The following reactions were discussed in the previous work and will be referred to often 

throughout this section. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Barrierless Reactions:  Examining reactions (3.18) and (3.19) with the QCISD method 

and high quality pseuodopotentials for mercury (Küchle et al., 1991; Häussermann et al., 

Hg + HOCl  HgCl + OH     (3.18) 
 
Hg + HCl  HgCl + H     (3.19) 
 
HgCl + Cl2  HgCl2 + Cl     (3.20) 
 
HgCl + HCl  HgCl2 + H     (3.21) 

HgO + HCl  HgCl + OH     (3.22) 

HgO + HOCl  HgCl + HO2     (3.23) 

Hg + HgCl2  Hg2Cl2     (3.24) 



  
 
 

124 
 
 

  
 

1993; Dolg et al., 1991; Stevens et al., 1992) shows that they take place on the S = 0 

potential energy surface, resulting in each reaction being barrierless.    Lai-Cai Li, et al. 

reported a distinct saddle point on the singlet potential energy surface of each of these 

reactions at the lower geometry optimization level.  Intrinsic reaction coordinate 

calculations done based on their structure showed that there was indeed a transition state 

leading to the correct products and reactants with the SDD basis set, but higher level 

calculations do not confirm the existence of this structure.  One method of calculating a 

rate constant for a barrierless reaction would involve the use of a variational method such 

as variational transition state theory (VTST) developed by Truhlar. (Truhlar and Gordon, 

1990) 

 

Multichannel Reactions and Transition State Theory:  The use of transition state theory 

for reactions (3.22) and (3.23) would also be more difficult than implied in Lai-Cai Li, et 

al's previous work.  Each of these reactions has two transition states linking the products 

and reactants.  One would need to use an aggregated form of multi-channel transition 

state theory to correctly estimate the reaction rate of these reactions and cannot simply 

use the activation energy they report in their work.  Correcting this error with high level 

calculations would be extremely time intensive and is outside the scope of this comment. 

 

Unimolecular Reactions and Transition State Theory:  Lai-Cai Li, et al. used traditional 

transition state theory to calculate a rate constant for reaction (3.24), which is a 

unimolecular reaction in the reverse direction.  Traditional transition state theory can be 
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used to estimate reaction rates for unimolecular reactions at the high pressure limit, but 

the reactions here are at high temperatures and low pressures, placing them in the fall-off 

regime where RRKM theory or a Master Equation approach must be employed for the 

rate constant estimation. (Holbrook et al., 1996)  

 

Accuracy of Theoretical Results Compared to Experimental Data:  In general, the 

quantum mechanical method and basis set used for the transition structure optimizations 

should be examined carefully in terms of their accuracy relative to experimental data.  

Due to the lack of experimental rate constant data available for mercury oxidation 

reactions, validation of the method and basis set combination must be pursued through 

the comparison of theoretical geometries and heats of reaction to experiment.   

 

The following relativistic effective core potentials were recently developed in the 

literature for mercury and are the ones compared in the current work: Stuttgart 1997 and 

Stevens et al. 1992, and will be referred to as the 1997 and 1992 basis sets respectively.  

The basis sets used for all other atoms such as chlorine, oxygen and hydrogen are 

standard Pople basis sets including both diffuse and polarization functions; 6-

311++G(3df, 3pd).  All pseudopotentials were used in Gaussian 98 for the geometry 

optimizations and energy calculations.  Table 3-1 provides a list of optimized bond 

lengths for all basis set and method combinations, showing the QCISD/1992 combination 

to be the most accurate with an average absolute error of 0.03 Angstroms.  The 1992 and 

1997 basis sets give low errors for all computational methods that have been examined.  



  
 
 

126 
 
 

  
 

In contrast, the research performed by Lai-Cai Li, et al. was based upon the SDD basis 

set and yielded an overall average error of 0.119 angstroms with the QCISD(T) method 

and 0.103 angstroms with the MP2 method.  Inaccuracies in molecular geometries leads 

to incorrect vibrational analyses, shifting the partition functions to give an incorrect 

reaction rate.  Determining how much their results are in error is again outside the scope 

of this comment because it would be time intensive to redo their calculations to obtain the 

theoretical data they did not report in their paper. 

 

Again, Table 3-2 shows a summary of energy predictions for heats of reactions from 

theory compared to high quality experimental data from the National Institute of 

Standards and Technology database. (Ref. 61)  All geometries were fully optimized at the 

indicated level of theory and basis set.  Vibrational frequency calculations were 

performed to obtain thermal corrections including zero point energies to the electronic 

energies reported by Gaussian 98.  The QCISD method with the 1992 basis set for 

mercury and the standard 6-311++G(3df,3pd) basis set for other atoms gives the best 

agreement with an average absolute error of 4.42 kcal/mol compared to experiment.  On 

the other hand, the MP2 and QCISD results with the SDD basis sets lead to average 

errors that are between 16 and 15 kcal/mol.   

 

We have calculated the activation energy for reaction (3.20) at the QCISD level of theory 

with both the 1992 and 1997 basis sets.  We found that the activation energies are 30.27 

and 27.10 kcal/mol for the 1992 and the 1997 basis sets respectively.  Lai-Cai Li, et al. 
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calculated an activation energy of 13.64 kcal/mol using the SDD basis set at the 

QCISD(T) level of theory.  Examination of Tables 3-1 and 3-2 reveals that this 

combination of method and basis set has greater error in both geometry and heats of 

reactions calculations when compared to the method and basis set combinations used in 

this work.  Recall that errors in activation energies of only a few kcal/mol lead to reaction 

rates that are orders of magnitude different from experimental values. (Weston and 

Schwartz, 1972) 

 

Referencing of Experimental Data:  Some of the experimental values cited by Lai-Cai Li, 

et al. are estimates from previous kinetic models or from reactions that do not specifically 

involve mercury.  The experimental data for reaction (3.19) was extracted from data by 

Widmer, et al. in conference proceedings that predate their publication. (Widmer et al., 

2000) The publication, though, clearly shows that reaction (3.19) was not investigated as 

a fundamental reaction.  Instead, they globally modeled the kinetics for the 

nonelementary reaction, Hg + 2HCl → HgCl2 +H2. 

 

In their research, Lai-Cai Li, et al.also  referred to experimental data for reaction (3.21) 

by comparing the reaction to one where lithium replaced mercury.  The authors failed to 

give justification of why the oxidation of lithium chloride via HCl would resemble the 

oxidation of mercuric chloride via HCl.  Mercury and lithium are elements from different 

groups in the periodic table with substantially different electronic configurations.  There 

has been no experimental rate constant data published on reaction (3.21) thus far and 
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theoretically this reaction has been studied by only two groups. (Sliger et al., 2000; 

Wilcox et al., 2003)  The following rate expressions were calculated for reaction (3.21): 

 

kTST [cm3/mol*s] = 3.11*1011 e-15713/T using QCISD/1992 

kTST [cm3/mol*s] = 1.95*109 e-12586/T using QCISD/1997 

 

in the temperature range of 298 – 2000 K.  As Lai-Cai Li, et al. did not specify units on 

their reported rate constant, this data cannot be compared directly with theirs.   

 

While the rate constants calculated by Lai-Cai Li, et al. agree very well with the lithium 

reaction data they use for comparison, the lithium data should not be used to replace 

unmeasured mercury data.  To demonstrate why this should not be done, one only needs 

to consider similar literature from two homologous reactions.  This work uses data for 

two reactions that are much more similar and still show large deviations from each other: 

Na + HCl  NaCl + H   (3.25) 

      Li + HCl  LiCl + H     (3.26) 

 

In this case, the activation energy for the sodium reaction is 9.99 kcal/mol (Plane et al., 

1987) while the one for lithium is 1.75 kcal/mol (Plane et al., 1989).  This leads to a 

difference of about two orders in magnitude in the rate constant around 800 K.  Even in 

this instance where lithium and sodium are in the same group in the periodic table, the 

rate constant values are not within an order of magnitude of each other.  This example 
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validates the necessity to estimate rate constants on a case by case basis instead of using 

data from homologous reactions.  

 

Theoretically Calculated Results from Previous Work: The energy calculations from the 

work of Lai-Cai Li, et al. are also problematic for two reasons.  First, their energy results 

were at the QCISD(T)/SDD//MP2/SDD level while their vibrational analysis were done 

at the MP2/SDD level.  However, they do not use the reported zero point energies.  

Neglecting thermal and zero point energy corrections changes their heats of reaction by 

as much as 3.5 kcal/mol for some of the reactions, and possibly more for their activation 

energies at 973K where they do not report thermal corrections at that temperature.  

Secondly, much of the data for heats of reaction that are extracted from Table I and 

reported in Table II of their work are incorrectly computed from their own numbers.   
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CHAPTER 4. EXPERIMENTAL RESULTS 

 
4.1.Experimental Objectives 

 
 
The experimental results discussed in this work have been exploratory only, since the 

major contributions from the current research were on the theoretical side. The main 

objective for the experimental portion of this current research was to determine which 

mercury species could be measured quantitatively through quadrupole mass 

spectrometry.  In addition, a large aspect of this experimental work dealt with the 

development of the experimental technique. Therefore, since this was only a preliminary 

study, the focus was on room temperature reactions only. The reactions discussed here 

are most likely taking place heterogeneously on the Pyrex surface, if the given reaction is 

taking place at all.  The following two reactions have been studied experimentally due to 

the difficulty of purchasing HgCl directly.  Mercuric chloride (HgCl) exists in the solid 

phase at room temperature and the company that supplies the permeation tubes, VICI 

Metronics, does not sell the compound due to the messy nature of its sublimation into the 

gas phase.  Therefore, the overall oxidation process studied will be only those involving 

elemental mercury. 

 
Hg0 + HCl  …     (4.1) 

 
Hg0 + Cl2  …     (4.2) 

 
 
The reactions take place in a laminar flow reactor, which is modeled as axial dispersed 

plug flow.  Both a coated and uncoated reactor were studied in this work, each made of 
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Pyrex.  The reactions took place at ambient conditions, specifically with a slightly warm 

lab temperature of 305 K.  The coating used for the coated reactor was a Halocarbon wax 

coating that was used in previous research where similar reactions were considered.  

(Ariya et al., 2002)  Studying reactions (4.1) and (4.2) within each of the reactors, 

allowed for the determination of whether mercury oxidation occurs heterogeneously or 

strictly homogeneously.  As reported previously in the background section of this work, 

there has been much research which supports the hypothesis that mercury oxidation at 

ambient conditions happens to some extent heterogeneously. (P’yankov, 1949; Medhekar 

et al., 1979; Hall et al., 1991; Ariya et al., 2002) Hence, the results of this research do not 

just address the mercury oxidation process in the flue gases of coal combustion, but also 

questions current sampling methods which may be affected by the heterogeneous 

oxidation of mercury.   

 

The product species of each reaction are sampled through a series of orifices and are 

directly measured using a quadrupole mass spectrometer.  This research is unique in that 

the mercury speciation is measured directly rather than by difference, which has been the 

traditional method of analyzing mercury speciation. (Laudal et al., 1997; Linak et al., 

2001; Stratton et al., 2001) The mass spectrometer allows for the separation of the 

product species by their mass to charge ratio.  Due to the limited sensitivity of the 

quadrupole mass spectrometer used in this work, the mercury concentrations will be 

measured in the ppm range and will have to be extrapolated for their comparison to the 
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ppb concentrations present in the flue gases.  Table 4-1 lists the concentrations of 

mercury and chlorine species that are considered in this work.  

 

Table 4-1. Mercury Concentrations Studied with Mass Spectrometry 
 

Compound Concentration in 
the flue gases 

Modified concentration 
for current research 

Hg0 ppb range 5ppm 
HCl 1 –100 ppm 300 ppm 
Cl2 Low ppm 5 ppm 

 
 
 

 
For performing many of the calculations that are presented in the following sections and 

in developing the experimental apparatus, it was necessary to have many of the constants 

which are shown in Table 4-2 close at hand. (Hall, 1990) 
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Table 4-2. Physical Properties of Mercury  
atomic number 80 
atomic weight 200.59 amu 
melting point -38.87 οC 
boiling point 356.57 οC 

 
electronic configuration 

 
(Xe)4f145d106s2 

density 13.546 g/cm3 (20 οC) 
solubility 6*10-6 g/100 g water (25 οC) 

 
metallic radius 

 
1.57 Å 

 
covalent radius 

 
1.49 Å 

vapor pressure 1.85*10-4 Torr 
1.201*10-3 Torr 

2.729 * 10-1 Torr 
 

Electronic excited states 
Ultraviolet – visual spectrum 

 
6s1S0  6pP1     184.957 nm 
6s1S0  6p3P1    253.652 nm 
6p3P1  7s3S1    435.835 nm 

 
 
 
 
In essence, the major aspect of this experimental work was the design and construction of 

an apparatus that can accurately and directly measure mercury speciation.  Within the 

experimental set-up, there are aspects that require modification to further increase the 

reliability of the experimental results.  These modifications will be addressed individually 

as they arise in the following sections of the experimental discussion.  The experimental 

results obtained for reactions (4.1) and (4.2) are compared to the theoretical predictions 

from the earlier sections of this work, and conclusions are drawn on the potential for the 

heterogeneous oxidation of mercury in the reactor.
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4.2. Experimental Background 
 
 
The quadrupole mass spectrometer allows for the direct measurement of mercury 

speciation in a given flue gas environment. In fact, there exists only one other set of 

experimentally based calculations involving the direct measurement of mercury 

speciation. (Ariya et al., 2002)  This limited amount of mercury speciation data highlights 

the uniqueness and importance of the current work.  A major contribution of the current 

experimental work was to determine which mercury species could be measured 

quantitatively through quadrupole mass spectrometry. Traditionally, one uses difference 

techniques to analyze mercury speciation.  In fact, many of the methods used for 

measuring mercury speciation combine the two different oxidized forms, Hg+ and Hg2+, 

and are unable to accurately distinguish between the two.  Several of these traditional 

difference techniques are highlighted here. 

 

Typically the analysis of mercury speciation in the combustion flue gases is performed 

through sampling trains where the sample is passed through a series of aqueous solutions 

to separate the elemental mercury, Hg0, from the oxidized forms, Hg+ and Hg2+.  The 

Ontario Hydro method (OH) and the Alkaline Mercury Speciation (AMS) method are 

often used to measure mercury speciation. (Linak et al., 2001) However, research has 

shown for both the OH and AMS methods, that as little as 1 ppm of Cl2 in the simulated 

flue gases can lead to a bias of 10 – 20 % of elemental mercury, Hg0, being misreported 

as oxidized mercury, Hg2+.  In addition, at a chlorine concentration of 100 ppm, the OH 



  
 
 

135 
 
 

  
 

method led to a similar bias.  However,  the AMS method showed an increased bias of 30 

– 60 %.  Linak et al. concluded in their research that with SO2 present, the bias does not 

exist.  Therefore, when using these measuring methods, it is important to consider the 

sulfur content of the source for the flue gases being analyzed.   

 

The EPA Method 29 is very similar to the OH method, and is also an impinger based 

method.  Research has shown that EPA Method 29 impinger solutions are not suitable for 

measuring mercury speciation in flue gases which are high in sulfur. (Laudal et al., 1997)  

It was found that the oxidized form of mercury, Hg2+, was not effectively captured in the 

acidified permanganate solution.  They further conclude in their research that modifying 

the method by using KCl or trisbuffer solutions may provide more precise mercury 

speciation measurements.  Laudal et al. also examined the Mercury Speciation 

Adsorption  (MESA) method, which uses solid sorbents to selectively capture the 

oxidized mercury species.  Also, Laudal et al. found that at concentrations of 1500 ppm 

of SO2 and 600 ppm of NOx, the MESA method did not speciate mercury correctly. 

 

Lastly, a method that has been used to measure mercury speciation in the atmosphere is 

the Mist Chamber (MC) method.  (Stratton et al., 2001)  The downfall of this method is 

its inability to distinguish among the different forms of oxidized mercury; HgO, HgCl2, 

HgBr2, Hg(OH)2 and Hg(NO3)2·H2O.  In addition, there are components of the mist 

chamber that are made of Teflon.  Stratton et al. found that the oxidized form of mercury 

is highly reactive with Teflon and that the contamination is time consuming to clean. 
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Having considered several of the current methods that are being used to analyze mercury 

speciation both in the atmosphere and in the flue gases of coal combustion, it becomes 

evident that using direct mass spectrometry sampling is a novel approach that avoids 

many of the experimental difficulties involved with the traditional difference techniques. 
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4.3. Experimental Approach 
 
4.3.1. Reactor and Plumbing 
 
 
A tubular reactor as shown in Figure 4-1 has been employed throughout the experiments.  

The reactor is a laminar flow reactor with a typical Reynolds number of about 344, 

calculated from the following equation, 

   
µ

ρuDN =Re     (4.3) 

such that D is the reactor diameter, ū is the average gas velocity, ρ is the gas density and 

µ is the gas viscosity.  Both the gas density and viscosity were calculated from 

derivations involving the kinetic theory of gases with the gas density of N2 being 1.145 

kg/m3 and the gas viscosity being 16.7*10-6 kg/ms.   

 

The laminar flow reactor is modeled by axial-dispersed plug-flow.  To model the flow as 

plug, the Peclet number must tend to infinity, while a Peclet number tending to zero 

exhibits a flow that is perfectly mixed, which would correspond to a continuously stirred 

tank reactor.  The Peclet number is defined as, 

    
K
uRNPe =    (4.4)  

such that, R is the reactor radius, ū is the average gas velocity, and K is the effective axial 

dispersion coefficient.   
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Figure 4-1. Schematic of the Reactor
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The effective axial dispersion coefficient, K, is equal to the sum of the molecular 

diffusivity and molecular dispersion, which is given by, 

    
D
uRDK

48

22

+=    (4.5) 

such that D is the molecular diffusivity, R is the reactor radius, and ū is the average gas 

velocity.  Using the following equation for self-diffusion of nitrogen from the kinetic 

theory of gases,  

    D = λ ū    (4.6)
 

yields a diffusion coefficient of about 0.105 cm2/s.   In equation (4.6), the diffusion 

coefficient is the product of the mean free path, λ, and the average gas molecule velocity, 

ū.  From derivations using the kinetic theory of gases, a mean free path for N2 of 6.3*10-8 

meters and an average velocity of 500 m/s were used for the diffusivity calculation.  The 

assumption is to use the self-diffusion of N2 since chlorine and mercury are only 

available in the ppm concentration range.  Also, since our reactions are taking place at 

ambient conditions, a lab temperature of 305 K and a pressure of 760 Torr are used for 

approximate conditions.  In this case, the effective dispersion coefficient is approximately 

87 cm2/s. Substituting this value into equation (4.4) yields a Peclet number of about 

0.576, which is lower than what was anticipated.  As stated previously, a Peclet number 

which tends to infinity is desired for the application of the plug flow model.  Since the 

effective dispersion coefficient is proportional to the square of the reactor diameter, a 

reduction in the reactor diameter would decrease the effective dispersion coefficient and 
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effectively increase the Peclet number.  In future work this should be done so that 

potential dispersion effects can be neglected.  It is important to note that the current 

reactor is based upon these preliminary calculations and that the reactor size should be 

reduced for future work. 

 

The reactor is designed such that the sample probes can be exchanged out.  Three 

different length sample probes were created in order to sample at different points along 

the reactor volume to obtain three distinct residence times.  Table 4-3 below lists the 

possible residence times while considering various gas flow rates.  The sampling points 

along the reactor are at ~ 23 cm, 30 cm, 45 cm providing three different residence times 

at flow rates ranging between 0.5 and 15 L/min. 
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Table 4-3. Reactor Residence Times 
  

Volumetric Flow  
Rate 

(L/min) 

Gas Velocity 
(cm/min) 

Residence Time  
(s) 

Distance Along 
Sample Probe  

(cm) 
 

.5 
 

24.68 
 

SP1: 56 
SP2: 73 

SP3: 109 

 
SP1: 23 
SP2: 30 
SP3: 45 

 
1 

 
49.36 

 
SP1: 28 
SP2: 36 
SP3: 55 

 
SP1: 23 
SP2: 30 
SP3: 45 

 
5 

 
246.8 

 
SP1: 5.6 
SP2: 7.3 
SP3: 11 

 
SP1: 23 
SP2: 30 
SP3: 45 

 
10 

 
493.6 

 
SP1: 2.8 
SP2: 3.6 
SP3: 5.5 

 
SP1: 23 
SP2: 30 
SP3: 45 

 
15 

 
740.4 

 
SP1: 1.9 
SP2: 2.4 
SP3: 3.6 

 
SP1: 23 
SP2: 30 
SP3: 45 

 

 

To obtain optimum mixing between mercury and chlorine, the chlorine/nitrogen 

combination flow rate was required to be about 15 L/min.  This flow rate requirement 

will be discussed in more detail in the next section, which discusses the mixing 

calculations.  Using this value throughout the experiments yields residence times of ~ 1.9, 

2.4, and 3.6 seconds.
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Sampling point 1
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Sampling point 3
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Figure 4-2. Schematic of the Mercury and Chlorine Flow System

(τ =3.6 seconds) 

(τ =1.9 seconds) 

(τ =2.4 seconds) 
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Calculations to Obtain Optimum Mixing between Mercury and Chlorine: 

 

The rapid effective mixing between chlorine and mercury in the reactor is crucial.  To 

obtain this optimum mixing, the glass shop fixed a probe inside the reactor for the flow of 

the chlorine/nitrogen combination stream.  The idea is to have this stream ‘spray’ radially 

into an existing mercury/nitrogen combination stream.  Figure 4-3 below illustrates the 

set-up and provides an idea of the velocity profile of the gas steam through small holes in 

the probe. 

 

The number and diameter of the holes can be determined using the following 

relationship: 
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=

π   (4.7) 

 

such that, Q = flow rate of the nitrogen/chlorine stream, n = number of holes, dn= 

diameter of each hole, and U = discharge velocity of the nitrogen/chlorine stream(s).  The 

nitrogen/chlorine stream flowing into the probe can be controlled by a valve and 

flowmeter as shown below in Figure 4-3.  The discharge velocity can be calculated 
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Figure 4-3. Flow Through Deflected Jets to Obtain Optimum Mixing 
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theoretically through the following equation (Cheremisinoff and Gupta, 1983): 
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such that U is the desired discharge velocity required in equation (4.7), Y is the distance 

from the probe to the wall of the reactor, dn is the hole diameter, ρ= ρm since the chlorine 

and mercury are present in the ppm range, and Um is the crossflow velocity of the 

mercury/nitrogen stream.  It is important to note that equation (4.8) results in the upper 

limit of the depth penetration.  Therefore, these calculations should ensure that the 

chlorine velocity stream will not penetrate the walls of the reactor.  Substitution of 

equation (4.7) into (4.8) yields the following relationship: 
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However, the glass shop could only make holes in the Pyrex as small as 1mm in 

diameter.  A total of 10 holes, each 1mm in diameter were drilled into the base of the 

sample probe, requiring a ratio of  ~140:1 of the Cl2/N2 and Hg0/N2 flow rates.  In the 

experimental set-up, a flow rate for the mercury/nitrogen stream was set to ~ 0.1 L/min 

and the flow rate for the chlorine/nitrogen stream was set to ~ 14 L/min.  
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Control Panel Calculations: 

 

A schematic of the control panel can be seen in Figure 4-4 below.  The following two 

basic equations were used for all the calculations involving the control panel: 

 

   P = I*V, V = I*R    (4.10) 

 

such that, P = power (watts), I = current (amps), V = voltage and R = resistance (ohms).  

The control panel contains three toggle switches; one for each of the two mechanical 

pumps and one for the diffusion pump.  Each pump draws anywhere between 10 and 15 

amps of current so that three 20 amp relays were purchased, one for each pump.  The 

control panel also has two rocker switches, one for each solenoid, which in turn control 

the opening and closing of the gate valves.  The gate valves require compressed air to 

push an internal piston that opens the valve.  The gate valves have the option of being 

operated manually or through use of a solenoid.  Currently only one of the solenoids is 

being used, but the control panel is set up to allow both solenoids to function.  The 

function of the solenoid is that of a switch, simply opening or closing the inlet of the 

compressed air so that the user does not have to disconnect and reconnect the compressed 

air connections.  The solenoids draw very little current so that two 2 amp relays were 

purchased for the solenoid wiring.   
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Each of the switches has an LED wired to it so that the user is always aware of the 

instruments that are running or the valves that are open.  In terms of the total power 

demand, the LEDs pull so little current that their value was nearly irrelevant.  However, a 

12 VDC power supply was purchased for the panel so that all the components purchased 

for the panel had to correspond to the 12 VDC power supply.   

 

There was one complexity concerning the control panel.  In the event of an unexpected 

power failure in the lab, the control panel should remain turned off when the power 

comes back on.  One wants to avoid pumps automatically turning back on when the 

power resumes.  In order to bring power back to the control panel, a reset button needs to 

be depressed.  In terms of the wiring, the current should only be allowed to flow in one 

direction.  To force current only in one direction, a diode had to be wired next to the reset 

button switch. 
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Figure 4-4. Schematic of Control Panel Wiring
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Figure 4-5. Photograph of Control Panel
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4.3.2. Sample Probe Calculations 
 
 
Orifice Diameter Calculations:   
 
 
Two different sized orifices were required for the experimental set-up.  The first orifice is 

at the tip of the sampling probe.  The orifice was required to obtain a pressure gradient 

from atmospheric pressure to a lower pressure inside the sampling probe.  Figure 4-6 

below shows the sampling probe located in the reactor and the orifice parameters.  This 

first stage of low pressure was required to minimize further gas collisions inside the 

sampling probe.  The idea was to have the reactions all take place inside the reactor.  The 

purpose of the sampling probe is to sample the gas at different points along the reactor, 

thus providing multiple residence times.   

 

 

 

 

 

 

 

 

 

Figure 4-6. Parameters for the Sample Probe Orifice in the Reactor

Cl2/N2

Hg0/N2

P1 = 760 Torr

P2 ~ 2 Torr
Orifice diameter ~ 3 mm
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To calculate the flow through an orifice, the following equation can be used (O’Hanlon, 

1980): 
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Using N2 as a carrier gas, 
 
γ = Cp/Cv = 1.4 
P1 = 760 Torr 
T = 298 K 
MN2 = 28 amu = 4.65*10-26 kg 
K = Boltzmann’s constant = 1.38*10-23 J/K 
 

Orifice #1: 

yielding, 
s

mTorr
A
Q *10*30.1 5=      or  






=

s
mTorrAQ *10*30.1 5  

 

The mechanical pump has a pumping speed of 40 m3/h, and with the first stage of 

pressure between 1 and 20 Torr, to reduce further collisions in the sample probe results in 

a range of orifice diameters between 2.56 mm to 11.4 mm.  The glass shop can draw 

holes as small as 0.5 mm.  The current lab sample probes have inner diameters of ~ 3 mm 

yielding a base pressure inside the sample probe of about 2 Torr. 
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Within these orifice calculations, the Knudsen number becomes important.   The 

Knudsen number for this situation is defined as the ratio of the mean free path to the 

diameter of the orifice.  Using the following equation for the mean free path,  

 

   nd
mm

2
02

1)(
π

λ =
    (4.12)

 

 

such that d0 is the diameter of N2 and n = P/kT.  This yields a mean free path of N2 at 298 

K of ~ 2.7*10-6 mm.  Recall the calculated orifice diameter was at most 11.4 mm, 

producing a Knudsen number of ~ 2.4*10-7.  In this case, since the mean free path is 

much smaller than the diameter of the orifice, there will be continuous flow through the 

orifice and the equation is valid.  Notice, if the mean free path (distance between 

collisions) was greater than the diameter of the orifice, the molecules would never get 

through and these calculations would not be valid.  

 

Orifice #2: 

Again using equation (4.11), with P2 = 2 Torr. 

yields, 
s

mTorr
A
Q *10*43.3 2=      or  






=

s
mTorrAQ *10*43.3 2  
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The diffusion pump has a pumping speed of 760 L/s. To run the mass spectrometer 

properly with minimum interference, the operating pressure should not go above 1*10-5 

Torr range.  It is important to note here that the base pressure of the mass spectrometer 

will be in the low minus six Torr region (i.e. ~ 3.5*10-6 Torr) and this upper stage of high 

six or low five Torr region will only occur when a sample is being introduced into the 

vacuum chamber.  Ideally, the highest pressure desired is ~ 8*10-6 Torr.  Too high of a 

pressure at this point can damage the electron multiplier and also destroy the filaments.  

Replacement of the filament is very time consuming, but monetarily negligible.  A new 

multiplier, however, is ~$2000.  At this point, the gauge controller and mass spec 

electronics are not interfaced so the pressure requires close monitoring when the filament 

and multiplier are turned on.   

 

With a 760 L/s diffusion pump, in order to obtain a base pressure of ~3.5*10-6 Torr, the 

orifice diameter must be ~ 0.1 mm in diameter.  This size diameter is too small for the 

department machine shop to drill.  A company named Bird Precision laser drilled a 0.1 

mm diameter hole in a sapphire which was then carefully, yet securely set into a blank 

copper gasket.   

 

Again, the Knudsen number can be checked to be sure the flow is continuous.  A 

calculated Knudsen number of 2.7*10-5 concludes that the flow is continuous and the 

equation above is valid.   
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Once the reaction occurs, the molecules are sampled through the probe, which is at about 

2 Torr, restricting the collisions to within the reactor volume.  Once sampled, the 

molecules travel through to the second orifice where they enter the vacuum chamber to 

reach a reduced pressure in the 10-6 Torr range.  Figures 4-7 and 4-8 display the entire 

vacuum assembly.
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Figure 4-7. Schematic of the Experimental Set-up
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Figure 4-8. Photograph of Vacuum Assembly
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4.3.3. Quadrupole Mass Spectrometry 
 
 
Prior to addressing the results of the mass spectrometry research, it is necessary to briefly 

discuss the basic principles of how a mass spectrometer works.  When molecules enter 

the vacuum chamber, they are first ionized and then directed through a mass separator 

before they are detected.  Different types of mass spectrometers can be distinguished 

from one another by the way in which they accomplish each of these three processes. The 

ionization source for the current work is an electron ionization source.  The mass 

separator is of the quadrupole type and lastly, the ions are detected via an electron 

multiplier.     

 

For the ionization step, the electrons from the filament are drawn toward an anode and, 

while crossing the area to the anode, the electrons collide with the molecules that are 

approaching from the orifice of the vacuum chamber.  When the electrons bombard the 

gas molecules, they strip off one or more of their electrons, thus creating positive ions.  

Table 4-6 lists various ionization potentials for a series of compounds that are of interest 

in the current work.  Currently, 70eV are applied to the filament in the ion source, which 

is typical for these systems. (O’Hanlon, 1980)   

 

For the mass separation process, an RF quadrupole developed by Paul (Paul et al., 1953) 

is used.  In essence, the quadrupole mass filter consists of four rods, hyperbolically 

spaced.  One rod pair has a positive DC potential, while the other rod pair has a negative 
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DC potential.  The addition of an RF field with magnitude greater than each of the DC 

fields, creates a scenario in which the positive ions are on a  potential hill for the 

positively charged rod pair and exist on a potential valley for the negatively charges rod 

pair.  The positive rod pair acts as a high-pass mass filter where the heavy ions are 

retained and the light ions are lost.  The negative rod pair acts as a low-pass mass filter 

where the light ions are retained and the heavy ions are lost.  Together, the filters form a 

band that allows ions of particular mass ranges to go through and ultimately get detected.  

Whether an ion is lost or retained depends on whether or not its trajectory is stable.  

These details will be omitted here, however there are many reference texts available for 

the reader. (March and Hughes, 1989; Dawson, 1995; McDowell, 1963)   

 

The current mass spectrometer is equipped with an electron multiplier detector.  The ion 

detector current is directly proportional to the pressure by the following equation 

(O’Hanlon, 1980): 

     in = Sn * Pn   (4.12) 

 
Such that in is the ion current, Sn is the sensitivity of the ionizer and the filter, and Pn is 

the partial pressure of the nth gas.  The Merlin data acquisition software records the mass 

to charge ratio against the ion intensity.  The multiplier acts as an amplifier so that the ion 

current can be accurately recorded.    
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Overall, the assembly of the mass spectrometry set-up was a very involved process.  

When work commenced on the project, the mass spectrometry housing was still in boxes 

and the vacuum assembly components still needed to be ordered.  In fact, one of the 

major roadblocks of the project was the fact that the internal wiring for the lenses and 

filaments was completely missing.  New wiring and insulating beads had to be ordered 

and the entire ion source rewired.  In addition, both of the tungsten filaments had to be 

replaced.   

 

Due to the original state of the mass spectrometer, it became imperative to run controls 

through the mass spectrometer to ensure that it was functioning properly.  The original 

plan was to run hydrogen chloride, chlorine, nitrogen and mercury each through the mass 

spectrometer individually and to compare their isotopic abundances to experimental 

values from the NIST webbook. (Afeefy et al., 2003)  However, due to contamination of 

oil in the vacuum chamber, the only “clean” spectra that was obtained was that of 

hydrogen chloride.  This was because the mass range of hydrogen chloride did not 

coincide with the mass range of the oil species.  The contamination was a result of two 

combined incidences.  First, the original oils that was being used in the diffusion pumps 

and mechanical pumps were not low back streaming oils.  Since switching to newer oils, 

the back streaming has decreased substantially, but it is predicted that the mass 

spectrometer housing has been contaminated and requires ultrasonic cleaning.  This will 

have to be performed by the company that manufactures these spectrometers, 

ABB/Extrel.  The second incidence was the use of the lab’s compressed air, which 
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contains oil.  The compressed air was used to open a pneumatic gate valve, and oil from 

the compressed air may have also contributed to the total oil contamination in the vacuum 

chamber.  Due to this contamination, it was not possible to obtain “clean” spectra for the 

mercury chlorine species of interest.  In addition, when analyzing the results, a blank run 

of nitrogen had to be subtracted from all of the intensities obtained at each of the mass 

ranges of interest. 

 
The molecular stream is bombarded by a stream of electrons that are ‘boiled off’ an 

electron ionization source.  The source is a tungsten filament with an energy distribution 

of about 70 electron volts.  This number does not necessarily need to be this high since 

the ionization potentials of the species of interest are of the same order of magnitude as 

the dissociation energies as reported below in Table 4-4.  However, one should not apply 

less than 30 eV since the probability of an electron hitting a molecule in this region is ~ 1 

in 100,000 due to the reduced pressure. 

 

Table 4-4.  Dissociation Energies and Ionization Potentials of Mercury Species 
 

Compound Dissociation Energy (eV) First Ionization Potential (eV) 
HgCl 1.02 --- 
HCl 4.43 12.749 
Cl2 2.49 11.48 
HHg 0.409 --- 
Hg2 0.0822 9.10 
HgCl2 3.567 11.38 
Hg --- 10.43 
Cl --- 12.96 
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The filament is controlled through the ABB/Extrel C-50 unit on the electronics rack.  In 

addition, the multiplier, dynode and lenses are controlled on this C-50 unit.  Once the 

molecule is bombarded with more than enough energy (ionization energy) to remove its 

outermost electron, two things happen.  First, after losing the electron, the species is now 

positively charged and, second, provided it has enough excess energy, it can fragment.  

Many species have been studied through mass spectrometry and many fragment 

‘fingerprints’ have been recorded.  After fragmenting, the positively charged species are 

focused through a series of lenses and through the mass range of the quadrupoles until it 

reaches the electron multiplier, which amplifies the signal.  The preamp converts this 

signal so that the intensity of a species can be obtained through the data acquisition 

software.  The software used in this case is Merlin Data Acquisition, which was 

developed through ABB/Extrel.  The intensities are graphed versus the mass to charge 

ratio and concentrations of the product species are directly proportional to the relative 

intensities.  In this way, the concentration of the product species are determined given 

three differing residence times in the reactor. 

 

In order for a mass spectrometer to account for concentrations in the ppb range, the 

sensitivity becomes crucial.  In the wiring of the current mass spec, an analog preamp 

controls the signal from the mass spec.  To account for increased sensitivity, a counting 

preamp must be employed.  Also, to use a counting preamp, the multiplier must be 

compatible and be a counting multiplier.  The current system is too outdated to be 

compatible with a counting preamp.  Hence, due to the inability of the current mass 
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spectrometer to measure accurately in the ppb range, the mercury concentrations will be 

in the ppm range and the results will have to be extrapolated to account for the lower 

concentrations that exist in the flue gases. 
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4.4. Experimental Results 
 
4.4.1. Preliminary Results 
 
 
Mass spectrometry is a very sensitive technique and becomes even more sensitive when 

the focus is on detecting concentrations in the ppm range.  To observe mercury and 

chlorine components in the ppm range, the backstreaming from both the diffusion pump 

and mechanical pumps must be minimal.  Figure 4-8 below is a mass spectrum of the 180 

to 220 mass to charge ratio (m/z) range.  Hg+ should be detected in this range with its 

major isotopes existing at 200 and 202 m/z ratio.  However, at this time, Dow Corning 

704 was being used for the diffusion pump oil and Inland TW was being used for the 

mechanical pump oil.  What Figure 4-8 clearly exhibits is the requirement of an oil with 

very minimal backstreaming.  The oils that were being used were not the best choices for 

mass spectrometry work.  For mass spectrometry, the diffusion pump oil of choice is 

Santovac 5 and the mechanical pump oil of choice is Inland 45.  Both of these oils have 

minimal backstreaming due to their low vapor pressures as shown below in Table 4-5. 

(O’Hanlon, 1980) 

Table 4-5. Vapor Pressure of Common Pump Oils 
Oil Pump type Vapor Pressure (Torr at 25°C) 
Dow Corning 704 diffusion 2.3*10-8 

Santovac 5 diffusion 4.5*10-10 

Inland TW mechanical 1.0*10-6 

Inland 45 mechanical 1.0*10-7 
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Figure 4-9. Mass Spectrum of Oil Backstreaming from DC 704
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Figure 4-10. Mass Spectrum of Oil Backstreaming from Santovac 5
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Figure 4-10 above is the mass spectrum of the same vacuum chamber, but with the two 

high vapor pressure oils replaced with Santovac 5 and Inland 45.  The system was also 

baked out for four days to ensure the most effective removal of the oil contamination.  

From the spectrum of Figure 4-8, the signature peaks of elemental mercury at 200 and 

202 m/z should be obtained. 

 
 
Table 4-8 lists the major isotopes of the species of interest in the current work.  The 

mercury and hydrogen chloride vapor is created from permeation tubes purchased from 

VICI Metronics.  The mercury flow rate from the permeation tube is 536 ng/min, with a 

concentration of 5 ppm.  The hydrogen chloride flow rate is 964 ng/min, with a 

concentration of 300 ppm.  The chlorine gas is from a cylinder which contains Cl2 at 325 

ppm with the balance being nitrogen.   Figure 4-11 is the mass spectrum of HCl.  When 

HCl gets bombarded with electrons, the  resulting HCl ion still has energy which allows it 

to fragment.  The two stable isotopes of chlorine are 35Cl  and 37Cl so that, as the 

molecule fragments, these isotopes appear as can be seen in Figure 4-11 at the 35 and 37 

m/z.  The most prominent peak is at approximately 36 m/z, which corresponds to HCl+, 

agreeing with other experimental data for the HCl spectrum. (NIST) In addition, there is a 

second HCl+ peak at the approximate 38 m/z, which corresponds to the less abundant 

chlorine isotope, 37Cl.  
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Figure 4-11. Mass Spectrum of HCl, 300 ppm 
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Table 4-6. Mass Ranges for Mercury and Chlorine Species 

Species Mass:Charge 
Cl+ *35, 37 
Cl2+ 17.5, 18.5 
Cl2

+ *70, 72, 74 
Cl2

2+ *35, 36, 37 
HCl+ *36, 38 
Hg+ 204, *202, 201, *200, *199, 198 
Hg2+ 102, *101, *100, 99 

HgCl+ 241, 239, 238, *237, 236, *235, 
*234, 233,  

HgCl2+ 120.5, 119.5, 119, *118.5, 118, 
*117.5, *117, 116.5 

HgCl2
+ 276, 274, 273, *272, 271, *270, 

*269, 268 
HgCl2

2+ 138, 137, 136.5, *136, 135.5, 
*135, *134.5, 134 

Hg2Cl2
+ *474, *470, *468 

Hg2Cl2
2+ *237, *235, *234 

  *represents the isotope combination with the highest abundances 
 
 
 
 
 
Table 4-6 above, lists the mass ranges of interest for the species studied in the current 

work and Table 4-7 below lists the six stable isotopes of mercury and their relative 

abundances.  This characteristic isotope pattern allows for easy identification using mass 

spectrometry.  The concentration of mercury was 5 ppm, which made it difficult to 

detect.  Although high quality, low backstreaming oil is being used in the pumps of the 

vacuum assembly, the oil will still backstream to a certain degree.  Unfortunately, the 

isotopes of mercury exist at the same mass to charge ratios as cracking patterns of the 

pump oils.  To accurately measure elemental mercury using the mass spectrometer, the 

intensities of a blank run involving only nitrogen was subtracted from the run including 
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the mercury and nitrogen carrier gas combination.  To obtain data with increased 

accuracy, the mass spectrometry housing should be sent to the manufacturer, ABB/Extrel, 

for ultrasonic cleaning.  Other errors in the experimental data could be due to the 

inaccuracy of the lab’s gauge controller.  The gauge controller is an 880 RS Varian 

Controller, which was manufactured in 1978.  The ion gauge LED indicator on the gauge 

controller tends to flicker on and off when the temperature of the room gets above 30 

degrees Celsius.  Unfortunately, the lab is not connected to the central air conditioning so 

that the temperature gets very high during the spring and summer months.  In addition, 

the chiller and two mechanical pumps produce a great amount of heat, increasing the 

temperature of the room further.  In total, the equipment would work better in a room that 

was properly air-conditioned.  Due to the inability to accurately measure the pressure 

inside the chamber when a sample is being introduced further increases the possible 

inaccuracies of the current experimental errors.   

 

Table 4-7. Stable Mercury Isotopes and their Relative Abundances 

Mercury Isotope Relative Abundance 
196Hg 0.15 
198Hg 9.97 
199Hg 16.87 
200Hg 23.1 
201Hg 13.18 
202Hg 29.86 
204Hg 6.87 
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Table 4-8 lists mercury intensity data obtained from the difference between a blank run 

with nitrogen and a run with the nitrogen and mercury combination.  To maximize the 

probability of seeing mercury, the permeation tube was exposed to 100 degrees Celsius 

for 20 minutes before the nitrogen gas was allowed to flow through.  After this 20 minute 

period, the nitrogen flowed through at approximately 5 liters per minute.  The original 

pressure in the chamber was 5*10-7 Torr and the final pressure, after the sample was 

introduced was 4*10-6 Torr.   

 

Table 4-8. Stable Mercury Isotopes and their Relative Abundances 
 

 
 
 
 
 

It is important to note that all the abundances listed above are not including the mercury 

isotopes with 198 and 204 atomic mass units.  If the mass spectrometer was more 

sensitive it may be possible to identify these minor isotopes and possibly decrease the 

error in the relative abundances observed in Table 4-8.  The ability of the mass 

spectrometer to measure these differences implies that the current sensitivity of the 

measuring device is at least 5 ppm, which is the concentration of mercury within these 

experimental runs. 

 

Mercury Isotopes Intensity (mV) Abundances in this work Actual Abundances 
199Hg 44.25 11% 17% 

200Hg, 201Hg 156.87 41% 23%, 13% 
202Hg 183.55 48% 30% 
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4.4.2. Final Results 
 
 
Two different experiments were performed with the mass spectrometer.  The first 

experiment involved the reaction between molecular chlorine and elemental mercury in 

the gas phase at ambient conditions.  The second experiment involved the reaction 

between hydrogen chloride and elemental mercury also in the gas phase at ambient 

conditions.  During these experiments, the room temperature was 305 degrees Kelvin, 

which is considerably higher than typical ambient conditions, and could possibly make a 

difference when comparing the experimental results with those obtained from theory.  

The reactor used in the experiments was a laminar flow reactor that is being modeled as 

an axially dispersed plug-flow model.  In both cases, the flow rate of the 

chlorine/nitrogen stream was approximately 10 liters per minute at a concentration of 325 

ppm chlorine with the balance being nitrogen.  The flow rate of the mercury/nitrogen 

stream was approximately 2 liters per minute with a concentration of 5 ppm of mercury 

with the balance being nitrogen.  Again, the flow rates were the same for both sets of 

reactions.  It is important to note that since the flow rate of the mercury/nitrogen stream is 

one-fifth that of the chlorine/nitrogen stream, the mercury concentration is reduced 

further to 1 ppm.  In addition, both an uncoated reactor and a coated reactor were 

examined in order to test the reactivity of the Pyrex for heterogeneous mercury-chlorine 

species.  It is also important to note that spectra of the oxidized mercury species are not 

shown in these results.  Due to the backstreaming of the oil and the oil contamination 

built-up on the mass spectrometry housing, blank runs with nitrogen had to be subtracted 
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from each of the experimental reaction runs.  The intensity units have an order of 

magnitude between 106 and 107, so that the difference between the oil background peaks 

from the reaction run peaks is difficult to see visually.  Instead of providing these spectra, 

tables of the raw data were created and these detailed quantitative results are available in 

Appendix H.  

 

Table 4-9 lists the mercury speciation measurements using direct sampling via the 

quadrupole mass spectrometer. 

Table 4-9. Mercury Speciation of Hg + Cl2 For the Uncoated Reactor 

 τ =2.2 seconds τ =4.2 seconds 
Hg+ negligible negligible 

HgCl+ 82% 36% 
HgCl2

+ negligible 10% 
Hg2Cl2

+ 18% 54% 
 

The most obvious conclusion from these preliminary experiments is that 100% of 

mercury oxidation was achieved in under 2.2 seconds.  In fact, this experimental 

observation agrees with other mercury speciation measurements.  (Lee et al., 1998)  Lee 

et al. also obtained 100% mercury oxidation at 40 degrees Celsius with a mercury 

concentration of .04 ppm of mercury and 50 ppm of Cl2.  This corresponds to a Cl2 to Hg0 

ratio of 1250, where the ratio of the current work is 325.  Hall et al., on the other hand, 

obtained only 70% mercury oxidation, but both the mercury and chlorine concentrations 

were much lower than the current work and the research of Lee et al.  More specifically, 

.12 ppm of mercury and only up to 10 ppm of Cl2, were used in an experiment performed 
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at 20 degrees Celsius. (Hall et al., 1991)  This corresponds to a Cl2 to Hg0 ratio of only 

83.   

 

At a residence time of 4.2 seconds, the major product formed, at 54%, was Hg2Cl2, which 

is known as calomel or mercurous chloride.  The second major product formed was 

HgCl, at 36%.  At a residence time of 2.2 seconds, the major product containing mercury 

was HgCl at 82% and Hg2Cl2 at 18%.  From Figure 4-12, it is clear that HgCl is not a 

kinetically favored product for this reaction and that this reaction proceeds very slowly at 

305 K, with a rate constant of 8.57*10-4 cm3/mol*s.   However, the reaction is 

thermodynamically favorable at room temperature with an equilibrium constant of 

4.61*1013.  This implies that the reaction pathway to form HgCl is feasible as long as the 

concentration of Cl2 is high.  Since the concentration for chlorine is 325 ppm, it seems 

that this pathway is thermodynamically favored at low temperatures, but kinetically 

limited.   It is also possible that this product is formed through fragmentation within the 

mass spectrometer.  The fragments could come from both HgCl2 and Hg2Cl2 product 

species.   Recall from Table 4-6, that the dissociation energies of many of the mercury 

chlorine species are on the order of 4 electron volts or less.  Since the filament of the 

mass spectrometer is applying 70 electron volts to the sample, it is most likely that the 

fragments such as HgCl+ and Cl+ are not products of the reaction, but are products of the 

fragmentation of HgCl2 and Hg2Cl2.  When Hg2Cl2 decomposes or dissociates, it breaks 

down into Hg and HgCl, further accounting for the high percentage of HgCl observed.  

Other research suggests that oxidation via Cl2 cannot occur at ambient conditions in a 
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strictly homogeneous fashion, but rather occurs heterogeneously with the Pyrex surface 

acting as a catalyst.  (Hall et al., 1991; Medhekar et al., 1979; Ariya et al., 2002; Menke 

and Wallis, 1980; Skare and Johansson, 1992) 

 

 

 

 

 

 

 

 

 

 

Note: k has units of cm3/mol*s and T= 305K 

 

At a residence time of 4.2 seconds, both HgCl2 and Hg2Cl2 were detected in the mass 

spectrometer.  This is consistent with other experimental observations found in the 

literature. (Hall et al., 1991; Horne et al., 1968; Schroeder et al., 1991; P’yankov, 1949)  

In all of these experiments, the presence of both HgCl2 and Hg2Cl2 as product species 

was observed.  Specifically, in the work of Horne et al. and P’yankov it was assumed that 

 
Figure 4-12. Possible Homogeneous Reaction Pathways, Hg + Cl2 

Hg + Cl2

HgCl + Cl

k = 3.10*10-11

Keq = 1.49*1030 HgCl2

k = 8.57*10-4

Keq = 4.61*1013

HgCl2

Keq = 2.84*1052

k = 4.54*1014

+ Cl2

HgCl2 +Cl

Keq = 4.6*1013

k = 1.72*109
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the principal formation from the reaction of mercury with chlorine is mercurous mercury, 

Hg2Cl2.  Much of the current research, which involves the elucidation of determining the 

proper mechanism by which mercury is oxidized in the flue gases, has neglected this 

form of mercury since it is not stable in the flue gases under atmospheric conditions. 

(Galbreath and Zygarlicke, 1996)  In fact, the decomposition temperature of Hg2Cl2 is 

382 degrees Celsius and reactions occurring above this temperature would never see this 

form of mercurous chloride, but would instead see the decomposition products, Hg and 

HgCl.  (Sliger et al., 1998) Much of the research from the literature, however, reports 

HgCl2 to be the major product species above 400 degrees Celsius.  This could be 

explained via HgCl readily scavenging chlorine atoms that become available from either 

homogeneous reactions involving other chemical species in the flue gases or through a 

reactive surface such as quartz or Pyrex.  Since this mercurous form of mercury is 

presumed to be unimportant in the flue gases of coal combustion, theoretical rate 

constants were not predicted for this mercury compound in the current work.  However, 

the major pathway of formation that has been predicted in the literature (Horne et al., 

1968) is through the following association reaction, 

 

  HgCl + HgCl + M  Hg2Cl2 + M.    (4.13) 

 

This pathway of formation of mercurous chloride is in agreement with the current 

findings due to the high abundance of HgCl possibly being formed in the reactor.   
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In order to further examine the heterogeneous reactivity of the Pyrex, additional 

experiments have been performed with a coated reactor.  In previous research where 

similar experiments were tested, the coated reactor proved to be successful in eliminating 

the surface side reactions. (Ariya et al., 2002)  Ariya et al. examined reactions involving 

mercury with chlorine molecules and atoms and found a significant difference in the 

amount of oxidized product formed with the uncoated reactor.  The coating they used was 

a Halocarbon wax coating.  In order to eliminate the possibility of these surface reactions 

in the current work, the wax coating was purchased and applied to one of the lab reactors.  

The Halocarbon wax coating had to be mixed with acetone and then applied to the Pyrex 

reactor and be allowed to cure for a week.  Unfortunately, the Halocarbon wax coating 

was not as successful as anticipated.  The wax coating did not seem to decrease the 

amount of product formed.  In fact, the mercury speciation with the coated reactor was 

nearly identical to the speciation observed with the uncoated reactor, as is demonstrated 

by the results shown in Table 4-10.   

 

Table 4-10. Mercury Speciation of Hg + Cl2 For the Coated Reactor 

 τ =4.2 seconds 
Hg+ 2% 

HgCl+ 31% 
HgCl2

+ negligible 
Hg2Cl2

+ 67% 
 

 
The results obtained from the coated reactor are suspect.  If the results are to be trusted, 

this would imply that the oxidation of Hg0 via Cl2 occurs homogeneously at 305 degrees 
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Celsius.  This disagrees with the current theoretical predictions and other experimental 

research. (Ariya et al., 2002)  Even if this reaction does take place homogeneously at 

ambient conditions, there should still be a more noticeable decrease in the amount of 

mercury oxidized than the current result of 2% as shown in Figure 4-12.  It is presumed 

that the coating in this case has additionally acted as a reactive surface, which could 

explain the current results observed.  In addition, it was found that the wax coating 

became severely contaminated with both Hg2Cl2  and HgCl components.  This made 

further experiments within this work difficult to perform with this coated reactor. 

 

Recall, the second reaction examined experimentally was the gas phase addition reaction 

of mercury with hydrogen chloride.  Both the coated and uncoated reactors were vented 

overnight and flushed with nitrogen in an attempt to remove possible product residue 

from the previous reaction with molecular chloride.  Figure 4-13 clearly exhibits the fact 

that the reaction of mercury and hydrogen chloride should not proceed at room 

temperature.  The reaction is both kinetically and thermodynamically limited at ambient 

conditions.  The uncoated reactor was tested at a residence time of 4.4 seconds and it was 

found that the only products detected were mercury, chlorine and hydrogen chloride.  

There were no appreciable oxidized mercury compounds, which validates the theoretical 

prediction that this reaction does not proceed at room temperature.  
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Note: k has units of cm3/mol*s and T= 305K 

 

In addition, the coated reactor was tested and oxidized mercury products were detected.  

The mass spectrometer detected Cl2, HgCl and Hg2Cl2.  It appears that the halocarbon 

wax surface allows for with the build up of the product species from the first reaction and 

then subsequent release, or the wax is functioning as a catalyst.  Since this reaction did 

not proceed in the uncoated reactor at room temperature, and Cl2 was not even a 

participant in the current reaction, these results were taken lightly.  In general, the coated 

reactor is not recommended for future mercury chlorine research due to the ability of the 

mercury components to impregnate the wax to contaminate the reaction environment.  It 

may also be that the Halocarbon wax coating was not given ample time to cure.  This is 

still in question, but for future work, only reactions involving the uncoated reactor will be 

considered. 

Figure 4-13. Possible Homogeneous Reaction Pathways, Hg + HCl 

Hg + HCl HgCl + H
k = 6.22*10-62

Keq = 1.9*10-57

+ HCl

HgCl2 +Cl

Keq = 1.1*10 -17

k = 3.93 *10 -12
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4.5. Modeling Results 
 
 
A very detailed thermodynamic and kinetic analysis was performed for the seven 

mercury oxidation reactions of focus. Based on this investigation, the oxidation of 

mercury is highly dependent upon both the concentration of the oxidizing species and 

temperature.  Within this examination kinetic and thermodynamic limitations for the 

reactions are examined in detail.  In essence, these theoretical predictions are the basis for 

Figures 4-12 and 4-13 in Chapter 4.4.2.   

 

 
In addition, a global model was developed that not only takes into account more than just 

mercury and chlorine species, but also includes other complex reaction mechanisms 

involving hydrocarbons and NOx mechanisms that may exist in the coal combustion flue 

gas environment.  However, some of the theoretical rate constants that were used in this 

model have since been proven to be improbable due to being above the bimolecular 

collision limit for the particular reactions.   

 



  
 
 

180 
 
 

  
 

4.5.1. Thermodynamic and Kinetic Analysis 
 

Due to the many questions that remain regarding the mechanisms by which mercury is 

oxidized in the flue gases of coal combustion, a small-scale “model” involving the results 

of rate constant calculations for the series of mercury oxidation reactions of interest will 

allow for the prediction of mercury speciation in a less complex environment.  The best 

methodology to understanding the entire picture is to examine each complexity in 

isolation, one at a time.  Examining the rate constants for mercury reactions involving 

solely chlorine species will allow for the understanding of chlorine’s role in the mercury 

oxidation process.  As mentioned previously in the background section, there is some 

controversy involving the speciation of mercury at low temperatures.   

 

The experimental results of the current work is in agreement with the experimental 

results of Hall et al. and conclude that mercury reacts readily with Cl2 at room 

temperature.  However, it is important to note that the amount of mercury oxidized is 

dependent upon the reaction vessel.  As was exhibited in the final experimental results, 

the Pyrex surface is highly reactive to mercury-chlorine species and it has been 

concluded from this experimental work that the oxidation of mercury via Cl2 at ambient 

conditions must occur, to a certain extent, heterogeneously.  Results of Mamani-Paco et 

al. are very different and claim that, at low temperatures, mercury oxidation via Cl2 is not 

favored.  However, the reactor materials of construction are not addressed in their work. 

A study was performed by Medhekar et al. determining that mercury-chlorine species are 
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reactive on the surfaces of Inconel, quartz, stainless steel and Teflon-coated stainless 

steel.   

 

In addition, there has been a great deal of mercury speciation research involving mercury 

with the addition of HCl.  Again, at approximately 500 degrees Celsius, Hall et al. obtain 

high levels of mercury oxidation.  On the other hand, work by Sliger et al. and Mamani-

Paco et al. indicate that the mercury oxidation via HCl is not favored even at elevated 

temperatures.  The current experimental research concludes that mercury does not react 

with hydrogen chloride at room temperature.  

 

Examination of the possible reaction mechanisms that result in the combination of 

mercury with each of the chlorine species will allow for the elucidation of the speciation 

of mercury that may exist in the coal combustion flue gases.  Table 4-13 lists both the 

theoretically predicted rate constant and the experimentally derived equilibrium constants 

for a series of mercury oxidation reactions that may take place in the flue gases.  The 

collision number is defined as the number of bimolecular collisions per unit time per unit 

volume. (Moore and Pearson, 1981) In general, the collision number can be used as the 

upper limit for the rate.  The collision limit for hard spheres is given by, 

2
1

2 8)( 







=

µπ
π kTdk ABcoll     (4.14) 

such that dAB is the diameter of the combined species A and B, k is Boltzmann’s constant, 

T is temperature in degrees Kelvin, and µ is the reduced mass of species A and B.  Table 
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4-11 lists the hard sphere collision model parameters and predictions for different 

bimolecular reactant combinations and Table 4-12 lists the collision model expressions as 

a function of temperature. 

 

Table 4-11. Hard Sphere Collision Model Predictions  
 
 
 
 
 
 
 
 

 

 

Table 4-12. Hard Sphere Collision Model Rate Expressions 

 

 

 

 

 

Examining Table 4-13, one will notice that reactions (4.1) and (4.7) both have negative 

activation energies.  A negative activation energy seems counterintuitive, implying that 

the reaction decreases with increasing temperature.  This is also known as a negative 

temperature dependence and is quite common given these association reactions.  These 

  mass dab   Reduced Mass <v> kcoll kcoll 
  (g/mol) (m)   (g/mol) (m/s) (cm3/mol*s) (M*s)-1 

HgCl 236.04 5.27*10-10           
Cl2 70.9 3.97*10-10 HgCl + Cl2 54.5 340.1949 5.49*1014 5.49*1011 

HgCl2 271.49 10.04*10-10 Hg + Cl2 52.38 347.0111 1.98*1014 1.98*1011 
Cl 35.45 1.98*10-10 Hg + Cl  30.13 457.5373 1.06*1014 1.06*1011 

Hg 200.59 1.52*10-9 HgCl + Cl 30.82 452.3866 4.50*1014 4.50*1011 
 

  kcoll (cm3/mol*s) kcoll (M*s)-1 
HgCl + Cl2 3.18*1013 * T1/2 3.18*1010 * T1/2 
Hg + Cl2 1.15*1013 * T1/2 1.15*1010 * T1/2 
Hg + Cl  6.14*1012 * T1/2 6.14*109 * T1/2 

HgCl + Cl  2.60*1013 * T1/2 2.60*1010 * T1/2 
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reactions do not follow the familiar Arrhenius form.   A more accurate expression would 

include a T-n  term in the rate expression.  The details of this negative temperature 

dependence are omitted here, but can be found elsewhere. (Wayne, 1993) 

 
Many conclusions can be drawn from Table 4-13.  The focus of the conclusions, which 

are discussed in detail in chapter 5, will be based upon a prediction of a reaction pathway 

in which mercury is oxidized by chlorine species that may be present in the flue gases of 

coal combustion.  
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Table 4-13. Comparison of Rate and Equilibrium Constants at Various Temperatures 

 
Reaction Temperature 

(K) 
Rate Constant 

(M-1s-1) 
Equilibrium 

Constant 
Activation 

Energy 
(kcal/mol) 

Basis 
Set/Method 

(4.1)     Hg + Cl + M  HgCl + M 298 1.57*1012 1.2*1014 

 600 1.74*109 6.7*104 

 1000 9.53*107 1.2*101 

 1200 2.76*106 8.3*10-2 

-9.138 1992/QCISD 

 
(4.2)     Hg + Cl2   HgCl + Cl 298 3.68*10-7 1.21*10-1 

 600 4.11*101 7.38*102 

 1000 6.17*104 5.00*10-4 

 1200 3.84*105 1.43*10-5 

88.95 1997/B3LYP 

 
(4.3)     Hg + HCl   HgCl + H 298 6.22*10-65 1.9*10-57 

 600 1.20*10-28 1.1*10-28 

 1000 2.52*10-14 2.7*10-17 

 1200 9.59*10-11 2.0*10-14 

98.29 1992/QCISD 

 
(4.4)     Hg + Cl2 + M  HgCl2 + M 298 2.26*10-16 9.7*1030 

 600 8.32*10-2 5.2*1012 

 1000 5.11*104 3.5*105 

 1200 1.50*106 5.9*103 

34.46 1997/B3LYP 
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Reaction Temperature 
(K) 

Rate Constant 
(M-1s-1) 

Equilibrium 
Constant 

Activation Energy 
(kcal/mol) 

Basis Set/Method 

(4.5)     HgCl + HCl   HgCl2 + H 298 3.93*10-15 1.1*10-17 

 600 1.32*10-3 3.3*10-10 

 1000 4.67*101 4.2*10-7 

 1200 6.40*102 2.6*10-6 

31.22 1992/QCISD 

 
(4.6)     HgCl + Cl2   HgCl2 + Cl 298 1.48*106 1.21*1014 

 600 4.47*107 7.47*101 

 1000 1.71*108 4.04*10-6 

 1200 2.40*108 4.16*10-8 

4.01 1997/B3LYP 

 
(4.7)     HgCl + Cl  + M  HgCl2 + M 298 2.02*1014 7.04*1053 

 600 8.04*109 2.19*1022 

 1000 3.17*104 1.73*106 

 1200 1.11*103 1.29*102 

-1.28 1997/B3LYP 
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4.5.2. Global model 
 
 
The global model developed in this work is based upon theoretical predictions of 

activation energies and rate constants as listed below in Table 4-14.  The parameters 

listed below correspond to the following Arrhenius expression: 

    
k = A exp[-Ea/RT]   (4.15) 
 

 
such that Ea is the activation energy, T is the temperature and A is the preexponential 

factor.   The model is valid in the range of 298 to 2000 K.  The reactions for the rest of 

the model were essentially taken from an existing combustion model.  However, the 

original combustion model did not have any information about mercury oxidation 

reactions.  

 

In essence, this model is a prediction of how mercury speciates in the chaotic flue gas 

environment and involves many complicated hydrocarbon, nitrogen and chlorine side 

reactions.  The theoretically derived kinetic parameters from this work, which are based 

upon high-level quantum mechanical calculations, served as the foundation of the 

mercury speciation model predictions.   
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Table 4-14. Theoretical Combustion Model parameters 

    
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-14. Graphical Results of the Large-Scale Modeling of Mercury

 
 

 
Reaction 

 
Basis Set/Method 

A 
(cm3/mol s) 

Ea
(kcal/mol) 

 
1 

 
HgCl + M  Hg + Cl + M 

 
1992/QCISD 

 
4.25E+13 

 
16.13 

 
2 

 
HgCl2 + M  Hg + Cl2 + M 

 
1997/B3LYP 

 
4.04E+21 

 
44.76 

 
3 

 
Hg + Cl2  HgCl + Cl 

 
1992/QCISD 

 
1.394E+26 

 
27.76 

 
4 

 
Hg + HCl  HgCl + H 

 
1997/QCISD 

 
1.394E+26 

 
87.52 

 
5 

 
HgCl + HCl  HgCl2 + H 

 
1992/QCISD 

 
4.5E+13 

 
30.27 
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The conclusions of this preliminary model predict that HgCl2 is the dominant form of 

oxidized mercury in the flue gases of coal combustion.  HgO was examined using a 

preexponential factor and rate constant obtained from Hall et al. (Hall, 1995), but its mole 

fraction remained constant throughout the process implying that it was not participating 

as an oxidized product species.  In addition, the model predicted that Cl and Cl2 are the 

major oxidizing agents of Hg0.  HCl was considered, but its mole fraction remained 

nearly constant throughout the process, implying that it did not take part greatly in 

mercury’s oxidation.  From Figure 4-14 it is clear that the predictions mentioned in the 

background of this work are in general agreement with this preliminary model.  The 

major pathways of mercury’s oxidation involve both Cl2 and Cl radical. 

 

It is important to note that this model and Figure 4-14 was preliminary and some of the 

rate constant approximations listed in Table 4-14 have changed slightly.  In general, these 

global model results agree with the results of the current models available in the 

literature. (Widmer et al., 2000; Senior et al., 2000; Niksa et al., 2002) Due to the 

unrealistic nature of the high frequency factors of equations (3) and (4) in Table 4-14, the 

global model agreement implies that these reactions may not play a key role in the 

mercury oxidation process. Table 4-15 is a list of the updated theoretically calculated rate 

constants.   
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Table 4-15. Complete List of Theoretical Combustion Model parameters 
 

 

 

 

 

 

 

 

The rates for the mercury oxidation reactions can be extracted from Table 4-15 at a given 

temperature through the Arrhenius expression (4.15).  One interesting point to note is the 

unrealistic nature of the preliminary rate constants for reactions (3) and (4) of Table 4-14.  

Although these values are clearly above the collision limit, the global model still 

managed to produce realistic results of mercury speciation in the flue gas environment.  

This suggests that reactions (3) and (4) may not play key roles in the mercury oxidation 

process.  More specifically, the direct oxidation of Hg0 via HCl and Cl2 may not occur 

homogeneously in flue gases.  However, as suggested from the experimental results in 

this work, the oxidation of mercury via Cl2 can take place heterogeneously, which is not 

taken into consideration in the global model.  In reality, fly ash exists in the flue gas 

environment, and much research has been done on the catalytic effect of the fly ash with 

  A units on A
Ea 

(kcal/mol) beta c Method/Basis set 
(1) HgCl + M ---> Hg + Cl + M 4.25*1010 (M*s)-1 17.06 0.2 QCISD/1992 

(2) HgCl2 + M --> Hg + Cl2 + M 4.05*1018 (M*s)-1 88.95 0.1 B3LYP/1997 
(3) Hg + HCl --> HgCl + H 7.66*107 (M*s)-1 98.3   QCISD/1992 

(4) Hg + Cl2 --> HgCl + Cl 3.59*109 (M*s)-1 21.81   QCISD/1997 

(5) HgCl2 + M --> HgCl + Cl + M 2.04*1014 (M*s)-1 73.42 0.1 B3LYP/1997 

(6) HgCl + HCl ---> HgCl2 + H 3.11*108 (M*s)-1 31.22   QCISD/1992 

(7) HgCl + Cl2 --> HgCl2 + Cl 1.29*109 (M*s)-1 4.01   B3LYP/1997 

(8) Cl2 + M --> Cl + Cl + M 1.203*1011 (M*s)-1 20.03 0.1 QCISD/6-311++(3df,3pd)
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respect to mercury oxidation. (Lee et al., 1998; Bool L.E. et al, 1995; Gullett B.K. et al., 

1990; Niksa et al., 2002; Miller et al., 1998; Norton et al., 2000)
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CHAPTER 5. CONCLUSIONS 

 
 The purpose of the thermodynamic and kinetic data presented previously in Table 4-13 is 

to predict the speciation of mercury amongst HCl and Cl2 in an attempt to elucidate the 

mechanism by which mercury is oxidized.  This prediction will answer the question of 

whether mercury can be oxidized by one, both or neither of these species at ambient 

conditions.   

 

Recall that the flue gases from coal combustion processes tend to contain higher 

concentrations of HCl than Cl2. (Hall et al., 1991) For this reason, possible oxidation of 

mercury via hydrogen chloride will be considered first.  From the data in Table 4-13, 

from both a thermodynamic and kinetic viewpoint, it would be impossible for mercury’s 

first stage of oxidation to take place via HCl.  From reaction (4.5) in Table 4-13, 

mercury’s second stage of oxidation via HCl to the water-soluble form, HgCl2 is neither 

thermodynamically nor kinetically favorable at low temperatures.  However, at very high 

HCl concentrations and at temperatures above 1000 degrees Kelvin, this second stage of 

oxidation is possible.  In general, the elemental form of mercury is dominant at high 

temperatures such as those present during the combustion process, and the oxidized 

forms of mercury are dominant at the lower temperatures such as those of the flue gases 

during the post combustion processes.  The flue gases are cooled prior to entering the 

pollution control devices so that both stages of mercury’s oxidation play key roles within 
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the possible oxidation mechanism.  Since this reaction (4.5) is only favorable at high 

temperatures, it will not be considered as a dominant reaction in the present mechanism 

prediction for mercury’s oxidation.  However, due to the high concentration of HCl in the 

flue gases of coal combustion, its participation should not be neglected completely.  

Recall the work of Sliger et al. where it was proposed that chlorine atoms were formed 

via the following bimolecular reaction, 

HCl + OH  Cl + H2O.    (5.1) 

A theoretical rate expression calculated from transition state theory (Steckler et al., 1997) 

is given by,  

RT
moleJ

e
K

Tsmoleculecmk
)/(277766.1

133

298
10*36.2)*/( 






= −   (5.2) 

 

from 138 to 1060 K.  The question is whether reaction (5.1) is favored as the flue gases 

are quenched.  Recalling from Table 2-4, reaction (5.1) is thermodynamically favored 

from 298 to 1200 degrees Kelvin.  This reaction is also kinetically favored from 298 to 

1200 degrees Kelvin.  Using equation (5.2), the reaction rate at 298K is 4.35*1011 

cm3/mol*s and is 1.89*1012 cm3/mol*s at 1200K.  Since HCl is present in the flue gases 

at much higher temperatures than Cl2 it is likely that the reaction which produces chlorine 

atoms involves HCl.   

 

However, there are other reactions which may result in the formation of chlorine atoms 

that should also be considered.  Chlorine atoms can be produced from the decomposition 
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reactions of HgCl and Cl2.  With a quick glance back at Table 2-4, one can easily see that 

the formation of chlorine atoms via the decomposition of Cl2 is not thermodynamically 

favored up to 1200K.  In addition, the decomposition of Cl2 at ambient conditions occurs 

slowly with a rate constant of 0.245 cm3/mol*s as predicted from the theoretical 

expressions in Table 4-15.  At higher temperatures, on the other hand, this decomposition 

is not as kinetically limited, with a rate constant of 2.11*105 cm3/mol*s at 500 K.  

Therefore, depending on the final temperatures the flue gases are cooled to, this pathway 

of chlorine atom formation may be important.  

 

The decomposition of HgCl to form chlorine atoms should also be considered.  At 298 K, 

this decomposition reaction is both thermodynamically and kinetically limited, with a 

equilibrium constant of 8.25*10-15 and a corresponding rate constant of 13.05 cm3/mol*s.  

At a higher temperature of 500 K, the reaction is not as slow and proceeds with a rate 

constant of 1.4*106 cm3/mol*s.  However, even at high temperatures, this reaction is 

thermodynamically limited with an equilibrium constant of 2.16*10-7 at 500 K.   

 

When comparing these three distinct pathways for the formation of chlorine atoms,  it 

appears that reaction (5.1) is the most kinetically and thermodynamically favorable in the 

temperature range of which the flue gases are quenched.  Therefore, as quenching takes 

place, the most likely pathway of producing chlorine radicals is via HCl with the addition 

of OH.  It appears at this point that the formation of chlorine atoms plays an important 

role in the mercury oxidation process.   
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Further examination of Table 4-13 is required to determine if Cl2 or Cl atoms plays the 

major role in the oxidation of mercury.  Reaction (4.2) is neither thermodynamically nor 

kinetically favorable from 298 to 1200K and will not be considered further.  Reaction 

(4.6) is thermodynamically favorable at low temperatures and also thermodynamically 

favorable at temperatures above 600K, given high concentrations of Cl2.  Due to the low 

concentration of Cl2 in the flue gas relative to the HCl concentrations, this reaction may 

be a secondary pathway, but certainly not a dominating one for mercury’s oxidation.  

Given these arguments, a possible mechanism for mercury’s oxidation in the flue gases is 

proposed in Figure 5-1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-1. Proposed Mercury Oxidation Model via Chlorine Species

HCl + OH Cl + H2O

Hg + Cl + M

Major pathway for the production of Cl atoms:

Major pathway for the 1st stage of mercury
oxidation:

HgCl + M

Major pathway for the 2nd stage of mercury
oxidation:

HgCl + Cl + M HgCl2 + M

Possible competing pathway for the 2nd stage of
mercury oxidation:

HgCl + Cl2 HgCl2 + Cl
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In total, a mechanism by which mercury oxidation takes place in the flue gases is 

proposed.  Consideration should be taken into the initial step of the mechanism involving 

the formation of chlorine atoms.  Much work has been done, as previously addressed, on 

the heterogeneous oxidation of mercury involving fly ash particles in the flue gas 

environment. (Lee et al., 1998; Bool L.E. et al, 1995; Gullett B.K. et al., 1990)  Due to 

the high concentration of HCl in the flue gases, relative to that of Cl2, another possible 

pathway of creating chlorine atoms could involve the heterogeneous reaction, in which 

HCl reacts with the fly ash to create chlorine atoms, which are then scavenged to create 

both the mercurous (HgCl) and mercuric (HgCl2) forms of oxidized mercury.  This 

heterogeneous pathway should be examined both theoretically and experimentally in 

future work involving mercury speciation measurements.
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CHAPTER 6. FUTURE WORK 

 
6.1. On the Theoretical Front 

 
 
A unique aspect of the current theoretical research is that it is the first time such an in-

depth quantum mechanically based kinetic analysis has been performed on mercury 

oxidation reactions involving chlorine-containing species.  When considering future 

theoretical work involving these mercury oxidation reaction, the following question 

arises, "How can the accuracy of these current quantum mechanical theoretical 

calculations be improved?"  The use of a more complex quantum mechanical method for 

solving the approximate Schrödinger’s Wave Equation (SWE) can sometimes increase 

the accuracy of the energetics calculations.  Due to the computational expense of the 

QCISD method it was not used for all of the calculations in this work.  The validity of the 

B3LYP calculational method used with these mercury oxidation reactions should be 

pursued further.  The QCISD calculational method should be used in addition to B3LYP 

to test the reproducibility of the theoretical energy predictions.   

 

In addition to using the higher-level method, another way to increase the accuracy of the 

energetics calculations is to include spin-orbit interactions in the Hamiltonian operator.  

Recall that spin-orbit effects become increasingly important as the atomic number of the 

species of interest increases.  With mercury having 80 electrons, the inclusion of spin-

orbit coupling may improve the heats of reaction predictions and also the activation 

energy predictions.  This direction involving the study of  spin-orbit coupling can also be 
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applied to the potential nonadiabatic nature of the following two reactions studied within 

this work. 

Hg + Cl2  HgCl + Cl     (6.1) 

 
Hg + HCl  HgCl + H     (6.2) 

 
When studying these reactions in this work, the probability of surface hopping was 

neglected and the potential energy surface generated in each case existed on the lowest 

lying singlet surface.  Future work could involve the study of the potential energy 

surfaces of excited states and also the interaction energies of the various calculated 

surfaces. 

 

Aside from improving the theoretical energetics predictions, another direction of future 

research is to consider species other than chlorine to simulate a more realistic flue gas 

environment.  Consideration of the inhibitory or promoting effects of SOx and NOx 

species on mercury oxidation would allow for a more complete global combustion model 

involving mercury speciation.  Much experimental work has been performed with 

simulated flue gases involving these chemical species, and the theoretical study would 

allow for a direct comparison. 

 

Recall from the experimental results of the current work that the product species, calomel 

(Hg2Cl2), plays a major role in the mercury speciation outcome at temperatures less that 

about 500 degrees Celsius.  A theoretical study on the possible dissociation and formation 
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pathways of this oxidized form would help in understanding how mercury speciates 

among chlorine species at lower temperatures that exist after the flue gases are quenched.  

The current experimental results also indicate that heterogeneous reactions are involved 

in the oxidation of elemental mercury via molecular chlorine.  Although ab initio 

techniques are still in their beginning stages for predicting energetics involving surface 

catalyzed reactions, this discussion of “future work” would not be complete without 

mentioning the prospect of pursuing this avenue of research.  Although it appears that 

there is much theoretical research still to be performed on elucidating the mercury 

oxidation process in the flue gases of coal combustion, the current research has made 

substantial advances in narrowing the focus of this study. 
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6.2. On the Experimental Front 
 
 
It is important to note that the current experimental work is preliminary and the results 

have been qualitative.  Future work will be quantitative, and complement the preliminary 

qualitative experimental results reported here. A major aspect of the experimental 

approach that has been described has been the design and construction of the 

experimental apparatus used in this research.  Specifically, there are some improvements 

that should be made in the near future in order to further increase the accuracy of the 

experimental device.  Due to the oil contamination of the vacuum chamber, the mass 

spectrometer housing should be sent to ABB/Extrel for ultrasonic cleaning.  This will 

reduce the background oil peaks that currently exist in the spectra.  Reducing these 

background peaks will allow for an increase in sensitivity of the device and, in turn, lead 

to more accurate measurements.   

 

In addition, recall that a laminar flow reactor is being used and is modeled by axial 

dispersed plug flow.  However, with the current dimensions of the reactor, the calculated 

Peclet number is not ideal for the plug flow assumption.  To assume the reactor to be plug 

flow, the Peclet number must tend to infinity.  The Peclet number calculated in this work 

is 0.576, which results in an approximation closer to a continuously stirred tank reactor.  

This implies that the dispersion effects for the current reactor should not be neglected 

and, in fact, there will exist some substantial dispersion.  The Peclet number is inversely 

proportional to the dispersion coefficient and the dispersion coefficient is directly 
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proportional to the square of the reactor radius.  Hence, if the radius of the reactor was 

reduced from 2.54 cm to 1.27 cm, this would increase the Peclet number by a factor of 4, 

which would be more suitable for the plug flow approximation.  Therefore, for future 

research, the reactor diameter should be reduced by at least a factor of one-half.   

 

It is important to emphasize that this experimental work was exploratory only, since the 

main contributions from the research were on the theoretical side.  Recall, from the 

experimental results that within 2.2 seconds, 100% mercury oxidation was achieved.  

Examining the speciation of mercury with reduced chlorine concentrations would help to 

validate this result.  To these ends, a useful study that would ensure the accuracy of the 

instrument would be to obtain a plot of the mercury speciation versus chlorine 

concentration and compare these experimental findings to similar studies available in the 

literature.  Also, recalling that surface reactions became important for the reactions 

involving elemental mercury and molecular chlorine, one could change the surface area 

inside the reactor and observe how the rate of mercury oxidation changes with a change 

in surface area to account for heterogeneous reactions.  This would allow for the 

calculation of branching ratios, enabling one to compare relative rates of heterogeneous 

versus homogeneous reactions.  In addition, future work should include a focused study 

on homogeneous mercury oxidation reactions, which take into account the prior 

knowledge of heterogeneous reactions. 

  



  
 
 

201 
 
 

  
 

From the conclusions of this work that the predicted oxidation mechanism was highly 

dependent upon reactions involving chlorine radicals, future work should involve the 

study of elemental mercury reacting with chlorine radicals.  There has been previous 

research performed that describes methods of creating chlorine radicals. (Horne et al., 

1968; Ariya et al., 2002)  In particular, Horne et al., create chlorine radicals through 

photolysis.  The experimental study of mercury speciation via chlorine atoms will help to 

elucidate the mechanism of mercury oxidation further since this is a major component in 

the pathway of oxidation. 

 

In future work these experiments need to take place at higher temperatures in order to 

simulate a more realistic flue gas environment. There has been much research on the 

study of NOx, SO2, CO2, H2O, and fly ash effects on the oxidation of mercury since all of 

these species can also exist in realistic flue gases.  These species can act as inhibitors or 

promoters of mercury oxidation, and an accurate pathway would not be complete without 

the consideration of these effects.  In previous studies, difference techniques were used to 

measure the mercury speciation.  It would be interesting to see how the results of the 

previous measurements compare to results from direct mercury speciation measurements 

at similar conditions.  Just as was the case with the discussion on future theoretical work, 

there are also many directions of further experimental work to pursue.  In total, the 

experimental aspect of this research was successful in creating an apparatus that can 

directly measure the speciation of mercury in a simulated flue gas environment.   
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A.1. Mercury:  Stuttgart, Stevens and Krauss, LANL2DZ, and SDD 
 
 
Hg Basis Set Including Relativistic Pseudopotential 
Stuttgart RSC 1997 ECP 
  
 
 

 
 

Effective Core Potentials 
------------------------- 
HG  0 
HG-ECP   5   60 
H POTENTIAL          
 1 
2          1.00000000        0.00000000 
S-H POTENTIAL        
 2 
2         12.98154900      274.53216900 
2          6.49077400       49.18219200 
P-H POTENTIAL        
 2 
2         10.53809600      237.39577000 
2          5.26904800       28.12158400 
D-H POTENTIAL        
 2 
2          8.10172100      114.25203400 
2          4.05086000       18.49563800 
F-H POTENTIAL        
 1 
2          3.88579100       30.36499600 
G-H POTENTIAL        
 1 
2          6.24100000      -29.47311800 
 
 

HG  0 
 S   3  1.00 
       20.4111810        -0.449360000E-01 
       8.00219000          1.30917600     
       6.06154600         -1.84510200     
 S   1  1.00 
       1.14870700          1.00000000     
 S   1  1.00 
      0.537926000          1.00000000     
 S   1  1.00 
      0.120312000          1.00000000     
 S   1  1.00 
      0.435100000E-01      1.00000000     
 S   1  1.00 
      0.150000000E-01      1.00000000     
 P   2  1.00 
       9.28385800         0.188894000     
       6.52194500        -0.425977000     
 P   2  1.00 
       1.68634500         0.502374000     
      0.879019000         0.515570000     
 P   1  1.00 
      0.393181000          1.00000000     
 P   1  1.00 
      0.112522000          1.00000000     
 P   1  1.00 
      0.375950000E-01      1.00000000     
 P   1  1.00 
      0.120000000E-01      1.00000000     
 D   4  1.00 
       5.01956200        -0.102136000     
       2.71380100         0.189480000     
       1.25783800         0.444149000     
      0.553544000         0.427615000     
 D   1  1.00 
      0.212165000          1.00000000     
 D   1  1.00 
      0.700000000E-01      1.00000000     
 D   1  1.00 
      0.200000000E-01      1.00000000     
 **** 
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Hg Basis Set Including Relativistic Pseudopotential 
Stevens and Krauss 1992  
"SBKJC VDZ ECP" 
 
 
 
 

 HG  0 
 SP  5  1.00 
       25.5400000        -0.220410000E-01    -0.606800000E-02 
       8.45800000         0.309845000         0.630000000E-01 
       4.49300000         -1.08098400        -0.314502000     
       1.75100000          1.09360000         0.746398000     
      0.675300000         0.519202000         0.487253000     
 SP  1  1.00 
      0.152000000          1.00000000          1.00000000     
 SP  1  1.00 
      0.478000000E-01      1.00000000          1.00000000     
 SP  1  1.00 
       1.58600000          1.00000000          1.00000000     
 D   3  1.00 
       4.20400000        -0.558490000E-01 
       1.87100000         0.478221000     
      0.821500000         0.622006000     
 D   1  1.00 
      0.370000000          1.00000000     
 D   1  1.00 
      0.167400000          1.00000000     
 **** 
 
Effective Core Potentials 
------------------------- 
HG  0 
HG-ECP   4   60 
g potential          
 1 
1          4.85764000      -11.51618000 
s-g potential        
 3 
0          1.17357000        4.09547000 
2          3.70966000     -310.08898000 
2          4.18793000      394.68735000 
p-g potential        
 3 
0          0.95913000        3.61202000 
2          2.99268000     -148.42850000 
2          3.58353000      211.83161000 
d-g potential        
 2 
0         35.54665000        8.27074000 
2          5.29318000       92.85678000 
f-g potential        
 1 
0          1.80978000        6.28302000 
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Hg Basis Set Including Relativistic Pseudopotential 
LANL2DZ 

S    2 1.00 
  0.5275000000D+00 -0.1729258900D+01 
  0.2334000000D+00  0.2127942000D+01 
 S    1 1.00 
  0.6861000000D-01  0.1000000000D+01 
 P    2 1.00 
  0.6503000000D+00 -0.1436715000D+00 
  0.1368000000D+00  0.1064070300D+01 
 P    1 1.00 
  0.4256000000D-01  0.1000000000D+01 
 D    2 1.00 
  0.1484000000D+01  0.5630223000D+00 
  0.5605000000D+00  0.5667893000D+00 
 D    1 1.00 
  0.1923000000D+00  0.1000000000D+01
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Hg Basis Set Including Relativistic Pseudopotential 
SDD

S    3 1.00 
  0.2684204900D+02 -0.2824770000D-01 
  0.1032090900D+02  0.8202914000D+00 
  0.6344923000D+01 -0.1740677000D+01 
 S    1 1.00 
  0.1450305000D+01  0.1000000000D+01 
 S    1 1.00 
  0.7082150000D+00  0.1000000000D+01 
 S    1 1.00 
  0.1676060000D+00  0.1000000000D+01 
 S    1 1.00 
  0.5906600000D-01  0.1000000000D+01 
 S    1 1.00 
  0.2000000000D-01  0.1000000000D+01 
 P    2 1.00 
  0.9772990000D+01  0.8855369000D+00 
  0.7169095000D+01 -0.1836456400D+01 
 P    2 1.00 
  0.1868009000D+01  0.4904267000D+00 
  0.9733010000D+00  0.5415630000D+00 
 P    1 1.00 
  0.4219970000D+00  0.1000000000D+01 
 P    1 1.00 
  0.1252130000D+00  0.1000000000D+01 
 P    1 1.00 
  0.4019000000D-01  0.1000000000D+01 
 D    4 1.00 
  0.4911447000D+01 -0.1428567000D+00 
  0.3049550000D+01  0.1988172000D+00 
  0.1344501000D+01  0.4885401000D+00 
  0.5766180000D+00  0.5143447000D+00 
 D    1 1.00 
  0.2102450000D+00  0.1000000000D+01 
 D    1 1.00 
  0.7000000000D-01  0.1000000000D+01
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A.2. Chlorine:  Pople, Dunning, LANL2DZ, and SDD 
 
 

Cl Basis Set 
Pople, 6-311++G(3pd,3df) 

S    6 100 
  0.1058190000D+06  0.7380000000D-03 
  0.1587200000D+05  0.5718000000D-02 
  0.3619650000D+04  0.2949500000D-01 
  0.1030800000D+04  0.1172860000D+00 
  0.3399080000D+03  0.3629490000D+00 
  0.1245380000D+03  0.5841490000D+00 
 S    3 1.00 
  0.1245380000D+03  0.1341770000D+00 
  0.4951350000D+02  0.6242500000D+00 
  0.2080560000D+02  0.2917560000D+00 
 S    1 1.00 
  0.6583460000D+01  0.1000000000D+01 
 S    1 1.00 
  0.2564680000D+01  0.1000000000D+01 
 S    1 1.00 
  0.5597630000D+00  0.1000000000D+01 
 S    1 1.00 
  0.1832730000D+00  0.1000000000D+01 
 P    5 1.00 
  0.5897760000D+03  0.2391000000D-02 
  0.1398490000D+03  0.1850400000D-01 
  0.4514130000D+02  0.8137700000D-01 
  0.1687330000D+02  0.2215520000D+00 
  0.6741100000D+01  0.7725690000D+00 
 P    2 1.00 
  0.6741100000D+01 -0.1572244000D+01 
  0.2771520000D+01  0.9923890000D+00 
 P    1 1.00 
  0.1023870000D+01  0.1000000000D+01 
 P    1 1.00 
  0.3813680000D+00  0.1000000000D+01 
 P    1 1.00 
  0.1094370000D+00  0.1000000000D+01 
 SP   1 1.00 
  0.4830000000D-01  0.1000000000D+01  
0.1000000000D+01 
 D    1 1.00 
  0.3000000000D+01  0.1000000000D+01 
 D    1 1.00 
  0.7500000000D+00  0.1000000000D+01 
 D    1 1.00 
  0.1875000000D+00  0.1000000000D+01 
 F    1 1.00 
  0.7000000000D+00  0.1000000000D+01 
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Cl Basis Set 
Dunning, cc-PVTZ 

S   11 1.00 
  0.4561000000D+06  0.4929936879D-04 
  0.6833000000D+05  0.3830247743D-03 
  0.1555000000D+05  0.2008517522D-02 
  0.4405000000D+04  0.8385490629D-02 
  0.1439000000D+04  0.2947030000D-01 
  0.5204000000D+03  0.8783398558D-01 
  0.2031000000D+03  0.2114886081D+00 
  0.8396000000D+02  0.3654367733D+00 
  0.3620000000D+02  0.3410832165D+00 
  0.1583000000D+02  0.1021137314D+00 
  0.6334000000D+01  0.2141475264D-02 
 S   11 1.00 
  0.4561000000D+06  0.3206141768D-06 
  0.6833000000D+05  0.2660724314D-05 
  0.1555000000D+05  0.1143104196D-04 
  0.4405000000D+04  0.4555161721D-04 
  0.5204000000D+03 -0.7534412750D-03 
  0.2031000000D+03 -0.7937035919D-02 
  0.8396000000D+02 -0.3700357367D-01 
  0.3620000000D+02 -0.1014582129D+00 
  0.1583000000D+02  0.9753640224D-02 
  0.6334000000D+01  0.5001875821D+00 
  0.2694000000D+01  0.5615467972D+00 
 S   11 1.00 
  0.4561000000D+06  0.3091797881D-08 
  0.6833000000D+05 -0.3253720654D-07 
  0.1555000000D+05 -0.1566444833D-07 
  0.4405000000D+04 -0.9878317834D-06 
  0.5204000000D+03 -0.1767777100D-04 
  0.2031000000D+03  0.6125948219D-05 
  0.3620000000D+02  0.1466855781D-02 
  0.1583000000D+02  0.4008479975D-03 
  0.6334000000D+01 -0.3899022244D-01 
  0.2694000000D+01 -0.2169385091D+00 
  0.4313000000D+00  0.7228638071D+00 
 S    1 1.00 
  0.9768000000D+00  0.1000000000D+01 
 S    1 1.00 
  0.1625000000D+00  0.1000000000D+01 

P    6 1.00 
  0.6633000000D+03  0.2404632070D-02 
  0.1568000000D+03  0.1921615391D-01 
  0.4998000000D+02  0.8850970000D-01 
  0.1842000000D+02  0.2560087036D+00 
  0.7240000000D+01  0.4368283046D+00 
  0.2922000000D+01  0.3503581452D+00 
 P    6 1.00 
  0.6633000000D+03  0.1868888234D-04 
  0.1568000000D+03  0.1663909953D-03 
  0.1842000000D+02 -0.1388295249D-02 
  0.7240000000D+01 -0.1212937269D-01 
  0.2922000000D+01  0.2967377807D-02 
  0.3818000000D+00  0.5633880209D+00 
 P    1 1.00 
  0.1022000000D+01  0.1000000000D+01 
 P    1 1.00 
  0.1301000000D+00  0.1000000000D+01 
 D    1 1.00 
  0.1046000000D+01  0.1000000000D+01 
 D    1 1.00 
  0.3440000000D+00  0.1000000000D+01 
 F    1 1.00 
  0.7060000000D+00  0.1000000000D+01 
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Cl Basis Set 
LANL2DZ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cl Basis Set 
SDD

S    2 1.00 
  0.2231000000D+01 -0.4900589000D+00
  0.4720000000D+00  0.1254268400D+01
 S    1 1.00 
  0.1631000000D+00  0.1000000000D+01
 P    2 1.00 
  0.6296000000D+01 -0.6356410000D-01
  0.6333000000D+00  0.1014135500D+01
 P    1 1.00 
  0.1819000000D+00  0.1000000000D+01

S    5 1.00 
  0.4085000000D+05  0.2532000000D-02 
  0.6179000000D+04  0.1920700000D-01 
  0.1425000000D+04  0.9525700000D-01 
  0.4092000000D+03  0.3455890000D+00
  0.1355000000D+03  0.6364010000D+00
 S    3 1.00 
  0.1355000000D+03  0.1209560000D+00
  0.5013000000D+02  0.6485110000D+00
  0.2021000000D+02  0.2754870000D+00
 S    1 1.00 
  0.6283000000D+01  0.1000000000D+01
 S    1 1.00 
  0.2460000000D+01  0.1000000000D+01
 S    1 1.00 
  0.5271000000D+00  0.1000000000D+01
 S    1 1.00 
  0.1884000000D+00  0.1000000000D+01
 P    4 1.00 
  0.2408000000D+03  0.1459500000D-01 
  0.5656000000D+02  0.9904700000D-01 
  0.1785000000D+02  0.3305620000D+00
  0.6350000000D+01  0.6828740000D+00
 P    2 1.00 
  0.6350000000D+01 -0.5617850000D+00
  0.2403000000D+01  0.1351901000D+01
 P    1 1.00 
  0.6410000000D+00  0.1000000000D+01
 P    1 1.00 
  0.1838000000D+00  0.1000000000D+01
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A.3. Hydrogen: Pople, Dunning, LANL2DZ, and SDD 
  

 
H Basis Set 
Pople, 6-311++G(3df,3pd) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H Basis Set 
Dunning, cc-PVTZ 

S    3 1.00 
  0.3386500000D+02  0.2549380000D-01 
  0.5094790000D+01  0.1903730000D+00
  0.1158790000D+01  0.8521610000D+00
 S    1 1.00 
  0.3258400000D+00  0.1000000000D+01
 S    1 1.00 
  0.1027410000D+00  0.1000000000D+01
 S    1 1.00 
  0.3600000000D-01  0.1000000000D+01 
 P    1 1.00 
  0.3000000000D+01  0.1000000000D+01
 P    1 1.00 
  0.7500000000D+00  0.1000000000D+01
 P    1 1.00 
  0.1875000000D+00  0.1000000000D+01
 D    1 1.00 
  0.1000000000D+01  0.1000000000D+01

S    3 1.00 
  0.3387000000D+02  0.6068000000D-02 
  0.5095000000D+01  0.4530800000D-01 
  0.1159000000D+01  0.2028220000D+00
 S    1 1.00 
  0.3258000000D+00  0.1000000000D+01
 S    1 1.00 
  0.1027000000D+00  0.1000000000D+01
 P    1 1.00 
  0.1407000000D+01  0.1000000000D+01
 P    1 1.00 
  0.3880000000D+00  0.1000000000D+01
 D    1 1.00 
  0.1057000000D+01  0.1000000000D+01
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H Basis Set 
LANL2DZ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H Basis Set 
SDD

S    3 1.00 
  0.1924060000D+02  0.3282800000D-01 
  0.2899200000D+01  0.2312080000D+00
  0.6534000000D+00  0.8172380000D+00
 S    1 1.00 
  0.1776000000D+00  0.1000000000D+01

S    3 1.00 
  0.1924060000D+02  0.3282800000D-01 
  0.2899200000D+01  0.2312080000D+00
  0.6534000000D+00  0.8172380000D+00

 S    1 1.00 
  0.1776000000D+00  0.1000000000D+01
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A.4. Oxygen: Pople, Dunning, LANL2DZ, and SDD 
  

 
O Basis Set 
Pople, 6-311++G(3df,3pd) 

S    6 1.00 
  0.8588500000D+04  0.1895150000D-02 
  0.1297230000D+04  0.1438590000D-01 
  0.2992960000D+03  0.7073200000D-01 
  0.8737710000D+02  0.2400010000D+00 
  0.2567890000D+02  0.5947970000D+00 
  0.3740040000D+01  0.2808020000D+00 
 SP   3 1.00 
  0.4211750000D+02  0.1138890000D+00  0.3651140000D-01 
  0.9628370000D+01  0.9208110000D+00  0.2371530000D+00 
  0.2853320000D+01 -0.3274470000D-02  0.8197020000D+00 
 SP   1 1.00 
  0.9056610000D+00  0.1000000000D+01  0.1000000000D+01 
 SP   1 1.00 
  0.2556110000D+00  0.1000000000D+01  0.1000000000D+01 
 SP   1 1.00 
  0.8450000000D-01  0.1000000000D+01  0.1000000000D+01 
 D    1 1.00 
  0.5168000000D+01  0.1000000000D+01 
 D    1 1.00 
  0.1292000000D+01  0.1000000000D+01 
 D    1 1.00 
  0.3230000000D+00  0.1000000000D+01 
 F    1 1.00 
  0.1400000000D+01  0.1000000000D+01 



  
 
 

213 
 
 

  
 

O Basis Set 
Dunning, cc-PVTZ 

S    7 1.00 
  0.1533000000D+05  0.5080695061D-03 
  0.2299000000D+04  0.3929462191D-02 
  0.5224000000D+03  0.2024504538D-01 
  0.1473000000D+03  0.7918100000D-01 
  0.4755000000D+02  0.2306339643D+00 
  0.1676000000D+02  0.4326564987D+00 
  0.6207000000D+01  0.3490004302D+00 
 S    7 1.00 
  0.1533000000D+05  0.5127202233D-05 
  0.2299000000D+04  0.3409405034D-04 
  0.5224000000D+03  0.1508798323D-03 
  0.4755000000D+02 -0.3912244288D-02 
  0.1676000000D+02 -0.3404320949D-01 
  0.6207000000D+01 -0.9291371289D-01 
  0.6882000000D+00  0.6014898165D+00 
 S    1 1.00 
  0.1752000000D+01  0.1000000000D+01 
 S    1 1.00 
  0.2384000000D+00  0.1000000000D+01 
 P    3 1.00 
  0.3446000000D+02  0.1592800000D-01 
  0.7749000000D+01  0.9974000000D-01 
  0.2280000000D+01  0.3104920000D+00 
 P    1 1.00 
  0.7156000000D+00  0.1000000000D+01 
 P    1 1.00 
  0.2140000000D+00  0.1000000000D+01 
 D    1 1.00 
  0.2314000000D+01  0.1000000000D+01 
 D    1 1.00 
  0.6450000000D+00  0.1000000000D+01 
 F    1 1.00 
  0.1428000000D+01  0.1000000000D+01 
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O Basis Set 
LANL2DZ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
O Basis Set 
SDD

S    7 1.00 
  0.7817000000D+04  0.1176000000D-02 
  0.1176000000D+04  0.8968000000D-02 
  0.2732000000D+03  0.4286800000D-01 
  0.8117000000D+02  0.1439300000D+00 
  0.2718000000D+02  0.3556300000D+00 
  0.9532000000D+01  0.4612480000D+00 
  0.3414000000D+01  0.1402060000D+00 
 S    2 1.00 
  0.9532000000D+01 -0.1541530000D+00 
  0.9398000000D+00  0.1056914000D+01 
 S    1 1.00 
  0.2846000000D+00  0.1000000000D+01 
 P    4 1.00 
  0.3518000000D+02  0.1958000000D-01 
  0.7904000000D+01  0.1242000000D+00 
  0.2305000000D+01  0.3947140000D+00 
  0.7171000000D+00  0.6273760000D+00 
 P    1 1.00 
  0.2137000000D+00  0.1000000000D+01 

S    6 1.00 
  0.7816540000D+04  0.2031000000D-02 
  0.1175820000D+04  0.1543600000D-01 
  0.2731880000D+03  0.7377100000D-01 
  0.8116960000D+02  0.2476060000D+00 
  0.2718360000D+02  0.6118320000D+00 
  0.3413600000D+01  0.2412050000D+00 
 S    1 1.00 
  0.9532200000D+01  0.1000000000D+01 
 S    1 1.00 
  0.9398000000D+00  0.1000000000D+01 
 S    1 1.00 
  0.2846000000D+00  0.1000000000D+01 
 P    4 1.00 
  0.3518320000D+02  0.1958000000D-01 
  0.7904000000D+01  0.1241890000D+00 
  0.2305100000D+01  0.3947270000D+00 
  0.7171000000D+00  0.6273750000D+00 
 P    1 1.00 
  0.2137000000D+00  0.1000000000D+01 
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APPENDIX B. PES DATA
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B.1. Hg + Cl2  HgCl + Cl 
  

 
 1997/QCISD

R Cl-Cl R Cl-Hg Singlet  Triplet   R Cl-Cl R Cl-Hg Singlet  Triplet  

1.25 2.35 -613.2569 -613.092  2.25 2.5 -613.187 -613.09 

1.25 2.4 -613.26454 -613.098  2.3 2.4 -613.183 -613.08 

1.25 2.45 -613.27113 -613.103  2.3 2.45 -613.184 -613.09 

1.25 2.5 -613.27681 -613.107  2.3 2.5 -613.184 -613.09 

1.3 2.35 -613.25922 -613.101  2.3 2.4 -613.181 -613.08 

1.3 2.4 -613.26668 -613.106  2.35 2.45 -613.181 -613.09 

1.3 2.45 -613.2731 -613.11  2.35 2.5 -613.182 -613.09 

1.3 2.5 -613.27862 -613.114  3 2.3 -613.165 -613.18 

1.35 2.35 -613.25902 -613.108  3 2.4 -613.167 -613.18 

1.35 2.5 -613.27787 -613.118  3 2.5 -613.166 -613.1 

1.4 2.35 -613.25695 -613.114  3 2.7 -613.158 -613.12 

1.4 2.4 -613.26399 -613.117  3.5 2.3 -613.162 -613.18 

1.4 2.45 -613.27002 -613.12  3.5 2.4 -613.164 -613.18 

1.4 2.5 -613.2752 -613.122  3.5 2.5 -613.162 -613.18 

2 2.35 -613.19839 -613.163  3.5 2.7 -613.153 -613.12 

2 2.4 -613.20184 -613.164  1 2.3 -613.158 -612.97 

2 2.45 -613.20455 -613.164  1 2.4 -613.176 -612.99 

2 2.5 -613.20666 -613.083  1 2.5 -613.19 -613.01 

2.5 2.35 -613.17427 -613.179  1 2.7 -613.208 -613.03 

2.5 2.4 -613.17552 -613.083  1.4 2.7 -613.29 -613.04 

2.5 2.45 -613.17595 -613.09  1.7 2.7 -613.252 -613.14 

2.5 2.5 -613.17575 -613.096  1.7 3 -613.258 -613.09 

1.9 2.35 -613.20694 -613.157  1.9 3 -613.228 -613.11 

1.9 2.4 -613.2 -613.158  1 2 -613.059 -612.94 

1.9 2.45 -613.21435 -613.158  1.4 2 -613.16 -613.04 

1.9 2.5 -613.21706 -613.157  1.4 2.3 -613.249 -613.11 

2.1 2.35 -613.19123 -613.168  1.7 2 -613.145 -613.08 

2.1 2.4 -613.19409 -613.169  1.7 2.3 -613.221 -613.14 

2.1 2.45 -613.19621 -613.081  3.5 2 -613.109 -613.13 

2.1 2.5 -613.19775 -613.087  3.5 3 -613.135 -613.13 

1.9 3 -613.22763 -613.109  3 2 -613.112 -613.13 

2 3 -613.21354 -613.114  3 3 -613.143 -613.13 

2.1 3 -613.20073 -613.119  2.6 2 -613.116 -613.12 

2.5 3 -613.16376 -613.129  2.6 2.3 -613.17 -613.18 

1.9 2 -613.13397 -613.101  2.6 2.7 -613.167 -613.12 
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1992/QCISD

R Cl Cl R Hg Cl Singlet Triplet  R Cl Cl R Hg Cl Singlet Triplet 
2.7 2.25 -1072.3639 -1072.3377  2.3 2.1 -1072.3353 -1072.3173 

2.7 2.35 -1072.3563 -1072.3459  2.3 2.25 -1072.3369 -1072.3395 

2.7 2.45 -1072.3493 -1072.3511  2.3 2.35 -1072.3363 -1072.3483 

2.7 2.55 -1072.3426 -1072.3541  2.3 2.55 -1072.3351 -1072.3576 

2.6 2.25 -1072.3592 -1072.3413  2.3 1.9 -1072.3238 -1072.2618 

2.6 2.35 -1072.3535 -1072.3497  2.4 1.9 -1072.3411 -1072.2662 

2.6 2.45 -1072.3478 -1072.355  2.1 1.8 -1072.2497 -1072.1906 

2.6 2.55 -1072.3423 -1072.3582  2.1 1.9 -1072.271 -1072.2336 

2.8 2.25 -1072.368 -1072.3335  2.1 2.1 -1072.2936 -1072.2896 

2.8 2.35 -1072.359 -1072.3414  2.1 2.25 -1072.3015 -1072.3122 

2.8 2.45 -1072.3504 -1072.3464  2.1 2.35 -1072.3053 -1072.3213 

2.8 2.55 -1072.3426 -1072.3493  2.1 2.45 -1072.3083 -1072.3273 

2.5 2.25 -1072.3538 -1072.3435  2.1 2.55 -1072.3107 -1072.3311 

2.5 2.35 -1072.3498 -1072.3521  2.1 2.9 -1072.3162 -1072.3359 

2.5 2.55 -1072.3415 -1072.3608  2.3 2.9 -1072.3341 -1072.3616 

2.5 2.1 -1072.3589 -1072.3218  2.4 2.9 -1072.3349 -1072.3646 

2.6 2.1 -1072.3673 -1072.3199  2.5 2.9 -1072.3331 -1072.364 

2.7 2.1 -1072.374 -1072.3167  2.6 2.9 -1072.3298 -1072.361 

2.8 2.1 -1072.3793 -1072.3131  2.8 2.9 -1072.3221 -1072.3517 

2.5 1.8 -1072.3375 -1072.2263  2.1 3.3 -1072.318 -1072.336 

2.6 1.8 -1072.3479 -1072.2262  2.3 3.3 -1072.3327 -1072.3611 

2.7 1.8 -1072.3557 -1072.2252  2.4 3.3 -1072.3321 -1072.3639 

2.8 1.8 -1072.3616 -1072.2238  2.5 3.3 -1072.3287 -1072.363 

2.5 1.9 -1072.3543 -1072.2671  2.6 3.3 -1072.3251 -1072.3598 

2.6 1.9 -1072.3643 -1072.2657  2.8 3.3 -1072.3119 -1072.3503 

2.7 1.9 -1072.372 -1072.2563  2.35 2.35 -1072.3408 -1072.3508 

2.8 1.9 -1072.3778 -1072.2605  2.55 1.8 -1072.3431 -1072.2264 

2.4 1.8 -1072.3239 -1072.2245  2.55 1.9 -1072.3597 -1072.2666 

2.4 2.1 -1072.3484 -1072.3213  2.55 2.1 -1072.3633 -1072.321 

2.4 2.25 -1072.3468 -1072.3433  2.55 2.25 -1072.3566 -1072.3426 

2.4 2.35 -1072.3444 -1072.3521  2.55 2.35 -1072.3518 -1072.3511 

2.4 2.55 -1072.3395 -1072.3611  2.65 2.35 -1072.3549 -1072.348 

2.3 1.8 -1072.3058 -1072.2195  2.65 2.45 -1072.3486 -1072.3532 

2.625 2.4 -1072.3512 -1072.3518  2.65 2.55 -1072.3425 -1072.3563 

2.625 2.35 -1072.3542 -1072.3489  2.55 2.45 -1072.3467 -1072.3565 
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B.2. Hg + HCl  HgCl + H 
  

 
  
 
 1992/B3LYP

 Energy       
HCl -460.831   R H-Cl R Hg-Cl Singlet Energy Triplet Energy

HgCl -614.025   3.1 2 -614.4057221 -614.4476742
H -0.48392   3.1 2.3 -614.4651545 -614.5066519

Hg -153.82   3.1 2.5 -614.4725409 -614.5120832
R H-Cl R Hg-Cl Singlet Energy Triplet Energy 3.1 2.8 -614.4684186 -614.5052614

2 2.3 -614.5345321 -614.4905679 2.8 2.6 -614.4863685 -614.510238 
2 2.4 -614.5438214 -614.494831 1.8 2 -614.479482 -614.4195754
2 2.5 -614.5496308 -614.4953408 1.8 2.3 -614.5551966 -614.479371 
2 2.6 -614.5530898 -614.4361149 1.8 2.5 -614.573335 -614.4843103

2.2 2.3 -614.5164542 -614.4978948 1.8 2.8 -614.5832101 -614.4396705
2.2 2.4 -614.5244582 -614.5022227 2 2 -614.4639249 -614.4314087
2.2 2.5 -614.5290736 -614.5029387 2 2.8 -614.5559303 -614.4488734
2.2 2.6 -614.5314313 -614.5013469 2.2 2 -614.4497176 -614.4388406
2.4 2.3 -614.5012041 -614.5023402 2.2 2.8 -614.5323816 -614.4539347
2.4 2.4 -614.5082117 -614.5067218 2.4 2 -614.4372877 -614.4432764
2.4 2.5 -614.5118941 -614.5075517 2.4 2.8 -614.512829 -614.4565555
2.4 2.6 -614.5134196 -614.5061327 2.6 2 -614.4265993 -614.4458008
2.6 2.3 -614.4885156 -614.5048491 2.6 2.8 -614.4968935 -614.5030131
2.6 2.4 -614.4947691 -614.5092764 2.8 2 -614.4173929 -614.447105 
2.6 2.5 -614.4978108 -614.5101843 2.8 2.8 -614.4839389 -614.5045354
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B3LYP/1997       

        
 Energy       

HCl -460.831       
HgCl -613.302       

H -0.48392       
Hg -153.085       

        
R H-Cl R Hg-Cl Singlet Energy Triplet Energy R H-Cl R Hg-Cl Singlet Energy Triplet Energy

2 2.3 -613.8054771 -613.7708969 1.8 2 -613.7520853 -613.7019608
2 2.4 -613.8140582 -613.774752 1.8 2.5 -613.8417023 -613.7655421
2 2.5 -613.8193211 -613.7749649 1.8 2.8 -613.8506145 -613.7555929

2.2 2.3 -613.7886958 -613.7774646 2 2 -613.7377328 -613.7131389
2.2 2.4 -613.7960073 -613.7812602 2 2.8 -613.8244585 -613.7645431
2.2 2.5 -613.8000686 -613.7814575 2.2 2 -613.7245994 -613.7201037
2.2 2.6 -613.8019505 -613.7793173 2.2 2.8 -613.8020611 -613.7715122
2.4 2.3 -613.7745732 -613.7814228 2.4 2 -613.7130256 -613.7242123
2.4 2.4 -613.7809652 -613.785221 2.4 2.8 -613.7835714 -613.775952 
2.4 2.5 -613.7840979 -613.7854714 2.6 2 -613.703072 -613.726482 
2.4 2.6 -613.7850759 -613.7833872 2.6 2.8 -613.7685872 -613.7785013
2.6 2.3 -613.7627941 -613.7836292 2.8 2 -613.6927118 -613.7276045
2.6 2.4 -613.7685291 -613.7874409 2.8 2.8 -613.7563986 -613.7797376
2.6 2.6 -613.7713111 -613.7857406 3.1 2 -613.6833659 -613.7280114
2.8 2.3 -613.7530129 -613.7847145 3.1 2.3 -613.7410466 -613.7850725
2.8 2.5 -613.7601223 -613.7888163 3.1 2.5 -613.7473542 -613.7892016
2.8 2.6 -613.7600401 -613.7868834 3.1 2.8 -613.7421046 -303.7545525
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QCISD/1992       

        

 Energy       
HCl -460.305       
HgCl -612.703       

H -0.47896       
Hg -153.004       

        
R H-Cl R Hg-Cl Singlet Energy Triplet Energy R H-Cl R Hg-Cl Singlet Energy Triplet Energy 

1.25 2.35 -613.257 -613.092 2.1 2.4 -613.194 -613.169 
1.25 2.4 -613.265 -613.098 2.1 2.45 -613.196 -613.081 
1.25 2.45 -613.271 -613.103 2.1 2.5 -613.198 -613.087 
1.25 2.5 -613.277 -613.107 1.9 3 -613.228 -613.109 
1.3 2.35 -613.259 -613.101 2 3 -613.214 -613.114 
1.3 2.4 -613.267 -613.106 2.1 3 -613.201 -613.119 
1.3 2.45 -613.273 -613.11 2.5 3 -613.164 -613.129 
1.3 2.5 -613.279 -613.114 1.9 2 -613.134 -613.101 
1.35 2.35 -613.259 -613.108 2 2 -613.13 -613.108 
1.35 2.5 -613.278 -613.118 2.1 2 -613.126 -613.112 
1.4 2.35 -613.257 -613.114 2.5 2 -613.117 -613.123 
1.4 2.4 -613.264 -613.117 2.6 2.4 -613.173 -613.084 
1.4 2.45 -613.27 -613.12 2.6 2.45 -613.173 -613.091 
1.4 2.5 -613.275 -613.122 2.6 2.5 -613.173 -613.097 
2 2.35 -613.198 -613.163 2.6 2.55 -613.172 -613.103 
2 2.4 -613.202 -613.164 2.25 2.4 -613.185 -613.078 

2 2.45 -613.205 -613.164 2.25 2.45 -613.186 -613.085 

2 2.5 -613.207 -613.083 2.25 2.5 -613.187 -613.092 
2.5 2.35 -613.174 -613.179 2.3 2.4 -613.183 -613.08 
2.5 2.4 -613.176 -613.083 2.3 2.45 -613.184 -613.087 
2.5 2.45 -613.176 -613.09 2.3 2.5 -613.184 -613.093 
2.5 2.5 -613.176 -613.096 2.3 2.4 -613.181 -613.081 
1.9 2.35 -613.207 -613.157 2.35 2.45 -613.181 -613.088 

1.9 2.4 -613.211 -613.158 2.35 2.5 -613.182 -613.094 
1.9 2.45 -613.214 -613.158 3 2.3 -613.165 -613.181 
1.9 2.5 -613.217 -613.157 3 2.4 -613.167 -613.183 
2.1 2.35 -613.191 -613.168 3 2.5 -613.166 -613.099 
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QCISD/1992        
         
R H-Cl R Hg-Cl Singlet Energy Triplet Energy  R H-Cl R Hg-Cl Singlet Energy Triplet Energy 

3 2 -613.112 -613.127  2.28 2.46 -613.185 -613.087 
3 3 -613.143 -613.132  2.28 2.47 -613.185 -613.089 

2.6 2 -613.116 -613.125  3 2.7 -613.158 -613.118 
2.6 2.3 -613.17 -613.178  3.5 2.3 -613.162 -613.181 
2.6 2.7 -613.167 -613.116  3.5 2.4 -613.164 -613.183 
2.6 3 -613.158 -613.13  3.5 2.5 -613.162 -613.182 
2.25 2.43 -613.186 -613.083  3.5 2.7 -613.153 -613.118 
2.25 2.44 -613.186 -613.084  1 2.3 -613.158 -612.974 
2.25 2.46 -613.187 -613.087  1 2.4 -613.176 -612.992 
2.25 2.47 -613.187 -613.088  1 2.5 -613.19 -613.006 
2.26 2.43 -612.402 -612.396  1 2.7 -613.208 -613.026 
2.26 2.44 -613.186 -613.084  1.4 2.7 -613.29 -613.039 
2.26 2.45 -613.186 -613.086  1.7 2.7 -613.252 -613.136 
2.26 2.46 -613.186 -613.087  1.7 3 -613.258 -613.093 
2.26 2.47 -613.186 -613.088  1.9 3 -613.228 -613.109 
2.27 2.43 -613.185 -613.083  1 2 -613.059 -612.936 
2.27 2.44 -613.185 -613.085  1.4 2 -613.16 -613.044 
2.27 2.45 -613.185 -613.086  1.4 2.3 -613.249 -613.11 
2.27 2.46 -613.185 -613.087  1.7 2 -613.145 -613.084 
2.27 2.47 -613.186 -613.089  1.7 2.3 -613.221 -613.14 
2.28 2.43 -613.184 -613.083  3.5 2 -613.109 -613.127 
2.28 2.44 -613.185 -613.085  3.5 3 -613.135 -613.132 
2.28 2.45 -613.185 -613.086      
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QCISD/1997       

        

 Energy       
HCl -460.305       

HgCl -611.924       
H -0.47896       

Hg -152.214       
        

R H-Cl R Hg-Cl Singlet Energy Triplet Energy R H-Cl R Hg-Cl Singlet Energy 
Triplet 
Energy 

1.25 2.35 -612.339 -612.467 2.6 2.5 -612.401 -612.392 
1.25 2.4 -612.345 -612.475 2.6 2.55 -612.399 -612.391 
1.25 2.45 -612.35 -612.481 2.25 2.4 -612.396 -612.402 
1.25 2.5 -612.354 -612.487 2.25 2.45 -612.396 -612.403 
1.3 2.35 -612.341 -612.469 2.25 2.5 -612.395 -612.403 
1.3 2.4 -612.347 -612.477 2.3 2.45 -612.397 -612.4 
1.3 2.45 -612.351 -612.483 2.3 2.5 -612.396 -612.401 
1.3 2.5 -612.355 -612.488 2.35 2.45 -612.398 -612.399 

1.35 2.35 -612.339 -612.469 2.35 2.5 -612.397 -612.399 
1.35 2.4 -612.345 -612.476 3 2.3 -612.402 -612.387 
1.35 2.45 -612.343 -612.482 3 2.4 -612.405 -612.389 
1.35 2.5 -612.346 -612.488 3 2.5 -612.403 -612.388 
1.4 2.35 -612.34 -612.467 3 2.7 -612.394 -612.378 
1.4 2.4 -612.344 -612.474 2.1 2.35 -612.391 -612.406 
1.4 2.45 -612.347 -612.48 2.1 2.4 -612.391 -612.409 

1.4 2.5 -612.349 -612.485 2.1 2.45 -612.391 -612.411 
2 2.35 -612.386 -612.412 2.1 2.5 -612.39 -612.412 
2 2.4 -612.387 -612.415 1.9 3 -612.352 -612.438 
2 2.45 -612.387 -612.418 2 3 -612.357 -612.424 
2 2.5 -612.386 -612.42 2.1 3 -612.361 -612.412 

2.5 2.35 -612.401 -612.394 2.5 3 -612.372 -612.377 
2.5 2.4 -612.401 -612.395 1.9 2 -612.324 -612.349 

2.5 2.45 -612.401 -612.395 2 2 -612.33 -612.346 
2.5 2.5 -612.4 -612.394 1.9 2.4 -612.382 -612.424 
1.9 2.35 -612.381 -612.42 1.9 2.45 -612.382 -612.427 
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QCISD/1997   
    

R H-Cl R Hg-Cl Singlet Energy Triplet Energy
3.5 2.3 -612.402 -612.385 
3.5 2.4 -612.405 -612.387 
3.5 2.7 -612.394 -612.374 
1 2.3 -612.248 -612.369 
1 2.4 -612.261 -612.387 
1 2.5 -612.27 -612.4 
1 2.7 -612.282 -612.418 
1 3 -612.29 -612.431 

1.4 2.7 -612.356 -612.499 
1.7 2.7 -612.362 -612.462 
1.7 3 -612.348 -612.468 
1.9 2.7 -612.372 -612.438 
1.4 2 -612.268 -612.372 
1.4 2.3 -612.336 -612.459 
1.7 2 -612.308 -612.358 
1.7 2.3 -612.365 -612.433 
3.5 2 -612.348 -612.332 
3.5 3 -612.377 -612.354 
3 2 -612.348 -612.334 
3 3 -612.377 -612.36 

2.6 2 -612.346 -612.337 
2.6 2.3 -612.4 -612.39 
2.6 2.7 -612.392 -612.385 
2.6 3 -612.374 -612.372 
2.6 2.4 -612.402 -612.393 
2.6 2.45 -612.402 -612.393 
2.1 2 -612.335 -612.343 
2.5 2 -612.345 -612.337 
1.9 2.5 -612.381 -612.429 
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B.3. HgCl + Cl2  HgCl2 + Cl 
 

 
1992/B3LYP   R1 R2 Energy TC Total Energy

  2.2 2.2 -1534.46 0.0078 -1534.4476 

     2.2 2.25 -1534.46 0.0077 -1534.45216 

  E(Hartrees) T.C. Total Energy 2.2 2.3 -1534.46 0.0076 -1534.45524 

Cl2  -920.4247 0.003788 -920.420884 2.2 2.6 -1534.47 0.0064 -1534.45947 

HgCl  -614.0247 0.003412 -614.021326 2.2 2.8 -1534.46 0.0064 -1534.4514 

HgCl2  -1074.311 0.006592 -1074.30397 2.2 3.5 -1534.45 0.0083 -1534.43711 

Cl  -460.1684 0.001416 -460.16699 2.2 4 -1534.44 0.0084 -1534.43343 

     2.3 2.1 -1534.45 0.0079 -1534.44037 

R1 R2 Energy TC Total Energy 2.3 2.15 -1534.46 0.0078 -1534.4488 

1.7 3.2 -1534.355 0.005786 -1534.34914 2.3 2.2 -1534.46 0.0077 -1534.4548 

1.7 3.4 -1534.356 0.005788 -1534.35023 2.3 2.25 -1534.47 0.0076 -1534.45886 

1.7 3.6 -1534.356 0.006735 -1534.34972 2.3 2.3 -1534.47 0.0076 -1534.4614 

1.8 2.4 -1534.243 0.007665 -1534.23537 2.3 2.7 -1534.46 0.0064 -1534.4555 

1.8 2.7 -1534.421 0.008222 -1534.41295 2.3 3.1 -1534.45 0.0082 -1534.43896 

1.8 3.1 -1534.427 0.008255 -1534.41872 2.3 3.5 -1534.44 0.0083 -1534.43025 

1.9 2.4 -1534.259 0.008143 -1534.25083 2.3 3.7 -1534.44 0.0083 -1534.42759 

1.9 2.7 -1534.442 0.007845 -1534.43454 2.5 2.1 -1534.46 0.0079 -1534.44966 

1.9 3.1 -1534.445 0.00789 -1534.43743 2.5 2.15 -1534.47 0.0078 -1534.45762 

1.9 3.3 -1534.445 0.007908 -1534.43751 2.5 2.2 -1534.47 0.0077 -1534.46309 

1.9 3.5 -1534.445 0.007921 -1534.43734 2.5 2.25 -1534.47 0.0076 -1534.46657 

2 2.2 -1534.244 0.008038 -1534.23567 2.5 2.3 -1534.48 0.0076 -1534.46847 

2 2.4 -1534.448 0.007646 -1534.4401 2.5 2.4 -1534.48 0.0075 -1534.46871 

2 2.6 -1534.453 0.007576 -1534.4453 2.5 2.55 -1534.47 0.0073 -1534.46327 

2 2.8 -1534.454 0.007581 -1534.44612 2.5 2.75 -1534.46 0.0064 -1534.45219 

2 3 -1534.453 0.006664 -1534.44658 2.5 3 -1534.44 0.0082 -1534.43518 

2 3.1 -1534.453 0.006677 -1534.44618 2.5 3.1 -1534.44 0.0082 -1534.43002 

2 3.3 -1534.452 0.006699 -1534.44531 2.6 3.6 -1534.41 0.0073 -1534.40676 

2 3.5 -1534.451 0.006716 -1534.44452 2.75 2.3 -1534.48 0.0076 -1534.47183 

2 3.7 -1534.45 0.006738 -1534.44339 2.75 2.4 -1534.48 0.0075 -1534.47129 

2 3.9 -1534.45 0.006738 -1534.44339 2.75 2.45 -1534.48 0.0074 -1534.46962 

2 4 -1534.45 0.006741 -1534.44321 2.75 2.55 -1534.47 0.0074 -1534.46438 

2.05 3.2 -1534.453 0.008476 -1534.44478 2.75 2.75 -1534.46 0.0064 -1534.4508 

2.05 3.3 -1534.453 0.00849 -1534.44409 2.75 3 -1534.44 0.0082 -1534.4296 

2.05 3.4 -1534.452 0.008501 -1534.44347 2.75 3.1 -1534.43 0.0073 -1534.42351 

2.05 3.5 -1534.451 0.008512 -1534.44292 2.8 2.4 -1534.48 0.0075 -1534.47147 

2.05 3.7 -1534.451 0.008528 -1534.44202 2.9 2.3 -1534.48 0.0075 -1534.4724 

2.1 2.2 -1534.445 0.007782 -1534.43731 2.9 2.4 -1534.48 0.0075 -1534.47163 

2.1 2.4 -1534.458 0.007521 -1534.45088 2.9 2.45 -1534.48 0.0074 -1534.46984 
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1992/B3LYP   

RXN - Cl2 + HgCl --> HgCl2 + Cl  

     

R1 R2 Energy TC Total Energy 
3.2 2.3 -1534.48 0.007544 -1534.47239 

3.2 2.44 -1534.477 0.009344 -1534.46801 

3.2 2.5 -1534.474 0.008367 -1534.46587 

3.3 2.3 -1534.48 0.007544 -1534.47227 

3.3 2.44 -1534.477 0.008403 -1534.46877 

3.3 2.75 -1534.455 0.008273 -1534.44636 

3.3 3 -1534.433 0.007305 -1534.4254 

3.3 3.1 -1534.424 0.007299 -1534.41703 

3.4 2.3 -1534.48 0.006601 -1534.4731 

3.4 2.44 -1534.477 0.008405 -1534.4686 

3.4 2.5 -1534.474 0.008373 -1534.46545 

R1 R2 Energy TC Total Energy R1 R2 Energy TC Total Energy 
2.1 3 -1534.455 0.008374 -1534.44674 2.9 3 -1534.44 0.0075 -1534.47021 

2.1 3.1 -1534.454 0.008392 -1534.44554 2.9 3.1 -1534.43 0.0093 -1534.46533 

2.1 3.3 -1534.452 0.008421 -1534.44348 3 2.3 -1534.48 0.0083 -1534.44763 

2.1 3.4 -1534.451 0.008433 -1534.44263 3 2.44 -1534.48 0.0073 -1534.4275 

2.1 3.5 -1534.45 0.008443 -1534.44188 3 2.5 -1534.47 0.0075 -1534.47248 

2.1 3.6 -1534.45 0.008452 -1534.44124 3 2.75 -1534.46 0.0093 -1534.46819 

2.1 3.8 -1534.449 0.008466 -1534.44024 3 3 -1534.43 0.0093 -1534.46514 

2.15 2.1 -1534.435 0.007969 -1534.42703      

2.2 2.1 -1534.44 0.007954 -1534.43229      

2.2 2.15 -1534.449 0.007852 -1534.44114      
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R1 R2 Energy TC Total Energy R1 R2 Energy TC Total Energy 

1.8 2.7 -1533.701 0.00822 -1533.6926 2.5 2.4 -1533.76 0.00749 -1533.7561 

1.8 3.1 -1533.706 0.00826 -1533.6975 2.5 2.55 -1533.76 0.00737 -1533.7505 

1.9 3.1 -1533.725 0.00789 -1533.7167 2.5 2.75 -1533.75 0.00636 -1533.7388 

2 3.5 -1533.73 0.00672 -1533.7235 2.5 3 -1533.73 0.00823 -1533.7205 

2 4 -1533.728 0.00675 -1533.7216 2.5 3.1 -1533.72 0.00823 -1533.7147 

2.2 3.5 -1533.726 0.00834 -1533.7172 2.6 3.6 -1533.7 0.00728 -1533.6896 

2.2 4 -1533.721 0.00837 -1533.7124 2.75 2.3 -1533.77 0.00755 -1533.7595 

2 2.2 -1533.539 0.00806 -1533.5308 2.75 2.4 -1533.77 0.00748 -1533.759 

2 2.4 -1533.559 0.00789 -1533.5508 2.75 2.45 -1533.76 0.00745 -1533.7573 

2 2.6 -1533.735 0.00758 -1533.7277 2.75 2.55 -1533.76 0.00739 -1533.7521 

2 2.8 -1533.735 0.00663 -1533.7283 2.75 2.75 -1533.74 0.00637 -1533.7382 

2 3 -1533.734 0.00666 -1533.7269 2.75 3 -1533.72 0.00824 -1533.7162 

2 3.1 -1533.733 0.00667 -1533.7261 2.75 3.1 -1533.72 0.00729 -1533.7097 

2.1 2.4 -1533.743 0.00755 -1533.7357 2.8 2.4 -1533.77 0.00748 -1533.7592 

2.1 2.6 -1533.744 0.00648 -1533.7371 2.9 2.3 -1533.77 0.00754 -1533.7601 

2.1 2.8 -1533.74 0.00647 -1533.7337 2.9 2.4 -1533.77 0.00747 -1533.7594 

2.1 3.1 -1533.735 0.00839 -1533.7263 2.9 2.45 -1533.77 0.00744 -1533.7576 

2.1 3.7 -1533.728 0.00846 -1533.7198 2.9 2.55 -1533.76 0.00739 -1533.7521 

2.15 2.1 -1533.721 0.008 -1533.7133 2.9 2.75 -1533.74 0.00826 -1533.7357 

2.15 2.15 -1533.721 0.008 -1533.7133 2.9 3 -1533.72 0.00824 -1533.7145 

2.15 2.2 -1533.721 0.008 -1533.7133 2.9 3.1 -1533.71 0.00729 -1533.7074 

2.15 2.25 -1533.721 0.008 -1533.7133 3 2.5 -1533.76 0.00931 -1533.7531 

2.15 2.3 -1533.721 0.008 -1533.7133 3 2.75 -1533.74 0.00827 -1533.7352 

2.15 2.7 -1533.739 0.00831 -1533.7305 3 3 -1533.72 0.0073 -1533.7145 

2.15 3.1 -1533.734 0.00834 -1533.7259 3.2 2.5 -1533.76 0.00931 -1533.7527 

2.2 2.1 -1533.727 0.00798 -1533.7188 3.3 3 -1533.72 0.00731 -1533.7124 

2.2 2.15 -1533.735 0.00788 -1533.7276 3.3 3.1 -1533.71 0.0073 -1533.7038 

2.2 2.2 -1533.742 0.00778 -1533.734 3.4 2.5 -1533.76 0.00837 -1533.7531 

2.2 2.25 -1533.746 0.0077 -1533.7384      

2.2 2.3 -1533.749 0.00763 -1533.7414      

2.3 2.1 -1533.735 0.00794 -1533.7273  Cl  -460.168 0.00142 -460.16699 

2.3 2.15 -1533.744 0.00785 -1533.7357  Cl2 -920.425 0.00379 -920.42088 

2.3 2.2 -1533.749 0.00775 -1533.7417  HgCl -613.302 0.00343 -613.29842 

2.3 2.25 -1533.753 0.00767 -1533.7457  HgCl2 -1073.6 0.00659 -1073.5911 

2.3 2.3 -1533.756 0.00761 -1533.7482          

2.3 2.5 -1533.755 0.00741 -1533.748    react -1533.7   

2.3 2.7 -1533.747 0.00638 -1533.7409    prod -1533.8   

2.3 3 -1533.734 0.00825 -1533.7255      

 

1997/B3LYP 
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APPENDIX C. TRANSITION STATE THEORY RATE CONSTANT DATA
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C.1. HgCl + HCl  HgCl2 + Cl 
 
 
 
1992 – QCISD – 700 K 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HgCl   HCl   HgCl2   H   TS   

Freq  Qv Freq  Qv Freq  Qv Freq Qv Freq  Qv 

290.5631 2.223 2947.1 1.00331 97.7492 5.491 None None 508.42 1.094 

        97.7492 5.792     508.42 1.094 

        340.798 2.068     300.91 1.305 

        394.047 1.872     250.32 1.425 

                81.865 3.061 

                81.865 3.061 

                -1648 -3E-04

Qvtot  =      1.00331   123.1   1   20.85 

                    

Qe =  2.223   1   1   2   2 

Qt =      7.2E+07   1E+09   335889   2E+08

Qt(cor. m^-3) 2   7.5E+32   2E+34   4E+30   4E+33

Qr =  1E+09   46.5599   5340   1   4979 

Qtot (m^-3) 1E+34   3.5E+34   1E+40   7E+30   9E+38

  5005                 

Qtot (cm^-3) 3E+38   3.5E+28   1E+34   7E+24   9E+32

               

Qts  =  2E-26        2E-24 cm^3 

                    

ko = 1E+11 for         ko= 2E+13 rev 

Tunnel:                 

k(T) =  1.479               

k w/tunnel 2E+11 for   k w/tunnel 3E+13 rev     

    k = ko*exp[-Ea/RT]             

  E TC E(Har) E(kcal/mol) E(kJ/mol) Ea/RT     

HgCl -612.7 0.0078 -612.69 -384472 -2E+06       

HCl -460.3 0.0123 -460.29           

HgCl2 -1072 0.0146 -1072.5           

H -0.479 0.0033 -0.4756           

TS -1073 0.0194 -1072.9           

forward Ea= 0.0513   32.1755 134.6       

            k= 18.851   

reverse Ea= 0.01   6.30026 26.36       

            k= 3E+11   
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1992/QCISD     
  Rate (cm3/mol*s)   Act En (kcal/mol)   

Temp (K) forward reverse forward reverse 
298 5.929*10-12 2.012*10-9 30.54 6.12 
700 18.85 3.099*1011 32.18 6.3 

1000 3.05*104 1.88*1012 33.48 6.54 
1500 1.11*107 6.75*1012 35.49 6.99 

2000 2.87*108 1.46*1013 37.32 7.47 
     

1997/QCISD     
  Rate (cm3/mol*s)   Act En (kcal/mol)   

Temp (K) forward reverse forward reverse 
298 1.18*10-9 4.46*108 27.43 6.93 
700 14.91 2.139*1011 28.95 6.99 

1000 4.77*103 1.00*1012 30.28 7.26 
1500 5.35*105 4.08*1012 32.3 7.72 

2000 6.52*106 9.42*1012 34.14 8.21 

1992/B3LYP     
  Rate (cm3/mol*s)   Act En (kcal/mol)   

Temp (K) forward reverse forward reverse 
298 4.08*10-17 5.929*10-12 37.29 8.12 
700 2.26*10-1 1.12*1011 39.13 8.5 

1000 2.73*103 1.78*106 40.45 8.79 
1500 4.06*106 1.12*1013 42.53 9.28 

2000 2.23*108 3.23*1013 44.38 9.78 
     

1997/B3LYP     
  Rate (cm3/mol*s)   Act En (kcal/mol)   

Temp (K) forward reverse forward reverse 
298 7.99*10-13 1.66*107 31.57 8.68 
700 1.71*101 1.04*1011 33.41 9.05 

1000 5.99*104 1.89*1012 34.76 9.34 
1500 3.47*107 1.33*1013 36.81 9.84 

2000 1.48*109 4.02*1013 41.77 0.35 
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APPENDIX D. VARIATIONAL TST RATE CONSTANT DATA 
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D.1. Hg + Cl2  HgCl + Cl 
 
 
  

1997-QCISD 
298K 
Transition Structure: Cl-Cl 2.8Å, Cl-Hg 2.5Å

Hg   Cl2   HgCl   Cl   TS   

Freq  Qv Freq  Qv Freq  Qv Freq Qv Freq  Qv 

None None 562.21 1.0708 261.03 1.39534 None None -145.1 -0.984

                110.6 2.416 

                110.61 2.416 

                    

Qvtot  =  1   1.0708   1.39534   1   5.835 

                    

Qe =  1   1   2   2   1 

Qt =  1.13E+08   2.3E+07   1.4E+08   8E+06   2E+08

Qt(cor. m^-3) = 2.78E+33   5.7E+32   3.5E+33   2E+32   4E+33

Qr =  1   428.538   2224.76   1   11398

Qtot (m^-3)=  2.78E+33   2.6E+35   2.2E+37   4E+32   3E+38

                    

Qtot (cm^-3) =  2.78E+27   2.6E+29   2.2E+31   4E+26   3E+32

                    

Qts  =    4E-25 cm^3   Qts =      3E-26 cm^3 

                    

ko = 1.5E+12           ko= 1E+11   
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Tunnel:               

k(T) =  1.020475             

k w/tunnel 1.53E+12 for   k w/tunnel 1.2E+11 rev   

  E TC E(Har) E(kcal/mol) E(kJ/mol) Ea/RT   

HgCl -152.214 0.0014 -152.21 -95514.7 -399627     

HCl -919.392 0.0038 -919.39         

HgCl2 -611.924 0.0034 -611.92         

H -459.657 0.0014 -459.66         

TS -1071.57 0.0053 -1071.6         

forward Ea= 0.0339   21.2431 88.8795 35.874   
            k= 0.0004 

reverse Ea= 0.0093   5.8337 24.4078 9.8515   
            k= 7E+06 

1997/QCISD     
  Rate (cm3/mol*s)   Act En (kcal/mol)   

Temp (K) forward reverse forward reverse 
298 4.03*10-4 6.58*106 21.24 5.83 
700 4.45*105 2.18*109 21.78 6.24 

1000 5.67*107 8.66*109 22.11 6.54 

2000 1.78*1010 4.99*1010 23.15 7.53 
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D.2. Hg + HCl  HgCl + H 
  

1992-QCISD 
298K 
Transition Structure: Cl-Cl 2.8Å, Cl-Hg 2.4Å

Hg   HCl   HgCl   H   TS   

Freq  Qv Freq  Qv Freq Qv Freq Qv Freq Qv 

None None 3025.6 1 290.563 1.32565 None None -472.8 -0.113

                242.57 1.449 

                290.86 1.325 

                    

                    

                    

Qvtot  =  1   1   1.32565   1   1.92 

                    

Qe =  1   1   2   2   1 

Qt =  1.13E+08   8481880   1.4E+08   39768   1E+08

Qt(m^-3) = 2.78E+33   2.1E+32   3.5E+33   1E+30   4E+33

Qr =  1   19.5425   2132.24   1   7.185 

Qtot (m^-3)=  2.78E+33   4.1E+33   2E+37   2E+30   5E+34

                    

Qtot (cm^-3) = 2.78E+27   4.1E+27   2E+31   2E+24   5E+28

                    

Qts  =    4E-27 cm^3   Qts =      1E-27 cm^3 

                    

ko = 1.62E+10           ko= 5E+09   
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Tunnel:               

k(T) =  1.217414             

k w/tunnel 1.97E+10 for   k w/tunnel 5.7E+09 rev   

  E TC E(Har) E(kcal/mol) E(kJ/mol) Ea/RT   

HgCl -153.004 0.0014 -153 -96010.5 -401701     

HCl -460.323 0.0093 -460.31         

HgCl2 -612.703 0.0035 -612.7         

H -0.49982 0.0014 -0.4984         

TS -613.17 0.005 -613.16         

forward Ea= 0.1513   94.9537 397.279 160.4   
            k= 5E-60 

reverse Ea= 0.0329   20.6641 86.4572 34.9   
            k= 4E-06 

 

1992/QCISD     
  Rate (cm3/mol*s)   Act En (kcal/mol)   

Temp (K) forward reverse forward reverse 
298 4.51*10-60 3.99*10-6 94.95 20.66 
700 6.79*10-20 3.11*103 95.64 20.63 

1000 2.00*10-11 3.06*104 96.12 20.62 
1500 1.29*10-3 1.56*107 96.71 20.61 

2000 6.09 1.14*108 97.09 20.61 
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D.3. HgCl + Cl2  HgCl + Cl 
 
 
1992-B3LYP-298 K 
Transition Structure: HgCl – 3.3    Cl2 – 2.3 
 
 
 

HgCl   Cl2   HgCl2   Cl   TS   

Freq  Qv Freq  Qv Freq  Qv Freq  Qv Freq  Qv 

244.4004 1.4431 540.501 1.0793 92.67 2.77068 None None 292.1 1.3224 

        92.67 2.77068     117.7 2.306 

        318.5 1.27323     98.49 2.641 

        374.5 1.19585     98.41 2.6427 

                50.05 4.6553 

                50.04 4.656 

                -208.5 -0.5753 

                    

Qvtot  =  1.4431   1.0793   11.6885   1   461.32 

                    

Qe =  2   1   1   2   2 

Qt =  1E+08   2E+07   1.8E+08   8E+06   2E+08 

Qt(cor. m^-3)  4E+33   6E+32   4.3E+33   2E+32   5E+33 

Qr =  2271.1   434.41   2312.65   1   17332 

Qtot (m^-3) 2E+37   3E+35   1.2E+38   4E+32   8E+40 

                    

Qtot (cm^-3)  2E+31   3E+29   1.2E+32   4E+26   8E+34 

                    

Qts 1E-26 cm^3    Qts =  2E-24 cm^3     
                    

ko = 5E+10 for     ko= 7E+12 rev     
Tunnel                 
k(T) =  1.0423               

ko (w/tunn) 5E+10 for      (w/tunn) 7E+12 rev   
  E TC E(Har)   kcal/mol kJ/mol     

HgCl -614 0.00341 -614   -385304 -2E+06     

Cl2 -920.4 0.00379 -920.4           

HgCl2 -1074 0.00659 -1074           
Cl  -460.2 0.00142 -460.2           
TS -1534 0.00825 -1534           
    Ea= 0.0032   2.03853 8.529     
          k= 2E+09 for   
    Ea= 0.032   20.0803 84.014     
          k= 0.0129 rev   
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1992-B3LYP 
Transition Structure: HgCl – 3.3    Cl2 – 2.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1997-B3LYP 
Transition Structure: HgCl – 3.3    Cl2 – 2.3

1992/B3LYP     
  Rate (cm3/mol*s)   Act En (kcal/mol)   

Temp (K) forward reverse forward reverse 
298 1.69*109 1.29*10-2 2.03 20.08 
700 2.08*1011 5.98*107 0.413 17.62 

1000 3.38*1011 3.92*109 1.37 17.97 
1500 6.85*1011 1.23*1011 2.88 18.47 

1997/B3LYP     
  Rate (cm3/mol*s)   Act En (kcal/mol)   

Temp (K) forward reverse forward reverse 
298 1.32*109 2.03*10-7 2.28 26.59 
700 1*1011 2.7*105 2.04 25.52 

1000 1.2*1011 4.57*107 4.53 27.39 
1500 4.28*1011 7.19*109 6.042 27.9 
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APPENDIX E. VARIATIONAL RRKM THEORY RATE CONSTANT DATA 
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E.1. Cl + Cl + M  Cl2 + M 
 
 
 
 
βc = 0.1 
Pople 6-311++G(3df, 3pd)/QCISD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
βc = 0.2 
Pople 6-311++G(3df, 3pd)/QCISD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T ZLJ[M] Area (P=230 torr) Q2=1 
1500 69285191.46 0.0056 Q1+/Q1=1 
2000 56892741.57 6.20E-03  
2500 48919689.39 6.60E-03  
3000 43290306.44 6.90E-03  

    

T exp(-Ea/RT) k predicted (1/s) k (cm3/molec*s)
1500 1.13489E-06 1.91E+02 3.89E-17 
2000 3.47708E-05 6.46E+03 1.76E-15 
2500 0.000271001 5.36E+04 1.83E-14 
3000 0.00106531 2.20E+05 9.01E-14 

Planck's constant 3.34E-11 (s/cm)  

T ZLJ[M] Area (P=230 torr) Q2=1 

1500 138570382.9 0.0113 Q1+/Q1=1 
2000 113785483.1 1.23E-02  
2500 97839378.79 1.32E-02  
3000 86580612.89 1.39E-02  

    

T exp(-Ea/RT) k predicted (1/s) k (cm3/molec*s)
1500 1.13489E-06 3.85E+02 7.86E-17 
2000 3.47708E-05 1.28E+04 3.49E-15 
2500 0.000271001 1.07E+05 3.65E-14 
3000 0.00106531 4.44E+05 1.81E-13 

Planck's constant  3.34E-11  (s/cm)   
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βc = 0.4 
Pople 6-311++G(3df, 3pd)/QCISD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
βc = 0.7 
Pople 6-311++G(3df, 3pd)/QCISD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T ZLJ[M] Area (P=230 torr) Q2=1 
1500 277140765.8 0.0226 Q1+/Q1=1 
2000 227570966.3 2.46E-02  
2500 195678757.6 2.64E-02  
3000 173161225.8 2.78E-02  

    

T exp(-Ea/RT) k predicted (1/s) k (cm3/molec*s) 
1500 1.13489E-06 7.69E+02 1.57E-16 
2000 3.47708E-05 2.56E+04 6.99E-15 
2500 0.000271001 2.15E+05 7.31E-14 
3000 0.00106531 8.88E+05 3.63E-13 

Planck's constant 3.34E-11 (s/cm)  

T ZLJ[M] Area (P=230 torr) Q2=1 

1500 484996340.2 0.0395 Q1+/Q1=1 
2000 398249191 0.0431   
2500 342437825.8 0.0461   
3000 303032145.1 0.0486   

    

T exp(-Ea/RT) k predicted (1/s) k (cm3/molec*s) 
1500 1.13489E-06 1.34E+03 2.75E-16 
2000 3.47708E-05 4.49E+04 1.22E-14 
2500 0.000271001 3.75E+05 1.28E-13 
3000 0.00106531 1.55E+06 6.35E-13 

Planck's constant  3.34E-11  (s/cm)   



  
 
 

240 
 
 

  
 

E.2. Hg + Cl + M  HgCl + M 
 
1992/MP4SDQ 
T = 393 K 
 
 
  

Bond dist = 3.12A Act En     

Energy(react) -612.7018471 Hartrees kcal/mol cm^-1 kJ/mol 

TH Corr 0.004472 0.0272736 17.1144431 5984.071 71.6056 

Tot E(react) -612.6973751 Q2 exp(-Ea/RT)   

Energy (TS) = -612.6732125 1 3.0322E-10   

TH Corr 0.003111 k(tunnel) 1.04778381   

Tot E(TS) -612.6701015     

      

Beta C LJ Area k(1/s) k(1/M s) k(VTST) 
1 1948264328 0.0666 0.60462687 20.31142 21.282 

0.8 1558611462 0.0533 0.48388307 16.25524 17.032 

0.6 1168958597 0.04 0.36313926 12.19905 12.782 

0.4 779305731.2 0.0266 0.24148761 8.112369 8.50001 

0.2 389652865.6 0.0133 0.12074381 4.056184 4.25 

      

 Planck's const (s/cm) (J/s)   

  3.34E-11 6.63E-34   

 speed light - c 30000000000    

 k (boltz) 1.38E-23    

1992/MP4SDQ 
T = 700 K 

Bond dist = 3.12A Act En    

Energy(react) -612.7018471 Hartrees kcal/mol cm^-1 kJ/mol 

TH Corr 0.007825 0.0263516 16.5358793 5781.776 69.1849 

Tot E(react) -612.6940221 Q2 exp(-Ea/RT)   

Energy (TS) = -612.6732125 1 6.8681E-06   

TH Corr 0.005542 k(tunnel) 1.01506155   

Tot E(TS) -612.6676705     

      

Beta C LJ Area k(1/s) k(1/M s) k(VTST) 
1 1257188571 0.0628 12913.7331 433815.1 440349 

0.8 1005750857 0.0502 10322.7612 346775.7 351999 

0.6 754313142.6 0.0377 7752.35251 260427.2 264350 

0.4 502875428.4 0.0251 5161.38058 173387.9 175999 

0.2 201150171.4 0.0101 2076.89019 69769.62 70820.5 
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1992/MP4SDQ 
T = 1000 K 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1992/MP4SDQ 
T = 1500 K 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bond dist = 3.12A Act En    

Energy(react) -612.7018471 Hartrees kcal/mol cm^-1 kJ/mol 

TH Corr 0.01113 0.0254216 15.9522955 5577.726 66.7432 

Tot E(react) -612.6907171 Q2 exp(-Ea/RT)   

Energy (TS) = -612.6732125 1 0.00032609   

TH Corr 0.007917 k(tunnel) 1.00738016   

Tot E(TS) -612.6652955     

      

Beta C LJ Area k(1/s) k(1/M s) k(VTST) 
1 749858000 0.0639 6.24E+05 2.10E+07 2.11E+07 

0.8 599886400 0.0511 4.99E+05 1.68E+07 1.69E+07 

0.6 449914800 0.0384 3.75E+05 1.26E+07 1.27E+07 

0.4 299943200 0.0256 2.50E+05 8.40E+06 8.46E+06 

0.2 149971600 0.0128 1.25E+05 4.20E+06 4.23E+06 

 

Bond dist = 3.12A Act En    

Energy(react) -612.7018471 Hartrees kcal/mol cm^-1 kJ/mol 

TH Corr 0.016657 0.0238536 14.9683606 5233.693 62.6265 

Tot E(react) -612.6851901 Q2 exp(-Ea/RT)   

Energy (TS) = -612.6732125 1 0.00659069   

TH Corr 0.011876 k(tunnel) 1.00328007   

Tot E(TS) -612.6613365     

      

Beta C LJ Area k(1/s) k(1/M s) k(VTST) 
1 691344081 0.081 1.60E+07 5.37E+08 5.39E+08 

0.8 553075264.8 0.0648 1.28E+07 4.30E+08 4.31E+08 

0.6 414806448.6 0.0486 9.59E+06 3.22E+08 3.23E+08 

0.4 276537632.4 0.0324 6.39E+06 2.15E+08 2.15E+08 

0.2 138268816.2 0.0162 3.20E+06 1.07E+08 1.08E+08 
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1997/MP4SDQ 
T=393 K 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1997/MP4SDQ 
T=700 K 
 
 

Bond dist  3.12A Act En       

 Energy(react) -611.8881292 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.00311 0.0331429 20.79748461 87.015123 7271.848

Tot E(react) -611.8850192 Q2 exp(-Ea/RT)     

Energy (TS) =  -611.9226411 1 2.71286E-12     

TH Corr 0.004479 k(tunnel) 1.050437966     

Tot E(TS) -611.9181621         
      

Beta C LJ Area k(1/s) k(1/M s) k(VTST) 
1 1948264328 0.065 5.29E-03 1.78E-01 1.87E-01 

0.8 1558611462 0.052 4.23E-03 1.42E-01 1.49E-01 

0.6 1168958597 0.039 3.17E-03 1.07E-01 1.12E-01 

0.4 779305731.2 0.026 2.11E-03 7.10E-02 7.46E-02 

0.2 311722292.5 0.0104 8.46E-04 2.84E-02 2.99E-02 

 

Bond dist  3.12A Act En       

 Energy(react) -611.8881292 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.005542 0.0322249 20.22143089 84.604957 7070.43 

Tot E(react) -611.8825872 Q2 exp(-Ea/RT)     

Energy (TS) = -611.9226411 1 4.85358E-07     

TH Corr 0.007829 k(tunnel) 1.01589815     

Tot E(TS) -611.9148121         
      

Beta C LJ Area k(1/s) k(1/M s) k(VTST) 
1 1257188571 0.0817 1.19E+03 3.99E+04 4.06E+04 

0.8 1005750857 0.0654 9.52E+02 3.20E+04 3.25E+04 

0.6 754313142.6 0.049 7.13E+02 2.40E+04 2.43E+04 

0.4 502875428.4 0.0327 4.76E+02 1.60E+04 1.62E+04 

0.2 201150171.4 0.0131 1.91E+02 6.40E+03 6.51E+03 
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1997/MP4SDQ 
T=1000 K 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1997/MP4SDQ 
T=1500 K

Bond dist = 3.12A Act En     

Energy(react) -611.8881292 Hartrees kcal/mol cm^-1 kJ/mol 

TH Corr 0.011876 0.0297289 18.6551672 78.05183 6522.79 

Tot E(react) -611.8762532 Q2 exp(-Ea/RT)   

Energy (TS) = -611.9226411 1 0.00191302   

TH Corr 0.016659 k(tunnel) 1.00346226   

Tot E(TS) -611.9059821     

      

Beta C LJ Area k(1/s) k(1/M s) k(VTST) 

1 691344081 0.0785 4.50E+06 1.51E+08 1.52E+08 

0.8 553075264.8 0.0628 3.60E+06 1.21E+08 1.21E+08 

0.6 414806448.6 0.0471 2.70E+06 9.08E+07 9.11E+07 

0.4 276537632.4 0.0314 1.80E+06 6.05E+07 6.07E+07 

0.2 110615053 0.0126 7.23E+05 2.43E+07 2.44E+07 

Bond dist  3.12A Act En       

 Energy(react) -611.8881292 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.007917 0.0312959 19.63847456 82.1659 6866.6 

Tot E(react) -611.8802122 Q2 exp(-Ea/RT)     

Energy (TS) =  -611.9226411 1 5.10105E-05     

TH Corr 0.011133 k(tunnel) 1.007790093     

Tot E(TS) -611.9115081         
      

Beta C LJ Area k(1/s) k(1/M s) k(VTST) 
1 749858000 0.0594 9.09E+04 3.05E+06 3.08E+06 

0.8 599886400 0.0475 7.26E+04 2.44E+06 2.46E+06 

0.6 449914800 0.0356 5.44E+04 1.83E+06 1.84E+06 

0.4 299943200 0.0238 3.64E+04 1.22E+06 1.23E+06 

0.2 119977280 0.0095 1.45E+04 4.88E+05 4.92E+05 



  
 
 

244 
 
 

  
 

1992/QCISD 
T=393 K 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1992/QCISD  
T=700 K 
 
 

Bond dist 3.12A Act En    

Energy(react) -612.7026425 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.004471 0.0257184 16.13854032 67.5224 5642.85 

Tot E(react) -612.6981715 Q2 exp(-Ea/RT)   

Energy (TS) = -612.6755641 1 1.05806E-09   

TH Corr 0.003111 k(tunnel) 1.047131477   

Tot E(TS) -612.6724531     

      

Beta C LJ Area k(1/s) k(1/M s) k(VTST) 
1 1948264328 0.0655 2.08E+00 6.98E+01 7.31E+01 

0.8 1558611462 0.0524 1.66E+00 5.58E+01 5.85E+01 

0.6 1168958597 0.0393 1.25E+00 4.19E+01 4.39E+01 

0.4 779305731.2 0.0262 8.31E-01 2.79E+01 2.92E+01 

0.2 389652865.6 0.0131 4.16E-01 1.40E+01 1.46E+01 

Bond dist 3.12A Act En    

Energy(react) -612.7026425 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.007824 0.0247964 15.55997657 65.1018 5440.55 

Tot E(react) -612.6948185 Q2 exp(-Ea/RT)   

Energy (TS) = -612.6755641 1 1.38533E-05   

TH Corr 0.005542 k(tunnel) 1.014855938   

Tot E(TS) -612.6700221     

      

Beta C LJ Area k(1/s) k(1/M s) k(VTST)
1 1257188571 0.0827 3.44E+04 1.15E+06 1.17E+06

0.8 1005750857 0.0661 2.75E+04 9.22E+05 9.36E+05

0.6 754313142.6 0.0496 2.06E+04 6.92E+05 7.02E+05

0.4 502875428.4 0.0331 1.37E+04 4.62E+05 4.69E+05

0.2 201150171.4 0.0132 5.48E+03 1.84E+05 1.87E+05
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1992/QCISD 
T=1000 K 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1992/QCISD  
T=1500 K 
 
 

Bond dist  3.12A Act En       

 Energy(react) -612.7026425 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.01113 0.0238654 14.97576522 62.6575 5236.28 

Tot E(react) -612.6915125 Q2 exp(-Ea/RT)     

Energy (TS) =  -612.6755641 1 0.000533062     

TH Corr 0.007917 k(tunnel) 1.007279409     

Tot E(TS) -612.6676471         

      

Beta C LJ Area k(1/s) k(1/M s) k(VTST) 
1 749858000 0.0603 9.64E+05 3.24E+07 3.26E+07 

0.8 599886400 0.0482 7.70E+05 2.59E+07 2.61E+07 

0.6 449914800 0.0362 5.79E+05 1.94E+07 1.96E+07 

0.4 299943200 0.0241 3.85E+05 1.29E+07 1.30E+07 

0.2 149971600 0.0121 1.93E+05 6.50E+06 6.54E+06 

Bond dist  3.12A Act En       

 Energy(react) -612.7026425 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.016657 0.0222974 13.99183033 58.5408 4892.25 

Tot E(react) -612.6859855 Q2 exp(-Ea/RT)     

Energy (TS) = -612.6755641 1 0.009145828     

TH Corr 0.011876 k(tunnel) 1.003235293     

Tot E(TS) -612.6636881         

      

Beta C LJ Area k(1/s) k(1/M s) k(VTST)
1 691344081 0.0915 2.51E+07 8.43E+08 8.46E+08

0.8 553075264.8 0.0732 2.01E+07 6.74E+08 6.77E+08

0.6 414806448.6 0.0549 1.51E+07 5.06E+08 5.07E+08

0.4 276537632.4 0.0366 1.00E+07 3.37E+08 3.38E+08

0.2 138268816.2 0.0183 5.02E+06 1.69E+08 1.69E+08
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1997/QCISD 
T=393 K 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1997/QCISD  
T=700 K 
 
 

Bond dist  3.12A Act En       

 Energy(react) -611.92393 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.004477 0.0321241 20.158178 7048.314 84.340312 

Tot E(react) -611.91946 Q2 exp(-Ea/RT)     

Energy (TS) =  -611.89044 1 6.151E-12     

TH Corr 0.003111 k(tunnel) 1.0497677     

Tot E(TS) -611.88733         

      
Beta C LJ Area k(1/s) k(1/M s) k(VTST) 

1 1.948E+09 0.0471 8.67E-03 2.91E-01 3.06E-01 

0.8 1.559E+09 0.0377 6.94E-03 2.33E-01 2.45E-01 

0.6 1.169E+09 0.0283 5.21E-03 1.75E-01 1.84E-01 

0.4 779305731 0.0188 3.46E-03 1.16E-01 1.22E-01 

0.2 389652866 0.0094 1.73E-03 5.82E-02 6.11E-02 

Bond dist  3.12A Act En       

 Energy(react) -611.92393 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.007829 0.0312031 19.580242 6846.2383 81.92227 

Tot E(react) -611.9161 Q2 exp(-Ea/RT)     

Energy (TS) =  -611.89044 1 7.696E-07     

TH Corr 0.005542 k(tunnel) 1.0156869     

Tot E(TS) -611.8849         

      
Beta C LJ Area k(1/s) k(1/M s) k(VTST) 

1 1.257E+09 0.075 1.73E+03 5.81E+04 5.90E+04 

0.8 1.006E+09 0.06 1.38E+03 4.64E+04 4.72E+04 

0.6 754313143 0.045 1.04E+03 3.48E+04 3.54E+04 

0.4 502875428 0.03 6.91E+02 2.32E+04 2.36E+04 

0.2 251437714 0.015 3.46E+02 1.16E+04 1.18E+04 



  
 
 

247 
 
 

  
 

1997/QCISD 
T=1000 K 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1997/QCISD  
T=1500 K 
 
 

Bond dist  3.12A Act En       

 Energy(react) -611.92393 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.011133 0.0302741 18.997285 6642.4075 79.483224 

Tot E(react) -611.9128 Q2 exp(-Ea/RT)     

Energy (TS) =  -611.89044 1 7.044E-05     

TH Corr 0.007917 k(tunnel) 1.0076866     

Tot E(TS) -611.88253         

      
Beta C LJ Area k(1/s) k(1/M s) k(VTST) 

1 749858000 0.0689 1.45E+05 4.88E+06 4.92E+06 

0.8 599886400 0.0552 1.16E+05 3.91E+06 3.94E+06 

0.6 449914800 0.0414 8.73E+04 2.93E+06 2.96E+06 

0.4 299943200 0.0276 5.82E+04 1.96E+06 1.97E+06 

0.2 149971600 0.0138 2.91E+04 9.78E+05 9.85E+05 

Bond dist  3.12A Act En       

 Energy(react) -611.92393 Hartrees kcal/mol kJ/mol cm-1 

TH Corr 0.016659 0.0287071 18.013978 6298.5937 75.369139 

Tot E(react) -611.90727 Q2 exp(-Ea/RT)     

Energy (TS) =  -611.89044 1 0.0023722     

TH Corr 0.011876 k(tunnel) 1.0034163     

Tot E(TS) -611.87857         

      
Beta C LJ Area k(1/s) k(1/M s) k(VTST) 

1 691344081 0.0873 6.20E+06 2.08E+08 2.09E+08 

0.8 553075265 0.0699 4.96E+06 1.67E+08 1.67E+08 

0.6 414806449 0.0524 3.72E+06 1.25E+08 1.25E+08 

0.4 276537632 0.0349 2.48E+06 8.33E+07 8.36E+07 

0.2 138268816 0.0175 1.24E+06 4.18E+07 4.19E+07 
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E.3. Hg + Cl2 + M  HgCl2 + M 
 
 
  

Freq(react) Qvib Freq (TS) Qvib Act En wavenumbers kcal/mol 

84.3248 2.98839515 -237.3599  0.1353787 29703.29383 84.95142035

84.3248 2.98839515 96.6409 2.68049576   kJ/mol 

319.3017 1.27195247 227.4371 1.49982589   355.4304019

373.0301 1.19749695      

E(react) E (TS)  Q(react) Q (TS)   
-1073.5977 -1073.4605 trans 176236000 176236000   
0.006585 0.004831 rot 2315.81 303403   

-1073.5911 -1073.4557      
T ZLJ[M]  Area (P=760 torr) exp(-Ea/RT) k predicted (1/s) 

298 308484674  820.1128 4.9253E-63 1.16648E-48  

       

Freq(react) Qvib Freq (TS) Qvib Act En wavenumbers kcal/mol 

84.3248 6.28013932 -237.3599  0.1336567 29325.47167 83.87084899

84.3248 6.28013932 96.6409 5.54745574    

319.3017 2.07700844 227.4371 2.6765354    

373.0301 1.86667464      

E(react) E (TS)  Q(react) Q (TS)   
-1073.5977 -1073.4605 trans 1488510000 1488510000   
0.014607 0.011131 rot 5437.09 1091480   
-1073.583 -1073.4494      

T ZLJ[M] Area (P=760 torr) exp(-Ea/RT) k predicted (1/s)  
700 148529809 3916.8858 6.4889E-27 7.3399E-12   

1997/B3LYP 
βc=0.1 
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Freq(react) Qvib Freq (TS) Qvib Act En wavenumbers kcal/mol 

84.3248 8.74681948 -237.3599  0.1322767 29022.68737 83.00488588

84.3248 8.74681948 96.6409 7.69859461    

319.3017 2.71341766 227.4371 3.58108794    

373.0301 2.40647937      

E(react) E (TS)  Q(react) Q (TS)   
-1073.5977 -1073.4605 trans 3630840000 3630840000   
0.020723 0.015867 rot 7767.27 1863660   

-1073.5769 -1073.4447      
T ZLJ[M] Area (P=760 torr) exp(-Ea/RT) k predicted (1/s)  

1000 114546405 6624.9978 7.2077E-19 0.00137897   

       

Freq(react) Qvib Freq (TS) Qvib Act En wavenumbers kcal/mol 

84.3248 12.8618011 -237.3599  0.1299367 28509.27051 81.53651365

84.3248 12.8618011 96.6409 11.2882339    

319.3017 3.78836307 227.4371 5.09895046    

373.0301 3.32267916      

E(react) E (TS)  Q(react) Q (TS)   
-1073.5977 -1073.4605 trans 1.0005E+10 1.0005E+10   
0.030969 0.023773 rot 11650.9 3423770   

-1073.5667 -1073.4367      
T ZLJ[M] Area (P=760 torr) exp(-Ea/RT) k predicted (1/s)  

1500 85887860.2 10706.7638 1.3157E-12 4068.08235   
       

Freq(react) Qvib Freq (TS) Qvib Act En wavenumbers kcal/mol 

84.3248 16.9784676 -237.3599  0.1275797 27992.12369 80.05747376

84.3248 16.9784676 96.6409 14.8798037    

319.3017 4.86962213 227.4371 6.62133512    

373.0301 4.24622489      

E(react) E (TS)  Q(react) Q (TS)   
-1073.5977 -1073.4605 trans 2.0539E+10 2.0539E+10   
0.041238 0.031685 rot 15534.5 5271230   

-1073.5564 -1073.4288      
       

T ZLJ[M] Area (P=760 torr) exp(-Ea/RT) k predicted (1/s)  

2000 70306788.6 13985.7579 1.7824E-09 7198865.63   
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 2.9883952 -237.3599   0.1353787 29703.2938 84.95142 

84.3248 2.9883952 96.6409 2.6804958     kJ/mol 

319.3017 1.2719525 227.4371 1.4998259     355.4304 

373.0301 1.197497           
E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 176236000 176236000     
0.006585 0.004831 rot 2315.81 303403     

-1073.5911 -1073.4557           
T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

298 925454023   893.9113 4.97E-63 1.28E-48   
       

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 6.2801393 -237.3599   0.1336567 29325.4717 83.870849 

84.3248 6.2801393 96.6409 5.5474557     kJ/mol 

319.3017 2.0770084 227.4371 2.6765354     350.90937 

373.0301 1.8666746           
E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 1.489E+09 1.489E+09     
0.014607 0.011131 rot 5437.09 1091480     
-1073.583 -1073.4494           

T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   
700 445589428 5629.167 6.51E-27 1.06E-11     

1997/B3LYP 
βc=0.3 



  
 
 

251 
 
 

  
 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 8.7468195 -237.3599   0.1322767 29022.6874 83.004886

84.3248 8.7468195 96.6409 7.6985946     kJ/mol 

319.3017 2.7134177 227.4371 3.5810879     347.286 

373.0301 2.4064794           
E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 3.631E+09 3.631E+09     
0.020723 0.015867 rot 7767.27 1863660     

-1073.5769 -1073.4447           
T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

1000 343639216 11093.5265 7.23E-19 0.0023154     
       

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 12.861801 -237.3599   0.1299367 28509.2705 81.536514

84.3248 12.861801 96.6409 11.288234     kJ/mol 

319.3017 3.7883631 227.4371 5.0989505     341.143 

373.0301 3.3226792           
E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 1.00E+10 1.00E+10     
0.030969 0.023773 rot 11650.9 3423770     

-1073.5667 -1073.4367           
T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

1500 257663581 21183.2252 1.32E-12 8062.9824     
       

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 16.978468 -237.3599   0.1275797 27992.1237 80.057474

84.3248 16.978468 96.6409 14.879804     kJ/mol 

319.3017 4.8696221 227.4371 6.6213351     334.954 

373.0301 4.2462249           
E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 2.05E+10 2.05E+10     
0.041238 0.031685 rot 15534.5 5271230     

-1073.5564 -1073.4288           
              
T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

2000 210920366 30655.535 1.78E-09 15799944     
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1997/B3LYP 
βc=0.7 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 2.9883952 -237.3599   0.1353787 29703.2938 84.95142 

84.3248 2.9883952 96.6409 2.6804958     kJ/mol 

319.3017 1.2719525 227.4371 1.4998259     355.4304 

373.0301 1.197497           

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 176236000 176236000     

0.006585 0.004831 rot 2315.81 303403     

-1073.5911 -1073.4557           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

298 2.159E+09   920.2995 4.97E-63 1.32E-48   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 6.2801393 -237.3599   0.1336567 29325.4717 83.870849 

84.3248 6.2801393 96.6409 5.5474557     kJ/mol 

319.3017 2.0770084 227.4371 2.6765354     350.90937 

373.0301 1.8666746           

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 1.489E+09 1488510000     

0.014607 0.011131 rot 5437.09 1091480     

-1073.583 -1073.4494           

T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

700 1.04E+09 6.68E+03 6.51E-27 1.2576E-11     
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 8.7468195 -237.3599   0.1322767 29022.6874 83.004886 

84.3248 8.7468195 96.6409 7.6985946     kJ/mol 

319.3017 2.7134177 227.4371 3.5810879     347.28625 

373.0301 2.4064794           

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 3.631E+09 3630840000     

0.020723 0.015867 rot 7767.27 1863660     

-1073.5769 -1073.4447           

T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

1000 801824838 1.47E+04 7.227E-19 0.00305796     

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 12.861801 -237.3599   0.1299367 28509.2705 81.536514 

84.3248 12.861801 96.6409 11.288234     kJ/mol 

319.3017 3.7883631 227.4371 5.0989505     341.14269 

373.0301 3.3226792           

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1.07E+03 trans 1.001E+10 1.0005E+10     

0.030969 0.023773 rot 11650.9 3423770     

-1073.5667 -1073.4367           

T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

1500 601215021 3.20E+04 1.318E-12 12196.3794     

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 16.978468 -237.3599   0.1275797 27992.1237 80.057474 

84.3248 16.978468 96.6409 14.879804     kJ/mol 

319.3017 4.8696221 227.4371 6.6213351     334.95449 

373.0301 4.2462249           

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1.07E+03 trans 2.054E+10 2.0539E+10     

0.041238 0.031685 rot 15534.5 5271230     

-1073.5564 -1073.4288           

              

T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

2000 492147520 5.09E+04 1.785E-09 26217599     
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1997/B3LYP 
βc=1.0 

1997/B3LYP 
βc=1.0 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 2.9883952 -237.3599   0.1353787 29703.2938 84.95142 

84.3248 2.9883952 96.6409 2.6804958     kJ/mol 

319.3017 1.2719525 227.4371 1.4998259     355.4304 

373.0301 1.197497           

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 176236000 176236000     

0.006585 0.004831 rot 2315.81 303403     

-1073.5911 -1073.4557           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

298 3.085E+09   926.6999 4.97E-63 1.33E-48   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 6.2801393 -237.3599   0.1336567 29325.4717 83.870849 

84.3248 6.2801393 96.6409 5.5474557     kJ/mol 

319.3017 2.0770084 227.4371 2.6765354     350.90937 

373.0301 1.8666746           

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 1.489E+09 1488510000     

0.014607 0.011131 rot 5437.09 1091480     

-1073.583 -1073.4494           

T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

700 1.485E+09   7.02E+03 6.5144E-27 1.321E-11   
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 8.7468195 -237.3599   0.1322767 29022.6874 83.004886 

84.3248 8.7468195 96.6409 7.6985946     kJ/mol 

319.3017 2.7134177 227.4371 3.5810879     347.28625 

373.0301 2.4064794           

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 3.631E+09 3630840000     

0.020723 0.015867 rot 7767.27 1863660     

-1073.5769 -1073.4447           

T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

1000 1.145E+09   15988.715 7.2272E-19 0.00333705   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 12.861801 -237.3599   0.1299367 28509.2705 81.536514 

84.3248 12.861801 96.6409 11.288234     kJ/mol 

319.3017 3.7883631 227.4371 5.0989505     341.14269 

373.0301 3.3226792           

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 1.001E+10 1.0005E+10     

0.030969 0.023773 rot 11650.9 3423770     

-1073.5667 -1073.4367           

T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

1500 858878602   36936.168 1.318E-12 14059.0335   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 16.978468 -237.3599   0.1275797 27992.1237 80.057474 

84.3248 16.978468 96.6409 14.879804     kJ/mol 

319.3017 4.8696221 227.4371 6.6213351     334.95449 

373.0301 4.2462249           

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4605 trans 2.054E+10 2.0539E+10     

0.041238 0.031685 rot 15534.5 5271230     

-1073.5564 -1073.4288           

              

T ZLJ[M] Area  exp(-Ea/RT) k predicted (1/s)   

2000 703067886   61066.579 1.7847E-09 31473876.2   

 



  
 
 

256 
 
 

  
 

  

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 2.7706816 -247.4352   0.1276792 28013.9549 80.119911 

92.6702 2.7706816 105.3072 2.5076895     kJ/mol 

318.5398 1.2732294 222.0807 1.5197403     335.21573 

374.4751 1.1958538           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 176236000 176236000     

0.006592 0.00483 rot 2312.65 303224     

-1074.304 -1074.1763       k predicted   

T ZLJ[M]   Area  exp(-Ea/RT) (1/s) k(1/Ms) 

298 308484674   751.5 1.72E-59 4.35E-45 1.065E-43 

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 5.7623388 -247.4352   0.1259632 27637.4492 79.043105 

92.6702 5.7623388 105.3072 5.1349177     kJ/mol 

318.5398 2.0805226 222.0807 2.7271864     330.71045 

374.4751 1.8618859           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 1.489E+09 1488510000     

0.014609 0.011131 rot 5429.68 1090830     

-1074.296 -1074.17       k predicted   

T ZLJ[M]   Area  exp(-Ea/RT) (1/s) k(1/Ms) 

700 148529809   3.23E+03 2.095E-25 2.28E-10 1.307E-08 

1992/B3LYP 
βc=0.1 
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 8.0060648 -247.4352   0.1245832 27334.6649 78.177142 

92.6702 8.0060648 105.3072 7.1081759     kJ/mol 

318.5398 2.7185301 222.0807 3.6541049     327.08732 

374.4751 2.3994655           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 3.631E+09 3630840000     

0.020725 0.015867 rot 7756.68 1862570     

-1074.2898 -1074.1653       k predicted   

T ZLJ[M]   Area  exp(-Ea/RT) (1/s) k(1/Ms) 

1000 114546405   5241.8 8.2053E-18 1.45E-02 1.1870871 

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 11.749836 -247.4352   0.1222432 26821.248 76.708769 

92.6702 11.749836 105.3072 10.401741     kJ/mol 

318.5398 3.7961067 222.0807 5.2090074     320.94377 

374.4751 3.3120169           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 1.001E+10 1.0005E+10     

0.030971 0.023773 rot 11635 3421750     

-1074.2796 -1074.1573       k predicted   

T ZLJ[M]   Area  exp(-Ea/RT) (1/s) k(1/Ms) 

1500 85887860   8138.4 6.658E-12 1.82E+04 2243261.1 

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 15.495458 -247.4352   0.1198872 26304.3206 75.230357 

92.6702 15.495458 105.3072 13.697409     kJ/mol 

318.5398 4.8799823 222.0807 6.7683267     314.7582 

374.4751 4.2319418           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 2.054E+10 2.0539E+10     

0.041239 0.031685 rot 15513.4 5268130     

-1074.2693 -1074.1494       k predicted   

T ZLJ[M]   Area  exp(-Ea/RT) (1/s) k(1/Ms) 

2000 70306789   10384.4 6.0126E-09 2.10E+07 3.447E+09 
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 2.7706816 -247.4352   0.1276792 28013.9549 80.119911 

92.6702 2.7706816 105.3072 2.5076895     kJ/mol 

318.5398 1.2732294 222.0807 1.5197403     335.21573 

374.4751 1.1958538           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 176236000 176236000     

0.006592 0.00483 rot 2312.65 303224     

-1074.304 -1074.1763           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

298 925454023   834 1.72E-59 4.83E-45   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 5.7623388 -247.4352   0.1259632 27637.4492 79.043105 

92.6702 5.7623388 105.3072 5.1349177     kJ/mol 

318.5398 2.0805226 222.0807 2.7271864     330.71045 

374.4751 1.8618859           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106     -1074.1811 trans 1488510000 1.489E+09 

0.014609     0.011131 rot 5429.68 1090830 

-1074.296     -1074.17       

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

700 445589428   4.84E+03 2.0873E-25 3.39E-10   

1992/B3LYP 
βc=0.3 
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 8.0060648 -247.4352   0.1245832 27334.6649 78.177142

92.6702 8.0060648 105.3072 7.1081759     kJ/mol 

318.5398 2.7185301 222.0807 3.6541049     327.08732

374.4751 2.3994655           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 3.631E+09 3630840000     

0.020725 0.015867 rot 7756.68 1862570     

-1074.2898 -1074.1653           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 343639216   9158.4 8.1843E-18 2.52E-02   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 11.749836 -247.4352   0.1222432 26821.248 76.708769

92.6702 11.749836 105.3072 10.401741     kJ/mol 

318.5398 3.7961067 222.0807 5.2090074     320.94377

374.4751 3.3120169           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 1.001E+10 1.0005E+10     

0.030971 0.023773 rot 11635 3421750     

-1074.2796 -1074.1573           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 257663581   16720.9 6.6468E-12 3.74E+04   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 15.495458 -247.4352   0.1198872 26304.3206 75.230357

92.6702 15.495458 105.3072 13.697409     kJ/mol 

318.5398 4.8799823 222.0807 6.7683267     314.7582 

374.4751 4.2319418           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 2.054E+10 2.0539E+10     

0.041239 0.031685 rot 15513.4 5268130     

-1074.2693 -1074.1494           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

2000 210920366   23508.3 6.0052E-09 4.75E+07   
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1992/B3LYP 
βc=0.7 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 2.7706816 -247.4352   0.1276792 28013.9549 80.119911 

92.6702 2.7706816 105.3072 2.5076895     kJ/mol 

318.5398 1.2732294 222.0807 1.5197403     335.21573 

374.4751 1.1958538           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 176236000 176236000     

0.006592 0.00483 rot 2312.65 303224     

-1074.304 -1074.1763           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

298 2.159E+09   864.7 1.72E-59 5.01E-45   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 5.7623388 -247.4352   0.1259632 27637.4492 79.043105 

92.6702 5.7623388 105.3072 5.1349177     kJ/mol 

318.5398 2.0805226 222.0807 2.7271864     330.71045 

374.4751 1.8618859           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 1.489E+09 1488510000     

0.014609 0.011131 rot 5429.68 1090830     

-1074.296 -1074.17           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

700 1.04E+09   5.91E+03 2.0873E-25 4.15E-10   
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 8.0060648 -247.4352   0.1245832 27334.6649 78.177142 

92.6702 8.0060648 105.3072 7.1081759     kJ/mol 

318.5398 2.7185301 222.0807 3.6541049     327.08732 

374.4751 2.3994655           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 3.631E+09 3630840000     

0.020725 0.015867 rot 7756.68 1862570     

-1074.2898 -1074.1653           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 801824838   12523.9 8.1843E-18 3.45E-02   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 11.749836 -247.4352   0.1222432 26821.248 76.708769 

92.6702 11.749836 105.3072 10.401741     kJ/mol 

318.5398 3.7961067 222.0807 5.2090074     320.94377 

374.4751 3.3120169           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106     -1074.1811 trans 1.0005E+10 1.001E+10 

0.030971     0.023773 rot 11635 3421750 

-1074.2796     -1074.1573       

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 601215021   26209.6 6.6468E-12 58593.8477   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 15.495458 -247.4352   0.1198872 26304.3206 75.230357 

92.6702 15.495458 105.3072 13.697409     kJ/mol 

318.5398 4.8799823 222.0807 6.7683267     314.7582 

374.4751 4.2319418           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 2.054E+10 2.0539E+10     

0.041239 0.031685 rot 15513.4 5268130     

-1074.2693 -1074.1494           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

2000 492147520   40313 6.0052E-09 81423487.1   
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1992/B3LYP 
βc=1.0 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 2.7706816 -247.4352  0.1276792 28013.9549 80.119911 

92.6702 2.7706816 105.3072 2.5076895   kJ/mol 

318.5398 1.2732294 222.0807 1.5197403   335.21573 

374.4751 1.1958538      

E(react) E (TS)  Q(react) Q (TS)   

-1074.3106 -1074.1811 trans 176236000 176236000   

0.006592 0.00483 rot 2312.65 303224   

-1074.304 -1074.1763      

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

298 3.085E+09  872.3 1.72E-59 5.05E-45  

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 5.7623388 -247.4352  0.1259632 27637.4492 79.043105 

92.6702 5.7623388 105.3072 5.1349177   kJ/mol 

318.5398 2.0805226 222.0807 2.7271864   330.71045 

374.4751 1.8618859      

E(react) E (TS)  Q(react) Q (TS)   

-1074.3106 -1074.1811 trans 1.489E+09 1488510000   

0.014609 0.011131 rot 5429.68 1090830   

-1074.296 -1074.17      

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

700 1.485E+09  6.27E+03 2.0873E-25 4.40E-10  
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 8.0060648 -247.4352   0.1245832 27334.6649 78.177142 

92.6702 8.0060648 105.3072 7.1081759     kJ/mol 

318.5398 2.7185301 222.0807 3.6541049     327.08732 

374.4751 2.3994655           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 3.631E+09 3630840000     

0.020725 0.015867 rot 7756.68 1862570     

-1074.2898 -1074.1653           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 1.145E+09   13857.3 8.1843E-18 3.81E-02   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 11.749836 -247.4352   0.1222432 26821.248 76.708769 

92.6702 11.749836 105.3072 10.401741     kJ/mol 

318.5398 3.7961067 222.0807 5.2090074     320.94377 

374.4751 3.3120169           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 1.001E+10 1.0005E+10     

0.030971 0.023773 rot 11635 3421750     

-1074.2796 -1074.1573           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 858878602   30695.2 6.6468E-12 68621.7979   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 15.495458 -247.4352   0.1198872 26304.3206 75.230357 

92.6702 15.495458 105.3072 13.697409     kJ/mol 

318.5398 4.8799823 222.0807 6.7683267     314.7582 

374.4751 4.2319418           

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1811 trans 2.054E+10 2.0539E+10     

0.041239 0.031685 rot 15513.4 5268130     

-1074.2693 -1074.1494           

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

2000 703067886   49156.6 6.0052E-09 99285634.5   
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E.4. HgCl + Cl + M  HgCl2 + M 
 
 
 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 2.9883952 -91.3067  0.1236215 27123.6593 77.573666 

84.3248 2.9883952 27.1245 8.1415994   kJ/mol 

319.3017 1.2719525 27.1834 8.1250892   324.56243 

373.0301 1.197497 320.1569 1.2705278    

E(react) E (TS)  Q(react) Q (TS)   

-1073.5977 -1073.4728 trans 176236000 176236000   

0.006585 0.005376 rot 9767.47 303403   

-1073.5911 -1073.4674    k(tunnel) 1.0081259 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

298 260435556  3922.9 1.27E-57 3.41E-43  

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 6.2801393 -91.3067  0.1224965 26876.8243 76.867717 

84.3248 6.2801393 27.1245 18.429069   kJ/mol 

319.3017 2.0770084 27.1834 18.390241   321.60879 

373.0301 1.8666746 320.1569 2.0730846    

E(react) E (TS)  Q(react) Q (TS)   

-1073.5977 -1073.4728 trans 1.489E+09 176236000   

0.014607 0.012273 rot 22932.2 303403   

-1073.583 -1073.4606    k(tunnel) 1.0014727 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

700 129116664  8.22E+03 9.9731E-25 2.13E-11  

Transition Structure: Hg-Cl 2.35Å, Cl-Cl 4.2 Å
1997/B3LYP 
βc=0.1 
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 8.7468195 -91.3067   0.1215815 26676.0651 76.293546 

84.3248 8.7468195 27.1245 26.109569     kJ/mol 

319.3017 2.7134177 27.1834 26.054093     319.2065 

373.0301 2.4064794 320.1569 2.7077087       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 3.631E+09 176236000     

0.020723 0.017474 rot 32760.2 303403     

-1073.5769 -1073.4554       k(tunnel) 1.0007216 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 94928520   9808.2 2.1119E-17 1.15E-04   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 12.861801 -91.3067   0.1155015 25342.0589 72.478289 

84.3248 12.861801 27.1245 38.911641     kJ/mol 

319.3017 3.7883631 27.1834 38.828421     303.24375 

373.0301 3.3226792 320.1569 3.7797154       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 1.001E+10 176236000     

0.030969 0.02164 rot 49140.4 303403     

-1073.5667 -1073.4512       k(tunnel) 1.0003207 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 71002906   10865 2.7482E-11 26.5457464   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 16.978468 -91.3067   0.1184565 25990.4123 74.332579 

84.3248 16.978468 27.1245 51.714256     kJ/mol 

319.3017 4.8696221 27.1834 51.603294     311.00196 

373.0301 4.2462249 320.1569 4.8580523       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 2.054E+10 176236000     

0.041238 0.034864 rot 65520.5 303403     

-1073.5564 -1073.438       k(tunnel) 1.0001804 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

2000 58034116   13641 7.5273E-09 2391.74733   
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Transition Structure: Hg-Cl 2.35Å, Cl-Cl 4.2 Å
1997/B3LYP 
βc=0.3 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 2.9883952 -91.3067  0.1236215 27123.6593 77.573666 

84.3248 2.9883952 27.1245 8.1415994   kJ/mol 

319.3017 1.2719525 27.1834 8.1250892   324.56243 

373.0301 1.197497 320.1569 1.2705278    

E(react) E (TS)  Q(react) Q (TS)   

-1073.5977 -1073.4728 trans 176236000 176236000   

0.006585 0.005376 rot 9767.47 303403   

-1073.5911 -1073.4674    k(tunnel) 1.0081259 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

298 781306667  7172 1.27E-57 6.23E-43  

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 6.2801393 -91.3067  0.1224965 26876.8243 76.867717 

84.3248 6.2801393 27.1245 18.429069   kJ/mol 

319.3017 2.0770084 27.1834 18.390241   321.60879 

373.0301 1.8666746 320.1569 2.0730846    

E(react) E (TS)  Q(react) Q (TS)   

-1073.5977 -1073.4728 trans 1.489E+09 176236000   

0.014607 0.012273 rot 22932.2 303403   

-1073.583 -1073.4606    k(tunnel) 1.0014727 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

700 387349992  2.45E+04 3.8763E-27 2.46E-13  
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 8.7468195 -91.3067   0.1215815 26676.0651 76.293546 

84.3248 8.7468195 27.1245 26.109569     kJ/mol 

319.3017 2.7134177 27.1834 26.054093     319.2065 

373.0301 2.4064794 320.1569 2.7077087       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 3.631E+09 176236000     

0.020723 0.017474 rot 32760.2 303403     

-1073.5769 -1073.4554       k(tunnel) 1.0007216 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 284785560   32224 4.339E-19 7.77E-06   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 12.861801 -91.3067   0.1155015 25342.0589 72.478289 

84.3248 12.861801 27.1245 38.911641     kJ/mol 

319.3017 3.7883631 27.1834 38.828421     303.24375 

373.0301 3.3226792 320.1569 3.7797154       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 1.001E+10 176236000     

0.030969 0.02164 rot 49140.4 303403     

-1073.5667 -1073.4512       k(tunnel) 1.0003207 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 213008717   38940 2.0615E-12 7.1367696   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 16.978468 -91.3067   0.1184565 25990.4123 74.332579 

84.3248 16.978468 27.1245 51.714256     kJ/mol 

319.3017 4.8696221 27.1834 51.603294     311.00196 

373.0301 4.2462249 320.1569 4.8580523       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 2.054E+10 176236000     

0.041238 0.034864 rot 65520.5 303403     

-1073.5564 -1073.438       k(tunnel) 1.0001804 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

2000 174102347   49944 1.0789E-09 1255.18517   
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Transition Structure: Hg-Cl 2.35Å, Cl-Cl 4.2 Å
1997/B3LYP 
βc=0.7 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 2.9883952 -91.3067  0.1236215 27123.6593 77.573666 

84.3248 2.9883952 27.1245 8.1415994   kJ/mol 

319.3017 1.2719525 27.1834 8.1250892   324.56243 

373.0301 1.197497 320.1569 1.2705278    

E(react) E (TS)  Q(react) Q (TS)   

-1073.5977 -1073.4728 trans 176236000 176236000   

0.006585 0.005376 rot 9767.47 303403   

-1073.5911 -1073.4674    k(tunnel) 1.0081259 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

298 1.823E+09  10303 1.27E-57 8.96E-43  

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 6.2801393 -91.3067  0.1224965 26876.8243 76.867717 

84.3248 6.2801393 27.1245 18.429069   kJ/mol 

319.3017 2.0770084 27.1834 18.390241   321.60879 

373.0301 1.8666746 320.1569 2.0730846    

E(react) E (TS)  Q(react) Q (TS)   

-1073.5977 -1073.4728 trans 1.489E+09 176236000   

0.014607 0.012273 rot 22932.2 303403   

-1073.583 -1073.4606    k(tunnel) 1.0014727 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

700 903816648  4.47E+04 3.8763E-27 4.49E-13  
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 8.7468195 -91.3067   0.1215815 26676.0651 76.293546 

84.3248 8.7468195 27.1245 26.109569     kJ/mol 

319.3017 2.7134177 27.1834 26.054093     319.2065 

373.0301 2.4064794 320.1569 2.7077087       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 3.631E+09 176236000     

0.020723 0.017474 rot 32760.2 303403     

-1073.5769 -1073.4554       k(tunnel) 1.0007216 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 664499639   63612 4.339E-19 1.53E-05   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 12.861801 -91.3067   0.1155015 25342.0589 72.478289 

84.3248 12.861801 27.1245 38.911641     kJ/mol 

319.3017 3.7883631 27.1834 38.828421     303.24375 

373.0301 3.3226792 320.1569 3.7797154       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 1.001E+10 176236000     

0.030969 0.02164 rot 49140.4 303403     

-1073.5667 -1073.4512       k(tunnel) 1.0003207 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 497020340   82170 2.0615E-12 15.0597935   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 16.978468 -91.3067   0.1184565 25990.4123 74.332579 

84.3248 16.978468 27.1245 51.714256     kJ/mol 

319.3017 4.8696221 27.1834 51.603294     311.00196 

373.0301 4.2462249 320.1569 4.8580523       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 2.054E+10 176236000     

0.041238 0.034864 rot 65520.5 303403     

-1073.5564 -1073.438       k(tunnel) 1.0001804 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

2000 406238810   108360 1.0789E-09 2723.28738   
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Transition Structure: Hg-Cl 2.35Å, Cl-Cl 4.2 Å
1997/B3LYP 
βc=1.0 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 2.9883952 -91.3067  0.1236215 27123.6593 77.573666 

84.3248 2.9883952 27.1245 8.1415994   kJ/mol 

319.3017 1.2719525 27.1834 8.1250892   324.56243 

373.0301 1.197497 320.1569 1.2705278    

E(react) E (TS)  Q(react) Q (TS)   

-1073.5977 -1073.4728 trans 176236000 176236000   

0.006585 0.005376 rot 9767.47 303403   

-1073.5911 -1073.4674    k(tunnel) 1.0081259 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

298 2.604E+09  11685 1.27E-57 1.02E-42  

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 6.2801393 -91.3067  0.1224965 26876.8243 76.867717 

84.3248 6.2801393 27.1245 18.429069   kJ/mol 

319.3017 2.0770084 27.1834 18.390241   321.60879 

373.0301 1.8666746 320.1569 2.0730846    

E(react) E (TS)  Q(react) Q (TS)   

-1073.5977 -1073.4728 trans 1.489E+09 176236000   

0.014607 0.012273 rot 22932.2 303403   

-1073.583 -1073.4606    k(tunnel) 1.0014727 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

700 1.291E+09  5.65E+04 3.8763E-27 5.68E-13  
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 8.7468195 -91.3067   0.1215815 26676.0651 76.293546 

84.3248 8.7468195 27.1245 26.109569     kJ/mol 

319.3017 2.7134177 27.1834 26.054093     319.2065 

373.0301 2.4064794 320.1569 2.7077087       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 3.631E+09 176236000     

0.020723 0.017474 rot 32760.2 303403     

-1073.5769 -1073.4554       k(tunnel) 1.0007216 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 94928520   9808.2 2.1119E-17 1.15E-04   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 12.861801 -91.3067   0.1155015 25342.0589 72.478289 

84.3248 12.861801 27.1245 38.911641     kJ/mol 

319.3017 3.7883631 27.1834 38.828421     303.24375 

373.0301 3.3226792 320.1569 3.7797154       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 1.001E+10 176236000     

0.030969 0.02164 rot 49140.4 303403     

-1073.5667 -1073.4512       k(tunnel) 1.0003207 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 71002906   10865 2.7482E-11 26.5457464   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

84.3248 16.978468 -91.3067   0.1184565 25990.4123 74.332579 

84.3248 16.978468 27.1245 51.714256     kJ/mol 

319.3017 4.8696221 27.1834 51.603294     311.00196 

373.0301 4.2462249 320.1569 4.8580523       

E(react) E (TS)   Q(react) Q (TS)     

-1073.5977 -1073.4728 trans 2.054E+10 176236000     

0.041238 0.034864 rot 65520.5 303403     

-1073.5564 -1073.438       k(tunnel) 1.0001804 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 58034116   13641 7.5273E-09 2391.74733   
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 2.7706816 -90.705   0.120209 26374.9264 75.432289 

92.6702 2.7706816 46.7396 4.9471334     kJ/mol 

318.5398 1.2732294 46.755 4.945681     315.60307 

374.4751 1.1958538 303.0781 1.3007965       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 176236000 1.76E+08    

0.006592 0.005364 rot 2312.65 9834.55    

-1074.304 -1074.1838       k(tunnel) 1.0080192 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

298 260435556   2148.6 4.72E-56 1.11E-42   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 5.7623388 -90.705   0.119095 26130.5049 74.733244 

92.6702 5.7623388 46.7396 10.91013     kJ/mol 

318.5398 2.0805226 46.755 10.906706     312.67831 

374.4751 1.8618859 303.0781 2.1557914       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 1.489E+09 1488510000     

0.014609 0.012267 rot 5.43E+03 23089.7     

-1074.296 -1074.1769       k(tunnel) 1.0014533 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

700 129116664   5.36E+03 4.627E-24 2.46E-11   
 

Transition Structure: Hg-Cl 2.38Å, Cl-Cl 4.2 Å
1992/B3LYP 
βc=0.1 
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 8.0060648 -90.705   0.118184 25930.6233 74.161583 

92.6702 8.0060648 46.7396 15.365779     kJ/mol 

318.5398 2.7185301 46.755 15.360886     310.28653 

374.4751 2.3994655 303.0781 2.82793       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 3.631E+09 3630840000     

0.020725 0.017472 rot 7756.68 32985.2     

-1074.2898 -1074.1717       k(tunnel) 1.0007121 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 94928520   6704.8 6.1753E-17 1.26E-04   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 11.749836 -90.705   0.116627 25589.0037 73.18455 

92.6702 11.749836 46.7396 22.793996     kJ/mol 

318.5398 3.7961067 46.755 22.786655     306.1987 

374.4751 3.3120169 303.0781 3.9617304       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 1.001E+10 1.0005E+10     

0.030971 0.026161 rot 11635 49477.9     

-1074.2796 -1074.163       k(tunnel) 1.0003165 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 71002906   8512.7 2.1684E-11 13.5592121   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 15.495458 -90.705   0.115059 25244.9705 72.200616 

92.6702 15.495458 46.7396 30.223147     kJ/mol 

318.5398 4.8799823 46.755 30.213359     302.08199 

374.4751 4.2319418 303.0781 5.1015303       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 2.054E+10 2.0539E+10     

0.041239 0.034861 rot 15513.4 65970.5     

-1074.2693 -1074.1543       k(tunnel) 1.000178 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

2000 58034116   9813.6 1.2872E-08 3247.99582   
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Transition Structure: Hg-Cl 2.38Å, Cl-Cl 4.2 Å
1992/B3LYP 
βc=0.3 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 2.7706816 -90.705  0.120209 26374.9264 75.432289 

92.6702 2.7706816 46.7396 4.9471334   kJ/mol 

318.5398 1.2732294 46.755 4.945681   315.60307 

374.4751 1.1958538 303.0781 1.3007965    

E(react) E (TS)  Q(react) Q (TS)   

-1074.3106 -1074.1891 trans 176236000 1.76E+08   

0.006592 0.005364 rot 2312.65 9834.55   

-1074.304 -1074.1838    k(tunnel) 1.0080192 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

298 781306667  3510.6 4.72E-56 1.81E-42  

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 5.7623388 -90.705  0.119095 26130.5049 74.733244 

92.6702 5.7623388 46.7396 10.91013   kJ/mol 

318.5398 2.0805226 46.755 10.906706   312.67831 

374.4751 1.8618859 303.0781 2.1557914    

E(react) E (TS)  Q(react) Q (TS)   

-1074.3106 -1074.1891 trans 1.489E+09 1488510000   

0.014609 0.012267 rot 5.43E+03 23089.7   

-1074.296 -1074.1769    k(tunnel) 1.0014533 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

700 387349992  1.22E+04 4.627E-24 5.58E-11  
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 8.0060648 -90.705   0.118184 25930.6233 74.161583 

92.6702 8.0060648 46.7396 15.365779     kJ/mol 

318.5398 2.7185301 46.755 15.360886     310.28653 

374.4751 2.3994655 303.0781 2.82793       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 3.631E+09 3630840000     

0.020725 0.017472 rot 7756.68 32985.2     

-1074.2898 -1074.1717       k(tunnel) 1.0007121 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 284785560   16684 6.1753E-17 3.14E-04   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 11.749836 -90.705   0.116627 25589.0037 73.18455 

92.6702 11.749836 46.7396 22.793996     kJ/mol 

318.5398 3.7961067 46.755 22.786655     306.1987 

374.4751 3.3120169 303.0781 3.9617304       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 1.001E+10 1.0005E+10     

0.030971 0.026161 rot 11635 49477.9     

-1074.2796 -1074.163       k(tunnel) 1.0003165 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 213008717   22764 2.1684E-11 36.2589899   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 15.495458 -90.705   0.115059 25244.9705 72.200616 

92.6702 15.495458 46.7396 30.223147     kJ/mol 

318.5398 4.8799823 46.755 30.213359     302.08199 

374.4751 4.2319418 303.0781 5.1015303       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 2.054E+10 2.0539E+10     

0.041239 0.034861 rot 15513.4 65970.5     

-1074.2693 -1074.1543       k(tunnel) 1.000178 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

2000 174102347   27203 1.2872E-08 9003.34539   
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Transition Structure: Hg-Cl 2.38Å, Cl-Cl 4.2 Å
1992/B3LYP 
βc=0.7 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 2.7706816 -90.705  0.120209 26374.9264 75.432289 

92.6702 2.7706816 46.7396 4.9471334   kJ/mol 

318.5398 1.2732294 46.755 4.945681   315.60307 

374.4751 1.1958538 303.0781 1.3007965    

E(react) E (TS)  Q(react) Q (TS)   

-1074.3106 -1074.1891 trans 176236000 1.76E+08   

0.006592 0.005364 rot 2312.65 9834.55   

-1074.304 -1074.1838    k(tunnel) 1.0080192 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

298 1.823E+09  4650.8 4.72E-56 2.40E-42  

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 5.7623388 -90.705  0.119095 26130.5049 74.733244 

92.6702 5.7623388 46.7396 10.91013   kJ/mol 

318.5398 2.0805226 46.755 10.906706   312.67831 

374.4751 1.8618859 303.0781 2.1557914    

E(react) E (TS)  Q(react) Q (TS)   

-1074.3106 -1074.1891 trans 1.489E+09 1488510000   

0.014609 0.012267 rot 5.43E+03 23089.7   

-1074.296 -1074.1769    k(tunnel) 1.0014533 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

700 903816648  2.14E+04 4.627E-24 9.81E-11  
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 8.0060648 -90.705   0.118184 25930.6233 74.161583 

92.6702 8.0060648 46.7396 15.365779     kJ/mol 

318.5398 2.7185301 46.755 15.360886     310.28653 

374.4751 2.3994655 303.0781 2.82793       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 3.631E+09 3630840000     

0.020725 0.017472 rot 7756.68 32985.2     

-1074.2898 -1074.1717       k(tunnel) 1.0007121 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 664499639   32079 6.1753E-17 6.04E-04   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 11.749836 -90.705   0.116627 25589.0037 73.18455 

92.6702 11.749836 46.7396 22.793996     kJ/mol 

318.5398 3.7961067 46.755 22.786655     306.1987 

374.4751 3.3120169 303.0781 3.9617304       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 1.001E+10 1.0005E+10     

0.030971 0.026161 rot 11635 49477.9     

-1074.2796 -1074.163       k(tunnel) 1.0003165 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 497020340   47013 2.1684E-11 74.8833198   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 15.495458 -90.705   0.115059 25244.9705 72.200616 

92.6702 15.495458 46.7396 30.223147     kJ/mol 

318.5398 4.8799823 46.755 30.213359     302.08199 

374.4751 4.2319418 303.0781 5.1015303       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 2.054E+10 2.0539E+10     

0.041239 0.034861 rot 15513.4 65970.5     

-1074.2693 -1074.1543       k(tunnel) 1.000178 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

2000 406238810   58276 1.2872E-08 19287.5402   
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Transition Structure: Hg-Cl 2.38Å, Cl-Cl 4.2 Å
1992/B3LYP 
βc=1.0 

Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 2.7706816 -90.705  0.120209 26374.9264 75.432289 

92.6702 2.7706816 46.7396 4.9471334   kJ/mol 

318.5398 1.2732294 46.755 4.945681   315.60307 

374.4751 1.1958538 303.0781 1.3007965    

E(react) E (TS)  Q(react) Q (TS)   

-1074.3106 -1074.1891 trans 176236000 1.76E+08   

0.006592 0.005364 rot 2312.65 9834.55   

-1074.304 -1074.1838    k(tunnel) 1.0080192 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

298 2.604E+09  5108.2 4.72E-56 2.63E-42  

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 5.7623388 -90.705  0.119095 26130.5049 74.733244 

92.6702 5.7623388 46.7396 10.91013   kJ/mol 

318.5398 2.0805226 46.755 10.906706   312.67831 

374.4751 1.8618859 303.0781 2.1557914    

E(react) E (TS)  Q(react) Q (TS)   

-1074.3106 -1074.1891 trans 1.489E+09 1488510000   

0.014609 0.012267 rot 5.43E+03 23089.7   

-1074.296 -1074.1769    k(tunnel) 1.0014533 

T ZLJ[M]  Area exp(-Ea/RT) k predicted (1/s) 

700 1.291E+09  2.66E+04 4.627E-24 1.22E-10  
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Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 8.0060648 -90.705   0.118184 25930.6233 74.161583 

92.6702 8.0060648 46.7396 15.365779     kJ/mol 

318.5398 2.7185301 46.755 15.360886     310.28653 

374.4751 2.3994655 303.0781 2.82793       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 3.631E+09 3630840000     

0.020725 0.017472 rot 7756.68 32985.2     

-1074.2898 -1074.1717       k(tunnel) 1.0007121 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1000 949285199   41609 6.1753E-17 7.84E-04   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 11.749836 -90.705   0.116627 25589.0037 73.18455 

92.6702 11.749836 46.7396 22.793996     kJ/mol 

318.5398 3.7961067 46.755 22.786655     306.1987 

374.4751 3.3120169 303.0781 3.9617304       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 1.001E+10 1.0005E+10     

0.030971 0.026161 rot 11635 49477.9     

-1074.2796 -1074.163       k(tunnel) 1.0003165 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

1500 710029057   63141 2.1684E-11 100.572346   

       
Freq(react) Qvib Freq (TS) Qvib Act En cm-1 kcal/mol 

92.6702 15.495458 -90.705   0.115059 25244.9705 72.200616 

92.6702 15.495458 46.7396 30.223147     kJ/mol 

318.5398 4.8799823 46.755 30.213359     302.08199 

374.4751 4.2319418 303.0781 5.1015303       

E(react) E (TS)   Q(react) Q (TS)     

-1074.3106 -1074.1891 trans 2.054E+10 2.0539E+10     

0.041239 0.034861 rot 15513.4 65970.5     

-1074.2693 -1074.1543       k(tunnel) 1.000178 

T ZLJ[M]   Area  exp(-Ea/RT) k predicted (1/s) 

2000 580341158   79699 1.2872E-08 26377.8857   
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APPENDIX F. EQUILIBRIUM CONSTANT DATA 
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F.1. Cl + Cl + M  Cl2 + M 
 
  F.1.1. forward 
 
   
From NIST webbook (Shomate Equation) 
 
H° - H°298.15  =  A* T + B* T2/2 + C* T3/3 + D* T4/4 - E/T + F – H 
S° = A* ln (T) + B* T + C* T2/2 + D * T3/3 – E/(2*T2) + G 
Such that T = temperature/1000

            298 K     

DH (298-600) (600-6000) (298-1000) (1000-3000) DHrxn DHrxn   J/mol 
0.773 0.773 6.80321284 7.09524902 7.09524902 8.78013587 -6.51118 -242.6 -249.1 

1 1 16.0067616 16.0908879 16.0908879 23.3107043 -16.0909 -242.6 -258.7 

1.5 1.5 21.1528206 20.5045262 20.5045262 30.8120422 -10.197 -242.6 -252.8 

2 2 65.5885294 37.8116583 37.8116583 61.2473712 -14.3759 -242.6 -257 

  Cl Cl Cl2 Cl2 

  (298-600) (600-6000) (298-1000) (1000-3000) 

A 13.38298 23.26597 33.0506 42.6773 

B 42.33999 -1.555939 12.2294 -5.00957 

C -64.74656 0.34691 -12.0651 1.904621 

D 32.99532 -0.025961 4.38533 -0.165641 

E 0.063319 0.153212 -0.159494 -2.09848 

F 116.1491 114.6604 -10.8348 -17.2898 

G 171.7038 193.8882 259.029 269.84 

H 121.3021 121.3021 0 0 
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            298 K   

DS (298-600) (600-6000) (298-1000) (1000-3000) DSrxn DSrxn   

0.773 15.726238 16.5077207 24.7878486 19.7013478 -6.66463 -107.3 -114 

1 27.4587644 28.0106139 43.7061305 38.1990538 -12.3151 -107.3 -119.6 

1.5 32.139063 32.0347417 50.5633316 45.0363516 -19.0331 -107.3 -126.3 

2 58.9681139 43.0986603 70.9194371 64.4546398 -21.7427 -107.3 -129 

 

DG J/mol Keq   

773 -180732.4 773 5.43E+15 

1000 -139075.791 1000 18400780 

1500 -101197.252 1500 25419.14 

2000 1109.41597 2000 0.935457 
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F.1.2. reverse 
  

  Cl Cl Cl2 Cl2 

  (298-600) (600-6000) (298-1000) (1000-3000) 

A 13.38298 23.26597 33.0506 42.6773 

B 42.33999 -1.555939 12.2294 -5.00957 

C -64.74656 0.34691 -12.0651 1.904621 

D 32.99532 -0.025961 4.38533 -0.165641 

E 0.063319 0.153212 -0.159494 -2.09848 

F 116.1491 114.6604 -10.8348 -17.2898 

G 171.7038 193.8882 259.029 269.84 

H 121.3021 121.3021 0 0 

            298 K     

DH (298-600) (600-6000) (298-1000) (1000-3000) DHrxn DHrxn   J/mol 
0.773 6.80321284 7.09524902 7.09524902 8.780135873 6.5111767 242.6 249.11 249111.2 

1 16.0067616 16.0908879 16.0908879 23.31070428 16.090888 242.6 258.69 258690.9 

1.5 21.1528206 20.5045262 20.5045262 30.8120422 10.19701 242.6 252.8 252797 

2 65.5885294 37.8116583 37.8116583 61.2473712 14.375945 242.6 256.98 256975.9 

 

            298 K   

DS (298-600) (600-6000) (298-1000) (1000-3000) DSrxn DSrxn   

0.773 15.726238 16.5077207 24.7878486 19.70134779 6.6646273 107.3 113.96

1 27.4587644 28.0106139 43.7061305 38.19905383 12.315097 107.3 119.62

1.5 32.139063 32.0347417 50.5633316 45.03635157 19.033132 107.3 126.33

2 58.9681139 43.0986603 70.9194371 64.45463983 21.742681 107.3 129.04

 

DG J/mol Keq   

773 180732.4 773 1.842E-16

1000 139075.791 1000 5.435E-08

1500 101197.252 1500 3.934E-05

2000 -1109.41597 2000 1.0689958
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F.2. HCl + OH  Cl + H2O 
  

  HCl OH Cl Cl H2O 

  (298-1200K) (298-1300) (298-600) (600-6000) (500-1700) 

A 32.12392 32.27768 13.38298 23.26597 30.092

B -13.45805 -11.36291 42.33999 -1.555939 6.832514

C 19.86852 13.60545 -64.74656 0.34691 6.793435

D -6.853936 -3.846486 32.99532 -0.025961 -2.53448

E -0.049672 -0.001335 0.063319 0.153212 0.082139

F -101.6206 29.75113 116.1491 114.6604 -250.881

G 228.6866 225.5783 171.7038 193.8882 223.3967

H -92.31201 38.98706 121.3021 121.3021 -241.8264

              298 K     

DH (298-1200K) (298-1300) (298-600) (600-6000) (500-1700) DHrxn DHrxn   J/mol 

0.6 8.83935585 8.94735 8.94735 7.09524902 10.5050759 1.66572 -67.21 -65.54 -65544.28

1 21.0501233 20.939963 20.939963 16.0908879 26.0068879 0.107689 -67.21 -67.1 -67102.3105

1.2 27.4876887 27.164629 27.164629 20.5045262 34.5104166 0.362625 -67.21 -66.85 -66847.3746

2 53.6197523 53.494338 53.494338 37.8116583 72.7357767 3.433345 -67.21 -63.78 -63776.6553

              298 K   

DS (298-1200K) (298-1300) (298-600) (600-6000) (500-1700) DSrxn DSrxn   

0.6 20.4675749 20.753682 15.726238 16.5077207 24.2323316 -1.26269 -16.58 -17.84

1 36.0166879 36.044126 27.458764 28.0106139 43.9216694 -0.12853 -16.58 -16.71

1.2 41.8822249 41.716042 32.139063 32.0347417 51.6666634 0.103138 -16.58 -16.48

2 58.6168782 58.48694 58.968114 43.0986603 75.9195363 1.914379 -16.58 -14.67

DG J/mol Keq   

773 -54838.667 773 59470.63 

1000 -50393.779 1000 428.94 

1500 -47075.14 1500 112.00 

2000 -34445.413 2000 7.94 
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F.3. Hg + Cl + M  HgCl + M 
  

  Hg Cl Cl HgCl 

  (629-6000K) (298-600) (600-6000) (298-6000) 

A 20.67243 13.38298 23.26597 37.36504 

B 0.179353 42.33999 -1.555939 0.85485 

C -0.08012 -64.74656 0.34691 -0.011692 

D 0.010547 32.99532 -0.025961 0.001004 

E 0.007013 0.063319 0.153212 -0.107381 

F 55.23215 116.1491 114.6604 66.91178 

G 199.9797 171.7038 193.8882 304.3622 

H 61.38012 121.3021 121.3021 78.45 

            298 K     

DH (629-6000K) (298-600) (600-6000) (298-6000) DHrxn DHrxn   J/mol 
0.773 6.27449804 6.80321284 6.80321284 11.2180793 -1.859632 -104.23 -106.09 -106090 

1 14.5868953 16.0067616 16.0067616 26.36322293 -4.230434 -104.23 -108.46 -108460 

1.5 18.7453962 21.1528206 21.1528206 34.00383331 -5.894383 -104.23 -110.12 -110124 

2 35.3844659 65.5885294 65.5885294 64.9333311 -36.03966 -104.23 -140.27 -140270 

            298 K   

DS (629-6000K) (298-600) (600-6000) (298-6000) DSrxn DSrxn   

0.773 14.5410266 15.726238 16.5077207 25.95059392 -4.316671 -80.16 -84.477

1 25.1561264 27.4587644 28.0106139 45.28062495 -7.886115 -80.16 -88.046

1.5 28.9470311 32.139063 32.0347417 52.24531318 -8.73646 -80.16 -88.896

2 39.5715755 58.9681139 43.0986603 71.97948387 -10.69075 -80.16 -90.851

DG J/mol Keq   

773 -55403.6292 773 66602.201

1000 -20414.3186 1000 11.651265

1500 -3448.63189 1500 1.4129294

2000 41431.8396 2000 0.0827699
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F.4. Hg + Cl2 + M  HgCl2 + M 
  

 

  (629-6000K) (298-1000) (1000-3000) (1500-6000)   298 K   

DS         DSrxn DSrxn   

0.77 4.73341836 8.15376591   13.7487948 0.86161 -24.682 -23.82 

1 6.0124584 10.4460159   17.5495479 1.09107 -24.682 -23.59 

1.5 8.02771879   12.78077588 23.5609719 2.75248 -24.682 -21.93 

2 9.45783411   15.40502792 27.8378542 2.97499 -24.682 -21.71 

DG cal/mol Keq   

773 -30789.027 773 5.08E+08 

1000 -25409.094 1000 357777.6 

1500 -15722.256 1500 195.3983 

2000 -5175.6359 2000 3.678019 

  Hg Cl2 Cl2 HgCl2 

  (629-6000K) (298-1000) (1000-3000) (1500-6000) 

A 4.94083 7.899283 10.2001 14.8335 

B 0.042866 2.922897 -1.1973 0.060202 

C -0.019149 -2.883629 0.45522 -0.016325 

D 0.002521 1.04812 -0.0396 0.001394 

E 0.001676 -0.03812 -0.5015 -0.086559 

F 13.2008 -2.58958 -4.1324 -39.6805 

G 47.7963 61.90942 64.4933 87.90141 

H 14.6702 0 0 -34.96511 
 

  (629-6000K) (298-1000) (1000-3000) (1500-6000)   298 K     

DH         DHrxn DHrxn   cal/mol 
0.77 2.35869447 4.08998274   6.88048943 0.4318122 -49.634 -49.2 -49202 

1 3.48635168 6.11135422   10.2316856 0.6339797 -49.634 -49 -49000 

1.5 5.97151736   10.65672359 17.6457006 1.0174597 -49.634 -48.62 -48617 

2 8.45709143   15.57790505 25.0793449 1.0443484 -49.634 -48.59 -48590 
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F.5. HgCl  + Cl + M  HgCl2 + M 
  

   HgCl Cl Cl HgCl2 

  (298-6000) (298-600) (600-6000) (1500-6000) 

A 37.37 13.38 23.27 14.83 

B 0.85 42.34 -1.20 0.06 

C -0.01 -64.75 -1.56 -0.02 

D 0.00 33.00 -0.03 0.00 

E -0.11 0.06 0.15 -0.09 

F 66.91 116.15 114.66 -39.68 

G 304.36 171.70 193.89 87.90 

H 78.45 121.30 121.30 -34.97 

          298 K     

DH (298-6000) (600-6000) (1500-6000) DHrxn DHrxn   cal/mol 
0.298       0 -82.705 -82.71 -82705.00 

0.6 11.22 6.80 4.34 -6.88 -82.705 -89.58 -89582.39 

0.7 14.98 9.08 5.81 -18.26 -82.705 -100.96 -100961.67 

1 26.36 16.01 10.23 -32.14 -82.705 -114.84 -114843.30 

1.2 34.00 21.15 13.19 -41.96 -82.705 -124.67 -124668.04 

1.5 45.54 31.44 17.65 -59.33 -82.705 -142.03 -142030.32 

2 64.93 65.59 25.08 -105.44 -82.705 -188.15 -188147.52 

DS (298-6000) (600-6000) (1500-6000) DSrxn DSrxn  

0.298 0 0 0 0 -31.166 -31.17 

0.6 25.95 16.36 10.03 -15.92 -31.166 -47.09 

0.7 31.76 19.78 12.29 -19.47 -31.166 -50.63 

1 45.28 27.40 17.55 -55.13 -31.166 -86.29 

1.2 52.25 31.07 20.25 -63.07 -31.166 -94.23 

1.5 60.82 35.28 23.56 -72.54 -31.166 -103.71 

2 71.98 39.99 27.84 -84.13 -31.166 -115.30 

DG cal/mol Keq  

298 -73417.53 298 7.0477E+53

600 -61330.39 600 2.195E+22 

700 -65519.28 700 2.869E+20 

1000 -28550.79 1000 1738949.2 

1200 -11586.76 1200 128.947422

1500 13529.90 1500 0.01067903

2000 42443.40 2000 2.2994E-05
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F.6. Hg + HCl  HgCl + H 
 
 

 
 
 

  Hg HCl H HgCl 

  (629-6000K) (298-1200) (298-6000) (298-6000) 

A 20.67243 32.12392 20.78603 37.36504 

B 0.179353 -13.45805 4.85E-10 0.85485 

C -0.08012 19.86852 -1.58E-10 -0.011692 

D 0.010547 -6.853936 1.53E-11 0.001004 

E 0.007013 -0.049672 3.2E-11 -0.107381 

F 55.23215 -101.6206 211.802 66.91178 

G 199.9797 228.6866 139.8711 304.3622 

H 61.38012 -92.31201 217.9994 78.45 

            298 K     

DH (629-6000K) (298-1200) (298-6000) (298-6000) DHrxn DHrxn   J/mol 
0.3 0 0 0 0 0 327.38 327.38 327380 
0.6 6.27449804 8.83935585 8.83935585 11.2180793 4.943581 327.38 332.32 332323.6
1 14.5868953 21.0501233 21.0501233 26.36322293 11.77633 327.38 339.16 339156.3

1.2 18.7453962 27.4876887 27.4876887 34.00383331 15.25844 327.38 342.64 342638.4

2 35.3844659 53.6197523 53.6197523 64.9333311 29.54887 327.38 356.93 356928.9

DS (629-6000K) (298-1200) (298-6000) (298-6000) DSrxn DSrxn   

0.298 0 0 0 0 0 12.85 12.85 

0.6 14.5410266 20.467575 14.546816 25.9505939 5.4888 12.85 18.339 

1 25.1561264 36.016688 25.164852 45.2806249 9.2727 12.85 22.123 

1.2 28.9470311 41.882225 28.954594 52.2453132 10.371 12.85 23.221 

2 39.5715755 58.616878 39.57263 71.9794839 13.364 12.85 26.214 

DG J/mol Keq   

298 323550.7 298 2E-57 

600 321320.3 600 1E-28 

1000 317033.7 1000 3E-17 

1200 314773.7 1200 2E-14 

2000 304501.5 2000 1E-08 
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F.7. HgCl + HCl  HgCl2 + H 
 
 
 
 

 
 
 

  HgCl HCl H HgCl2 

  (298-6000K) (298-1200) (298-6000) (1500-6000) 

A 37.36504 32.12392 20.78603 62.06336 

B 0.85485 -13.45805 4.851E-10 0.251886 

C -0.011692 19.86852 -1.583E-10 -0.068302 

D 0.001004 -6.853936 1.525E-11 0.005831 

E -0.107381 -0.049672 3.196E-11 -0.362161 

F 66.91178 -101.6206 211.802 -166.0232 

G 304.3622 228.6866 139.8711 367.7795 

H 78.45 -92.31201 217.9994 -146.294 

            298 K     

DH (298-6000K) (298-1200) (298-6000) (1500-6000) DHrxn DHrxn   J/mol 
0.773 11.2180793 8.83935585 8.83935585 18.1614484 6.9433691 85.57 92.513 92513 

1 26.3632229 21.0501233 21.0501233 42.8093745 16.446152 85.57 102.02 1E+05 

1.5 34.0038333 27.4876887 27.4876887 55.2020917 21.198258 85.57 106.77 1E+05 

2 64.9333311 53.6197523 53.6197523 104.931978 39.998647 85.57 125.57 1E+05 

            298 K   

DS (298-6000K) (298-1200) (298-6000) (1500-6000) DSrxn DSrxn   

0.773 25.9505939 20.4675749 14.5468156 41.9652589 10.093906 -37.4 -27.306

1 45.2806249 36.0166879 25.1648523 73.4273141 17.294854 -37.4 -20.105

1.5 52.2453132 41.8822249 28.9545937 84.7242382 19.551294 -37.4 -17.849

2 71.9794839 58.6168782 39.5726304 116.473585 25.449854 -37.4 -11.95 

DG J/mol Keq   

773 108897.03 773 3.3E-10 

1000 122121.3 1000 4.2E-07 

1500 128186.71 1500 2.6E-06 

2000 149468.94 2000 0.00012 
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APPENDIX G. MODELING PARAMETERS
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G.1. Mechanism.dat File 
  

 

 

 

 

 

 

 

 

 

 

 

 

Only mercury oxidation parameters listed here – many other reactions 
were considered, including hydrocarbon-chlorine submechanisms. 
 
 
RXN:     A (cm3/mol s)  E0 (cal/mol) 
HGCL+M=HG+CL+M    4.25E+13  1.613E4  
HGCL2+M=HG+CL2+M    4.04E+21  4.476E4  
HG+CL2=HGCL+CL          1.394E+26  2.776E4  
HG+HCL=HGCL+H     1.394E+26  8.752E4  
HG+O+M=HGO+M    3.40E+9   0.  
HG+HOCL=HGCL+OH           4.27E+13  1.9E4  
HGCL+CL+M=HGCL2+M          1.95E+13  0.  
HGCL+CL2=HGCL2+CL   1.39E+14  1.0E3  
HGCL+HCL=HGCL2+H   4.5E+13   3.027E4  
HGCL+HOCL=HGCL2+OH       4.27E+13  1.0E3  
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G.2. Thermo.dat File 
 
 

Only mercury containing species are recorded here, although many other 
species were accounted for in the modeling work.

HG 113103HG  1 G  300 5000 1000 1 
2.50E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.00E+00 
6.64E+03 6.80E+00 2.51E+00 -1.99E-05 1.39E-08 3.00E+00 
-3.94E-12 3.91E-16 6.63E+03 6.75E+00  4.00E+00 

      
HGCL 113103HG  1CL  1 G 300 5000 1000 1.00E+00 

3.31E+00 7.05E-03 -1.60E-05 1.63E-08 -6.06E-12 2.00E+00 
8.25E+03 1.02E+01 1.16E+01 -0.01954203E 00 1.97E-05 3.00E+00 
-8.54E-09 1.36E-12 6.06E+03 -3.20E+01  4.00E+00 

      
HGCL2 113103HG  1CL  2 G 300 5000 1000 1.00E+00 

5.40E+00 9.07E-03 -1.60E-05 1.30E-08 -3.97E-12 2.00E+00 
-1.95E+04 1.96E+00 7.57E+00 -5.35E-04 7.17E-07 3.00E+00 
-3.62E-10 0.06368887E-12- 1.99E+04 -8.33E+00  4.00E+00 

      
HGO 113103HG  1O   1 G 300 5000 1000 1.00E+00 

2.88E+00 5.40E-03 7.22E-06 4.40E-09 -1.00E-12 2.00E+00 
3.99E+03 1.10E+01 5.52E+00 -3.62E-03 4.26E-06 3.00E+00 
-2.05E-09 3.54E-13 3.38E+03 -2.17E+00  4.00E+00 
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APPENDIX H. DATA FROM MASS SPECTROMETRY RESULTS
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Hg + Cl2  … 
Residence time = 2.2 seconds 
 

Cl+  35,37   hgcl2.1g   hgcl2.2h   hgcl2.2f   

34.7 15187227 34.59 14763788 34.43 12481364 34.47 13314329 

35.72 14551893 35.68 16764714 35.29 12416034 35.38 12261665 

36.68 13555591 36.75 13983173 36.19 12878563 36.19 11103268 

37.6 12812917 37.69 12758143 37.08 12514566 36.98 11520089 

  56107628   58269818 37.92 11812223 37.83 12483876 

      2162190   62102750   60683227 

      0.193366502   5995122   4575599 

          0.33355856   0.635374904

N2 alone               

Cl2+, 70, 72               

69.77 12617851 69.63 12783671 69.53 12153639 70.13 12360328 

70.65 12918692 70.57 14850396 70.4 12633128 71.04 13845322 

71.54 12987250 71.48 12196359 71.27 12460249 71.94 12455759 

72.43 12564776 72.37 12811458 72.13 12297170 72.78 11727634 

73.31 12536812 73.28 13562354 73 12714758 73.58 11000826 

  63625381   66204238   62258944   61389869 

      2578857   -1366437   -2235512 

      0.230629388   0   0 

Hg+, 198 199, 200, 201, 202       

197.77 13862212 197.54 11157327 197.6 12329387 198.23 13494531 

198.69 13178870 198.25 10276251 198.44 11821003 199.09 11087769 

199.62 13682645 198.98 10603145 199.27 12117707 199.88 11934740 

200.54 13226108 199.73 10656701 200.15 12464554 200.71 11933766 

201.45 13282149 200.58 13403566 201.02 12966637 201.56 12870986 

202.31 12526528 201.48 12278496 201.94 13554392 202.51 14148582 

  79758512 202.26 10439302         

      78814788   75253680   75470374 

      -943724   -4504832   -4288138 

      0   0   0 

 



  
 
 

295 
 
 

  
 

Residence time = 2.2 seconds 
 

HgCl+ 234, 235, 237     

233.04 10631943 233.27 11754902 233.66 13021567 233.67 13260898 

233.85 12219115 234.13 12330890 234.55 12453669 234.59 12759820 

234.71 12718349 235 13246081 235.45 12705847 235.45 11544431 

235.55 11847313 235.91 12470469 236.3 12182525 236.23 10828844 

236.39 11695003 236.8 13117099 237.23 13838004 237 11828024 

237.18 11484021 237.72 12939257 238.17 13359614 237.84 12063000 

 70595744  75858698  77561226  72285017 

   5262954  6965482  1689273 

   0.47067048  0.38754776  0.234575117

HgCl2+ 269, 270, 272     

268.44 12463071 268.57 11816353 267.91 13137122 267.81 10238830 

269.3 11991230 269.36 10892238 268.86 13574084 268.59 11728121 

270.15 12756898 270.17 12740986 269.79 13330449 269.45 12605429 

271.03 12679603 271.07 13058593 270.74 14104020 270.32 12087490 

271.91 13369761 271.95 12529403 271.7 13345905 271.17 13026099 

272.79 12720135 272.85 13550448 272.62 13501736 272.07 13128141 

 75980698  74588021  80993316  72814110 

   -1392677  5012618  -3166588 

   0  0.27889368  0 

Hg2Cl2+ 468, 470, 474     

467.7 13811362 467.8 13098052 467.92 12008418 467.52 11049803 

468.63 13202866 468.68 12890117 468.73 12010052 468.27 11434957 

469.49 12938598 469.55 12553412 469.57 12463296 469.1 12840923 

470.38 12898436 470.4 11707722 470.41 12011135 469.96 12610840 

473.86 12367845 473.57 11788136 473.96 12701673 473.42 12716169 

474.6 9636660 474.45 13996150 474.62 7914830 474.38 15139619 

 74855767  76033589  69109404  75792311 
   1177822  -5746363  936544 

   0.105333629  0  0.130049979
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Residence time = 3.0 seconds 
 

N2 alone               

Cl2+, 70, 72   hgcl2.1d   hgcl2.2e   hgcl2.2f   

70.65 12918692 70.66 13201118 70.5 12569508 70.62 13291261 

71.54 12987250 71.56 14024236 71.36 12413228 71.51 12544380 

72.43 12564776 72.46 11967220 72.27 13550398 72.42 13250486 

73.31 12536812 73.25 11527765 73.21 13389746 73.38 14517387 

  51007530   50720339   51922880   53603514 
Hg+, 198 199, 200, 201, 202       

197.77 13862212 197.16 15568869 197.45 13109854 197.3 11826036 

198.69 13178870 198.16 14251125 198.34 12589688 198.11 10863882 

199.62 13682645 199.09 13044059 199.2 11989729 198.88 11922314 

200.54 13226108 199.99 12996117 200.05 12268080 199.71 11988608 

201.45 13282149 200.87 12193931 200.92 12459285 200.61 12965354 

202.31 12526528 201.75 13350291 201.81 12598666 201.52 13156654 

  79758512 202.67 13376695 202.68 12338248 202.41 12606312 

    79212218   87353550   73503124 

HgCl+ 234, 235, 237         

233.04 10631943 233.69 13434055 233.37 11386028 234.35 10657716 

233.85 12219115 234.63 13659321 234.2 12371056 235.02 9983540 

234.71 12718349 235.59 13506423 235.1 13358945 235.86 13236818 

235.55 11847313 236.55 14000965 236.08 14369913 236.75 12380383 

236.39 11695003 237.52 13714561 237.07 13967998 237.63 12591092 

237.18 11484021   68315325   65453940   58849549 

  70595744   1.37E+08   1.31E+08   1.18E+08 
HgCl2+ 269, 270, 272         

268.44 12463071 268.09 12791961 268.39 12323110 268.51 13704036 

269.3 11991230 269.05 14956833 269.24 12460668 269.4 11744828 

270.15 12756898 270.1 15466133 270.13 12579501 270.21 12245924 

271.03 12679603 271.09 12868021 271.02 13002246 271.08 12924630 

271.91 13369761 271.98 13004500 271.94 13415628 271.98 13137857 

272.79 12720135 272.89 14015418 272.82 12531949 272.86 11594595 

  75980698   83102866   76313102   75351870 
Hg2Cl2+ 468, 470, 474         

467.7 13811362 467.74 16522430 468.02 13415328 467.86 13801928 

468.63 13202866 468.79 16099443 468.93 13400101 468.81 13739896 

469.49 12938598 469.76 13805647 469.87 13262754 469.82 15858064 

470.38 12898436 470.72 15298928 470.76 12546647 470.82 13074495 

473.86 12367845 474.02 11836695 473.45 12926580 473.53 13219406 

474.6 9636660 474.64 7633951 474.38 14418617 474.46 13423790 

  74855767   81197094   79970027   83117579 
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Residence time = 4.2 seconds 
 

Cl+  35,37   hgcl2.1b   hgcl2.2b   hgcl2.2   

34.7 15187227 34.25 13194428 34.26 12597536 34.13 12786078

35.72 14551893 35.13 12285920 35.14 12468972 35.02 12595835

36.68 13555591 35.99 11915904 36 12135966 35.9 12536883

37.6 12812917 36.84 12748686 36.87 13126980 36.79 13036043

  56107628 37.75 12886807 37.79 12840841 37.69 12954550

      63031745   63170295   63909389

      6924117   7062667   7801761

      0.346749848   0.3941078   0.27111885

N2 alone               

Cl2+, 70, 72               

69.77 12617851 69.52 12200628 69.46 12807702 70.13 14204825

70.65 12918692 70.38 13359404 70.34 13054423 71.03 13199892

71.54 12987250 71.29 13171430 71.22 13289210 71.94 12782914

72.43 12564776 72.19 12847451 72.13 12823772 72.84 12965510

73.31 12536812 73.12 13825592 73.01 12566670 73.7 12045672

  63625381   65404505   64541777   65198813 

      1779124   916396   1573432 

      0.089095978   0.0511363   0.05467831

Hg+, 198 199, 200, 201, 202       

197.77 13862212 197.86 13960827 197.82 13434055 198.23 13494531 

198.69 13178870 198.77 12495710 198.71 12705523 199.09 11087769 

199.62 13682645 199.67 13044653 199.57 12243628 199.88 11934740 

200.54 13226108 200.59 13395447 200.45 13235280 200.71 11933766 

201.45 13282149 201.5 12800211 201.41 14177798 201.56 12870986 

202.31 12526528 202.38 12497253 202.36 13313458 202.51 14148582 

  79758512   78194101   79109742   75470374 

      -1564411   -648770   -4288138 

      0   0   0 
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Residence time = 4.2 seconds 
 

HgCl+ 234, 235, 237         

233.04 10631943 233.73 13078972 233.7 13090202 233.23 14013575 

233.85 12219115 234.62 12294561 234.59 12511424 234.18 13346614 

234.71 12718349 235.49 12725848 235.5 13477049 235.08 12891995 

235.55 11847313 236.3 10728712 236.38 11585514 236.01 13723597 

236.39 11695003 237.13 12812025 237.2 12072702 237 14537366 

237.18 11484021 238.03 13053702 238.05 12388204 237.99 14009457 

  70595744   74693820   75125095   82522604 

      4098076   4529351   11926860 

      0.205225768   0.2527448   0.41447009

HgCl2+ 269, 270, 272         

268.44 12463071 268.41 12362614 268.5 10335900 268.08 12298833 

269.3 11991230 269.28 12690890 269.25 11580396 268.95 12415331 

270.15 12756898 270.18 13310902 270.13 13400125 269.82 12835323 

271.03 12679603 271.02 11422240 271.05 13195196 270.71 13396971 

271.91 13369761 271.89 13158224 271.95 12717700 271.66 14625981 

272.79 12720135 272.85 14192189 272.85 14069266 272.63 14774972 

  75980698   77137059   75298583   80347411 

      1156361   -682115   4366713 

      0.0579089   0   0.15174756

Hg2Cl2+ 468, 470, 474         

467.7 13811362 467.35 13601520 467.36 13431658 467.64 12910019 

468.63 13202866 468.25 12926985 468.28 13472975 468.47 13546319 

469.49 12938598 469.09 13442628 469.13 12941256 469.32 14342378 

470.38 12898436 470 13825451 470 13136248 470.24 14442570 

473.86 12367845 473.56 13867663 473.49 12942572 473.85 13444008 

474.6 9636660 474.49 13202465 474.42 14343292 474.6 9277873 

  74855767   80866712   80268001   77963167 

      6010945   5412234   3107400

      0.301019504   0.3020111   0.1079852
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Coated Reactor - Hg + Cl2  … 
Residence time = 4.2 seconds 
 

Cl+  35,37 nb.txt chgcl2.e   chgcl1.e   chgcl2.a   

34.79 11944329 34.68 13177284 34.75 13341312 34.11 13702427 

35.57 10582441 35.6 12901212 35.69 13541989 35.02 13027718 

36.31 10710864 36.52 13186578 36.59 12291413 36 14557370 

37.13 12490126 37.42 12716502 37.44 12337002 36.99 13755746 

  45727760   51981576   51511716   55043261 

      6253816   5783956   9315501 

      0.2484637   0.229796   0.515474 

Cl2+, 70, 72               

69.9 12270693 69.28 13905114 69.37 13794056 69.81 12774668 

70.75 12096249 70.27 15099126 70.34 14483652 70.7 12397460 

71.63 12782391 71.3 14367965 71.32 13563651 71.55 12350546 

72.52 12735539 72.26 13376630 72.27 13189314 72.43 12738083 

73.41 12764483 73.17 12775886 73.16 12899936 73.18 12899936 

74.3 12748830 74.05 12337558 74.04 12279010 73.95 11955914 

  75398185   81862279   80209619   75116607 

      6464094   4811434   -281578 

      0.256818   0.191158   0 

Hg+, 198 199, 200, 201,         

197.97 11451098 197.66 13175761 197.63 13511376 197.41 12003885 

198.8 12271736 198.57 13497989 198.57 13702625 198.23 12070331 

199.69 13079871 199.47 12578836 199.49 12750227 199.09 12456274 

200.59 12664230 200.3 11026535 200.33 11167708 200.02 13609383 

201.48 12596861 201.09 11477554 201.06 10185424 200.9 11880563 

202.36 12484103 201.86 11280965 201.83 11866617 201.76 12590779 

203.18 11409890 202.71 13060759 202.71 13316600 202.63 12430343 

  85957789   86098399   86500577   87041558 

      140610   542788   1083769 

      0.0055864   0.021565   0.0599704
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Coated Reactor - Hg + Cl2  … 
Residence time = 4.2 seconds 
 

HgCl+ 234, 235, 237         

233.07 12438859 232.72 12222654 232.69 12892058 233.24 12771427 

233.94 12575673 233.61 13193732 233.61 13218146 234.13 12615263 

234.82 12462636 234.5 12454087 234.52 12767392 234.91 12767392 

235.69 12505948 235.38 12830906 235.42 13383477 235.67 12092566 

236.54 11692634 236.27 12460575 236.32 12451966 236.54 12470785 

237.37 12339359 237.15 12771007 237.22 13204651 237.43 13221767 

238.22 11866479 238.08 13825728 238.14 13450898 238.36 13008007 

  85881588   89758689   91368588   88947207 

      3877101   5487000   3065619 

      0.154037   0.217998   0.1696363

HgCl2+ 269, 270, 272         

268.32 13094456 268.2 12546154 268.17 12539917 268.29 12731788 

269.23 12977780 269.05 12428797 269.02 11996760 269.14 11517890 

270.13 12687769 269.95 13163179 269.89 13105318 269.98 12576253 

271.02 13052673 270.85 12729299 270.8 13099835 270.84 12427372 

271.98 14586179 271.74 12927111 271.73 13534225 271.74 13264031 

272.95 13259969 272.63 13048759 272.63 12589958 272.64 12736729 

  79658826   76843299   76866013   75254063 

      -2815527   -2792813   -4404763 

      0   0   0 

Hg2Cl2+ 468, 470, 474         

467.59 12862883 467.77 13653103 467.79 14981265 467.38 12499961 

468.51 13136757 468.65 16256347 468.7 15454830 468.25 12713462 

469.41 12430593 469.49 15237092 469.55 14890665 469.14 12776946 

470.29 13187993 470.41 15608254 470.48 16091377 470 12499388 

473.95 11598256 474.06 13889437 474.11 13860478 473.61 12849620 

474.61 8777614 474.66 5784179 474.7 5319819 474.48 13261548 

  71994096   80428412   80598434   76600925 

      8434316   8604338   4606829 

      0.3350948   0.34185   0.2549193
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Hg + HCl  … 
Residence time = 4.2 seconds 
 

HCl+/Cl+ nb.txt hcl.2   hcl.4   HCl+/Cl+ nb.txt 

34.79 11944329 34.45 12511427 34.88 14026048 34.79 11944329

35.57 10582441 35.33 12196834 35.82 13119528 35.57 10582441

36.31 10710864 36.16 11812461 36.75 13027871 36.31 10710864

37.13 12490126 37.05 13407838 37.66 13015734 37.13 12490126

  45727760   49928560   53189181   45727760

      4200800   7461421     
      0.515242   0.60245205     

Hg+, 198 199, 200, 201, 202   Hg+, 198 199, 

197.97 11451098 198.11 13370302 197.93 13921779 197.97 11451098

198.8 12271736 199.02 12647094 198.89 13183322 198.8 12271736

199.69 13079871 199.9 12710293 199.78 12959531 199.69 13079871

200.59 12664230 200.77 12277927 200.69 12815123 200.59 12664230

201.48 12596861 201.65 12949576 201.57 12494740 201.48 12596861

202.36 12484103 202.57 13109098 202.46 12467919 202.36 12484103

203.18 11409890 203.47 12845746 203.33 12424418 203.18 11409890

  85957789   89910036   90266832   85957789
      3952247   4309043     
      0.484757   0.3479219     

HgCl+ 234, 235, 237     HgCl+ 234, 

233.07 12438859 233.44 11629590 233.04 11733633 233.07 12438859

233.94 12575673 234.29 12082645 233.83 11306083 233.94 12575673

234.82 12462636 235.14 12520867 234.66 12525325 234.82 12462636

235.69 12505948 235.99 11576087 235.55 12414896 235.69 12505948

236.54 11692634 236.74 10587214 236.4 12289092 236.54 11692634

237.37 12339359 237.54 11515951 237.27 12473030 237.37 12339359

238.22 11866479 238.29 10395908 238.11 12050498 238.22 11866479

  85881588   80308262   84792557   85881588
      -5573326   -1089031     
      0   0     

HgCl2+ 269, 270, 272     HgCl2+ 269, 

268.32 13094456 268.56 11885642 268.5 12639633 268.32 13094456

269.23 12977780 269.36 11235781 269.37 12689914 269.23 12977780

270.13 12687769 270.18 12419458 270.32 14377292 270.13 12687769

271.02 13052673 271.08 12786340 271.31 13908910 271.02 13052673

271.98 14586179 271.98 13262302 272.25 13126949 271.98 14586179

272.95 13259969 272.91 13275786 273.14 12614885 272.95 13259969

  79658826   74865309   79357583   79658826

      -4793517   -301243     

      0   0     
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Coated Reactor (contaminated) /Hg + HCl  … 
Residence time = 4.2 seconds 
 

HgCl+ 234, 235, 237     

233.07 12438859 232.76 12481315 232.73 12257067 

233.94 12575673 233.63 12605404 233.61 12839912 

234.82 12462636 234.51 12633116 234.5 12767521 

235.69 12505948 235.43 13609135 235.43 13667925 

236.54 11692634 236.36 13047541 236.38 13368704 

237.37 12339359 237.29 13281894 237.29 12873914 

238.22 11866479 238.19 12639461 238.19 12956232 

  85881588   90297866   90731275 
      4416278   4849687 

      0.15295582   0.1679667 

HgCl2+ 269, 270, 272     

268.32 13094456 268.56 9397948 268.67 8791184 

269.23 12977780 269.25 10455890 269.29 9893414 

270.13 12687769 270.08 13152588 270.06 11970943 

271.02 13052673 271 13340288 270.95 13589545 

271.98 14586179 271.85 11086975 271.82 11750630 

272.95 13259969 272.63 11981670 272.61 11527959 

  79658826   69415359   67523675 
      -10243467   -12135151 

      0   0 

Hg2Cl2+ 468, 470, 474     

470.29 13187993 470.19 18904389 470.18 18363346 

471.2 12941974 471.07 15542194 471.05 15239385 

472.12 13107143 472.02 14550627 472 14846749 

473.06 13730714 472.94 13086645 472.96 13384189 

473.95 11598256 473.85 13437254 473.86 13150500 

  64566080   75521109   74984169 
      10955029   10418089 

      0.37942255   0.3608259 
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Coated Reactor (contaminated) /Hg + HCl  … 
Residence time = 4.2 seconds 
 

HCl+/Cl+  nb.txt chcl.c   chcl.d   

34.79 11944329 34.73 13791816 34.69 13751803 

35.57 10582441 35.75 14976465 35.7 14850125 

36.31 10710864 36.75 13754456 36.71 14057613 

37.13 12490126 37.69 13139625 37.66 13272016 

  45727760   55662362   55931557 
      9934602   10203797 

      0.34408052   0.353404 

Cl2+           

69.9 12270693 69.98 13606027 69.98 13943555 

70.75 12096249 70.91 12665070 70.91 12686848 

71.63 12782391 71.79 13256910 71.8 13216896 

72.52 12735539 72.71 12896465 72.71 12927092 

73.41 12764483 73.6 12640950 73.61 12809465 

74.3 12748830 74.49 13103992 74.51 12749278 

  75398185   78169414   78333134 
      2771229   2934949 

      0.09598028   0.1016507 

Hg+, 198 199, 200, 201,     

197.97 11451098 198.07 13257325 198.03 14186402 

198.8 12271736 198.96 12831536 198.96 13098769 

199.69 13079871 199.89 13308934 199.87 13056527 

200.59 12664230 200.71 10656090 200.72 11301411 

201.48 12596861 201.46 10849463 201.51 11539914 

202.36 12484103 202.3 13151019 202.37 12811993 

203.18 11409890 203.2 12699183 203.24 12245733 

  85957789   86753550   88240749 
      795761   2282960 

      0.02756083   0.0790693 
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APPENDIX I. CONTACT INFORMATION
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Contact Information for the Experimental Apparatus: 
 
I. Electronics (local) 

• Elliott Electronics Inc. 
1251 South Tyndall Ave. 
Tucson, AZ 85713 
Phone: (520)884-7394 

 
• Electronic City  

1300 South Park 
Tucson, AZ 85713 
Phone: (520) 622-1173 

 
• Crescent Electronic Supply Company 

523 E 10th Street 
Tucson, AZ 85705 
Phone: (520) 624-8241 

 
II. Vacuum Assembly 
For purchasing: 

• MDC 
23842 Cabot Blvd. 
Hayward, CA 94545-1661 
Phone: 800-443-8817 
Fax: 510-887-0626 
http://www.mdc-vacuum.com/ 

 
• Kurt J Lesker 

1515 Worthington Ave 
Clairton, Pa 15025 
Phone: 800-245-1656 
http://www.lesker.com/newweb/index.cfm 

 
III. Mass Spectrometry 
For purchasing and troubleshooting: 

 ABB/Extrel 
 

• Brian Regel  
                brian.regel@us.abb.com 
 

• Kevin Kuchta 
kevin.kuchta@us.abb.com 
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APPENDIX J. STEPS FOR PUMPING DOWN THE VACUUM ASSEMBLY
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Steps on Pumping Down: 

1. Close roughing line valve and open the backing line . 

2. Connect and switch on the cooling water supply. 

3. Turn on mechanical pump #2 and reduce the pressure in the backing line/diffusion 

pump to < 375 millitorr. 

4. Turn on the electrical supply to the diffusion pump (P = 1350 Watts, I ~ 6.5 amps, 

V = 208 volts). 

5. Allow the diffusion pump to warm up for 30 minutes. 

6. Close the backing line and open the roughing line. 

7. Let the pressure reduce to  < 225 millitorr. (also, at this point before 225 millitorr 

is reached, mechanical pump #1 can be switched on) 

8. Close the roughing line and open the backing line. 

9. Slowly open the 8” gate valve 5 psig at a time.  If the valve opens too quickly, the  

pump may stall. 

10. If the pump stalls, (a) close 8” valve (b) turn off heater and (c) start over 
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Pump shut-down: 

1. Close the 8” gate valve.   

2. Switch off the heater and allow the pump to cool. 

3. Close both backing and roughing lines. 

4. Allow air into the pump 1 system and then shut off pump 1. 

5. Allow air into the pump 2 system and then shut off pump 2. 

6. Turn off cooling-water supply after diff pump has cooled sufficiently. 
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APPENDIX K. STEPS ON OBTAINING DATA FROM MERLIN  
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Steps to running samples and using Merlin Data Acquisition Software: 
 
 
It is important to note that the electronics (i.e. filament, multiplier and dynode) of the 

mass spectrometer require a maximum pressure of ~ 3*10-5 Torr to run without being 

damaged.  For instance, if the pressure becomes higher than this base, the multiplier can 

become contaminated.  Dirty multipliers can be cleaned depending on the extent of 

contamination, but it is best to keep the chamber pressure below this 10-5 maximum.  The 

current vacuum assemply has a base pressure of ~ 4*10-7 Torr and reaches a pressure of ~ 

4*10-6 Torr when a sample is being introduced. 

 

Before beginning an experiment, it needs to be decided which sample probe to place 

inside the reactor.  Recall that the lab is equipped with three different \sample probes of 

three lengths, each resulting in a unique residence time.  To verify that the results of the 

experiment are reproducible, a run should be performed at least three times for a given 

residence time.  When the data is plotted, error bars representing the deviation of the 

experimental runs should be plotted with the data. (Wilks, 1995) 

 

Once the base pressure of the vacuum chamber is reached and verified through the 880 

RS Varian gauge controller, a sample is ready to be examined.  The following list of steps 

are designed for running a reaction for which both reactant species are originating from 

permeation tubes.  These steps can be easily generalized for any reaction, although the 

steps are specifically designed for running Hg0 + HCl  ... 
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1. While the system is pumping down, the oil bath should be turned on since it takes 

about 10 minutes for the bath to reach 100 degrees Celsius, which is the required 

temperature for vaporizing both Hg0 and HCl, as specified by VICI Metronics. 

 

2. The Hg0 and HCl permeation tubes should sit in the U-tubes for at least 20 

minutes before passing the nitrogen carrier gas through.  The idea is to saturate 

the lines with Hg0 vapor and HCl vapor before beginning a reaction.   

 

3. The nitrogen should flow through the mercury permeation tube initially so that the 

cross flow velocity of mercury can be established in the reactor.  After allowing 

the mercury to flow for about 3 - 5 minutes, the valve for the nitrogen line to the 

HCl permeation tube can be opened, to allow HCl to flow into the crossflow of 

mercury in the reactor.  Note that the chlorine will flow into the reactor through a 

series of small holes.  This flow through the jets allows for the proper mixing of 

HCl with Hg0.   

 

4. After the nitrogen has been allowed to flow for about 5 minutes, the power supply 

to the mass spectrometer can be turned on.  This is the second component from 

the bottom of the electronics rack.  Once the power supply is on, the electronics of 

the mass spectrometer can be turned on.  These consist of the dynode, multiplier 

and filament on the C-50 controller, which is the component placed at the top of 
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the electronics rack.  In addition, the Merlin Data Acquisition software can be 

turned on along with the Merlin electronics box, which is placed at the bottom of 

the electronics rack. 

 

5. When the Merlin Data Acquisition software is turned on, there should be a series 

of beeps, which correspond to the communication between the computer and the 

Merlin electronics box.  At this point, most of the work will be through the Merlin 

software. 

 

6. A profile view is the default setting of the Merlin software.  When the sample is 

ready to be observed, the green light on the following interface should be clicked. 

 

7. Data can be acquired in either the profile or centroid format.  The centroid format 

is preferred since it allows one to save the data in a list format, which can be 

exported into Excel.  However, the profile view is better for presenting the raw 

data.  Lists of numbers are not appealing to an audience during a presentation, for 

instance.   

 

8. This interface also has an edit button as shown below.  Clicking this edit button 

allows one to choose the mass ranges of interest.   
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9. Once all the settings have been chosen, data can be acquired by clicking on the 

start box.  Once data is being acquired, one can use the different Macro's available 

in the Merlin software to allow for the export of the raw data.  The raw data from 

the centroid format is in terms of intensity versus a mass to charge ratio (m/z).  

Below is a list of some Macros in the Merlin software package that may be 

helpful.   

• cent_to_list : This macro converts the centroid data into a list form that 

can exported directly into Excel. 

• spec_to_list : The spec window is for post-acquisition use.  The spec 

window should be used alongside the chromatogram.  The chromatogram 

can be clicked and at any one of these times, the raw data is shown in the 

spec view.  This macro allows the spec data to be converted to the list 

format for exporting into Excel. 

• list_to_pic: This macro allows for the list data to be put into a picture 

format.  This macro has not been proven to be too useful since the x-axis 

is not marked on the pic format, which forces the user to manually identify 

what each mass is with respect to its location. 

 

10. Once the data is saved in the list format, it can be exported into Excel.  Since 

there is still backstreaming present in the vacuum chamber, it is important for the 

background oil peaks to be subtracted from the new data obtained.  The intensities 

of the background oil peaks have been run previously and are saved under the 
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Methods folder on the hard drive under the name, N2.txt.  It is important that the 

runs be performed under the same conditions that the N2 was run under.  The N2 

“blank” sample was introduced to the mass spectrometer at a flow rate of ~ 5 

L/min increasing the pressure from ~ 4*10-7 Torr to ~ 4 *10-6 Torr.   

 

11. Once these background peak intensities have been subtracted from the new run 

intensities, the data is ready to be plotted. 
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APPENDIX L. TROUBLESHOOTING ON THE EXPERIMENTAL FRONT 
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I. Control Panel: 
 
 
The control panel is designed to control two solenoids which each control a pneumatic 

gate valve and 3 pumps.  The upper rocker switch on the right controls the solenoid that 

opens and closes the two inch inner diameter gate valve that separates the reactor from 

the vacuum chamber.  The second rocker switch to the left controls a second solenoid that 

opens and closes an eight inch inner diameter gate valve that isolates the diffusion pump 

chamber from the vacuum chamber.  The control panel also has three push button 

switches that control two mechanical pumps and one diffusion pump.  Starting at the 

bottom left of the control panel, this push button turns the heating elements of the 

diffusion pump on and off.  To the right is the push button for the second mechanical 

pump, which acts as the roughing pump for the diffusion pump.  The last switch to the 

right operates the first mechanical pump, which is responsible for the first stage of 

pressure.  The mechanical pumps, when they are first turned on pull a great deal of 

current.  It has been estimated that they pull between 8 and 10 amps of current when first 

turned on.  For this reason there should always be fuses between 12 and 15 amps in the 

control panel for the wiring of these pumps.  Fuses lower than 10 amps have been tried 

and have failed in the past.  The department electrician, Sal, usually has these fuses on 

hand.  Otherwise they can be picked up at one of the local electronics shops such as 

Elliot’s or Electronics City, both which are listed in Appendix H.  It is important to note 

that the fuses can be replaced when the control panel is turned on, however, a fuse 

extractor must be used to do this. 
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The last button on the control panel is an automatic reset button.  Any time the control 

panel is unplugged or the power goes out unexpectedly, this button must be pushed in 

order to bring power back to the panel.  Also, solenoid #1 is not being used and the 2 inch 

ID gate valve has been replaced with an easier to use butterfly valve.   

 

II. Vacuum Assembly: 
 
 
One of the difficulties with the vacuum assembly is maintaining a good vacuum and 

preventing leaks.  There are different aspects of leak testing that can be employed.  A 

common method for checking leaks that may be preventing the vacuum to reach the 10-6 

Torr region can be checked with isopropyl alcohol (ISA).  The alchol can be sprayed 

around all the joints and, when it detects a leak, it will essentially freeze and conceal the 

leak.  At this point a decrease in the pressure on the gauge controller will be present and 

when the alcohol melts, the pressure will return back to where it was.  This narrows down 

the source of the leak.  Sometimes the vacuum will get to the 10-6 region, but remain in 

the “high six” range rather than the desired low six range.  When this is the case, the mass 

spectrometer can be used as a residual gas analyzer (RGA) to determine where the source 

of the leak is.  Helium gas, which has an isotopic fingerprint region around a 4.0 mass to 

charge ratio, can be sprayed around all the joints while the mass spec is turned on.  

Recall, the components of the mass spec that will be destroyed under too high a pressure 

are the filament and multiplier components.  However, both of these components will 
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work fine to detect helium in the low minus five Torr region.  When helium is spotted on 

the spectrum, the leak has been detected.   

 

At times the ion collector in the Bayerd Alpert ion gauge can be dirty and will need to be 

degassed.  The degas switch is on the gauge controller and activating this switch will heat 

the collector to remove all the molecules that may have adsorbed onto its surface.  

Sometimes it may take up to an hour or two to degas the ion gauge and typically this 

reduces the pressure slightly.  For example, if the pressure is consistently at 3.4*10-6 

Torr, degassing could reduce the pressure further to ~2.5*10-6 Torr.   Degassing should 

always be performed after the instrument has been exposed to atmosphere in order to 

obtain the true base pressure of the vacuum system.   

 

Baking out the system is another useful tool in reducing the pressure.  Oftentimes if the 

system has been exposed to atmosphere, there may be water vapor adsorbed to the 

surfaces inside the vacuum chamber.  Also, after a reaction is run, there could be product 

species that remain behind in the vacuum chamber, depending on the vapor pressures of 

the different components.  The lab is equipped with two different sets of heat tape, each 

equipped with their own regulators so that the heat distribution can be monitored.  The 

heat tape can be wrapped over the outside of the vacuum chamber and turned on to 

100%, which allows the stainless steel to get to about 120 degrees Celsius.  Baking out 

overnight should be sufficient for ridding the surface of most adsorbed components on 

the inside the vacuum chamber.  Oil vapor, on the other hand, is very difficult to remove 
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from the chamber.  If there is oil contamination and the mass spec or the housing 

becomes contaminated, the equipment can be sent out for very thorough cleaning at 

ABB/Extrel.  This process costs about $1000 and the contact information is in Appendix 

H.   

 
Baking out the assembly is also important since materials such as o-rings and stainless 

steel are capable of outgassing.  If all the gas that needed to be removed from the system 

to obtain the optimum base pressure existed just in the volume of the vacuum chamber, 

then the system would reach base pressure fast and easily.  For instance, the vacuum 

chamber in the lab has a volume of approximately 80 liters.  The gas pressure is given by 

the following equation (O’Hanlon, 1980): 

    V
tS

ePP
−

= 0     (L.1) 

 

such that P0 is the initial pressure (2 Torr in this case), S is the pumping speed of the 

pump (the lab is equipped with a 760 L/s diffusion pump), t is the time it takes to reach a 

pressure, P, and V is the vacuum chamber volume.  If the chamber is the only volume 

where gas need to be evacuated, equation (L.1) implies a base pressure of 1.3*10-6 Torr 

that would  would be reached in 1.5 seconds.  Of course this is not the case and, rather, 

outgassing of the components such as the steel surfaces and the o-rings places an 

impedence on the rate in which the system takes to reach the assembly’s base pressure. 

The outgassing rate has units of W/m2, which is the quantity of gas evolved per unit time 

per unit surface area.   The vacuum chamber, typically made of stainless steel is prebaked 



  
 
 

320 
 
 

  
 

before use so that the outgassing rate is minimal, being on the order of 10-10 W/m2. 

Typical gases that are released from stainless steel outgassing are H2, H2O, CO, Ar, and 

CO2.  (O’Hanlon, 1980)  The o-rings used in the vacuum system are also capable of 

outgassing.  The current vacuum assembly contains both Viton and Buna-N o-rings for 

the quick flange connections.  When installing o-rings into the vacuum assembly, a small 

amount of vacuum grease should be applied in an attempt to prevent outgassing.  If not 

done previously, the o-rings should be baked out.  The Buna-N and Viton o-rings can be 

baked at 200 ο C, which will remove most of the adsorbed gases.  Higher temperatures 

should be avoided since the o-ring material could decompose.  Much research has been 

performed on unbaked o-rings and it was found that the major gas released was water 

vapor. (Perkins, 1973; Hait, 1967; Barton and Govier, 1968) 

 

III. Changing the Oil in the Pumps 

 
If the same type of oil is being placed in the pumps, then it is not necessary to clean or 

recharge the pumps.  However, if a new pump oil different than what was originally in 

the pump is being introduced, the process is more involved. 

 

Changing the oil in the mechanical pumps is fairly straightforward even if the fluid type 

is changed.  First, the old oil needs to be drained from the pump and disposed of properly.  

It is best if the pump was running prior to draining and not stagnant since warm oil will 

drain more efficiently.  It is best to get as much of the old oil out of the system as 



  
 
 

321 
 
 

  
 

possible so that the pump can run efficiently in the future.  The pump will now have to be 

filled with the new oil and the view ports are located on the side of the pump to prevent 

overfilling.  After the pump is filled with new oil it should be turned on, but the inlet to 

the pump should be capped.  It should run like this for thirty minutes to ensure that the 

fluid has run through the internal components of the pump.  At this point the pump is 

being “charged”.  Following this charging stage, the fluid should be drained and then 

refilled in the same manner as explained above.  At this point the pump should be turned 

back on and should pump on a limited volume for thirty minutes.  Following this, the 

pump is ready to be used continuously on the desired volume. 

 
 
The diffusion pump oil replacement is more involved.  First, the oil needs to be drained. 

The drain is located as a sidearm on the pump and unscrews from the bottom.  Due to the 

very viscous nature of the diffusion pump fluid, the draining process is very time 

consuming.  It can take up to 5 hours to completely drain the diffusion pump.  The 

diffusion pump is attached to the vacuum chamber via a conflate flange.  Each bolt will 

have to be taken out and, when replacing the diffusion pump, a new copper gasket will 

have to be used for the knife-edge seal to prevent any potential leaks.  Once the diffusion 

pump is detached, it will need to be taken apart and cleaned thoroughly.  Everything 

inside the pump should be taken out and disassembled except for the jet assembly.  The 

jet assembly is a very delicate aspect of the diffusion pump and should be left assembled.   
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Each component of the diffusion pump should be cleaned alternately with methanol and 

acetone.  Methanol acts as a reasonable solvent for the old oil and the acetone acts as a 

solvent to cleanse the acetone.  Each will show peaks on the mass spectrum and this 

should be minimized.  The cracking pattern of methanol is such that it will show up on 

the mass spectrum at 29, 31 and 32 m/z.  The cracking pattern of acetone is such that it 

will show up on the mass spectrum at 43 and 58 m/z.  Once the diffusion pump has been 

cleaned with methanol and acetone, it is best to heat the components with a heat gun to 

maximize the removal of methanol and acetone once they are sealed in the vacuum 

assembly.  At this point, the diffusion pump can be assembled and the flange can be 

bolted with the new gasket in place.  It  should be noted that filling the pump with oil is a 

time consuming process and can take about an hour due to the high viscosity of Santovac 

5.  The 760 L/s diffusion pump requires 250 mL of oil.  Also, there is an o-ring for the 

cap of the oil plug.  If this o-ring appears damaged, it should be replaced, since this could 

be a source of possible leaks.   

 

IV. Mass Spectrometer 
 
 
The filament can be controlled via the C-50 controller, which is the top unit on the 

electronics rack.  The source of the mass spectrometer is an electron ionization source by 

which a voltage is applied to the tungsten filaments.  The filament becomes hot and 

“boils” off electrons which bombard the molecules coming in, presumably from the 

reactor.  The electrons will hit 1 in every 100,000 molecules that come through the laser 
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drilled ruby orifice.  For this reason, up to 70 eV are applied to the filament.  The 

filament should always be operated in the low voltage or low emission range on the C-50 

controller.  Applying the high emission will burn out the filament.  If the red light comes 

on, the C-50 controller implies that there is a problem with the filament.  To be sure the 

filament is still intact, the connection between the C and D pins on the 10 pin connector 

of the vacuum flange can be tested.  This is done using a voltmeter with the setting on 

resistance.  If the filament is intact, the meter should read infinite resistance.  Figure L-1  

 

 

 

 

 

 

 

 

 

 

 

shows a schematic of the 10 pin connector that is attached to the vacuum flange.  The  

voltages to the lenses of the mass spectrometer are also applied through this connector 

from the C-50 controller and are labeled below.  The two center pins are labeled J and K 

and remain unconnected.  The cable which connects to the vacuum flange at this 10-pin 

Figure L-1. Schematic of the 10-Pin Connector to Vacuum Flange

Pin H (entrance lens) 

Pin A (lens 2) 

Pin B (lens 1/3) 

Pin E (ion region) 

Pin D (filament –) 

Pin C (filament  +) 

Pin F (exit lens) 

Pin G (extractor) 
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connection are attached to the back of the C-50 controller.   The C-50 also controls the 

conversion dynode which is labeled CN on the vacuum flange.  The mass spectrometer is 

set up to measure positive ions so that the multiplier connection needs to be connected to 

the mult (-) connection on the vacuum flange.  The mult (+) connection has been 

purposely shorted out.  The mult (+) connection would be used to measure negative ions.  

The RF connections on the outside of the flange connect to the power supply, which is  

the 3rd component down on the electronics rack.  The RF connections supply power to the 

quadrupoles of the mass spectrometer.  Lastly, the signal, which is labeled sig on the 

vacuum flange is controlled through the Merlin component, which is the 1st component at 

the base of the electronics rack.  The signal cable is connected to Merlin via an analog 

preamp.  In the future it may be beneficial to purchase a counting multiplier.  The lab is 

already equipped with a counting preamp, but the current fifteen-year-old multiplier is 

not compatible with it.  The counting preamp allows for increased sensitivity when 

measuring at low concentrations, such as the ppb range.  The signal is the only 

component of the mass spectrometer that Merlin is controlling with the remainder of the 

components all being controlled through the C-50.  The components of the C-50 are 

about 15 years old and may need to be replaced in the near future.  The Merlin 

component consists of modules which can be installed if they are not working properly 

on the C-50 controller.  This makes the process of replacing the old C-50 more affordable 

by purchasing just one component at a time.  The contact information for troubleshooting 

and purchasing with the mass spectrometer is located in Appendix H. 
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If the filament is burned out, it can be replaced using the spare tungsten wires available in 

the lab.  Each of the two filaments need  to have between 5 and 6 turns in the tungsten 

wire.  The tungsten wire in the lab has already been coiled.  The filament replacement is 

time consuming due to the fact that the vacuum flange needs to be removed in order to 

get to the electron ionization source.  The filament wire is dry soldered on the source.  

When putting the flange back on, the copper gasket will have to be replaced to ensure 

minimal leaks through the knife-edge seal.   
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APPENDIX M. DIRECTORY OF RESEARCH DATA 



  
 
 

327 
 
 

  
 

Paper 1

Theoretical Research:
(all data located in file name,

jwilcox on C drive)

Reaction Kinetics - which include the following:
*energetic inputs and outputs
*RRKM/TST spreadsheets
*PES spreadsheets and figures
*IRC calculation data

Paper 2 Paper 3 Paper 4

Paper 6

Paper 5

HgCl + M   Hg + Cl + M

HgCl + HCl   HgCl2 + H

Keq

Reaction Thermodynamics

Heat Cap.

Hts
Reaction Gaussian checkpnt

Miscellaneous

Hg + Cl2 + M   HgCl2 + M HgCl2 + M   HgCl + Cl + M HgCl + Cl2   HgCl2 + Cl

Hg + Cl2   HgCl + Cl
Hg + HCl   HgCl + H

Contains basis set calculations
for hydrogen, oxygen, mercury,
and chlorine.

Lists checkpoint file inputs
for hydrogen, oxygen, mercury,
nitrogen, and chlorine species.
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Experimental Research:
(all data located in file name,

jwilcox on C drive)

Modeling and Mass Spectrometry

Model

Exp Th
Publ Pres

Miscellaneous

Lists all publications and
submitted papers.

List all presentations and
posters from AICHE, EUEC,

and Student Showcase.

Miscellaneous:
(all data located in file name,

jwilcox on C drive)

Contains PESs and
theoretical figures used

in the dissertation.

Contains all figures used
in dissertation.

draft
Contains final draft
of dissertation and

defense talk.

Exp

Diss

Contains Chemkin inputs and
outputs and all spreadsheets

with model results.
Contains spreadsheets of
all raw data and raw data

itself for HCl and Cl2 reactions.

Mass.spc

Includes all schematics
of experimental set-up.
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website:  www.u.arizona.edu/~jwilcox 
 
EDUCATION: 
 
2000 – 2004  University of Arizona, Tucson, AZ 
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WORK EXPERIENCE: 
 
Jan. 2000 – present University of Arizona, Tucson, AZ 

Research Assistant, working on the development of mercury speciation from 
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