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SUMMARY 

 Emerging contaminants are defined as synthetic or naturally occurring chemicals 

or microorganisms that are not currently regulated but have the potential to enter the 

environment and cause adverse ecological and/or human health effects.  With recent 

development in analytical techniques, emerging contaminants have been detected in 

wastewater, source water, and finished drinking water.  These environmental occurrence 

data have raised public concern about the fate and ecological impacts of such compounds.  

Concerns regarding emerging contaminants and the many chemicals that are in use or 

production necessitate a task to assess their potential health effects and removal 

efficiency during water treatment.   

 Advanced oxidation processes (AOPs) are attractive and promising technologies 

for emerging contaminant control due to its capability of mineralizing organic compound 

via reactions with highly active hydroxyl radicals.  However, the nonselective reactivity 

of hydroxyl radicals and the radical chain reactions make AOPs mechanistically complex 

processes.  In addition, the diversity and complexity of the structure of a large number of 

emerging contaminants make it difficult and expensive to study the degradation pathways 

of each contaminant and the fate of the intermediates and byproducts.  The intermediates 

and byproducts that are produced may pose potential effects to human and aquatic 

ecosystems.  Consequently, there is a need to develop first-principle based mechanistic 

models that can enumerate reaction pathway, calculate concentrations of the byproducts, 

and estimate their human effects for both water treatment and reuse practices. 

 This dissertation develops methods to predict reaction rate constants for 

elementary reactions that are identified by a previously developed computer-based 
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reaction pathway generator.  Many intermediates and byproducts that are experimentally 

identified for HO• induced reactions with emerging contaminants include common lower 

molecular weight organic compounds on the basis of several carbons.  These lower 

carbon intermediates and byproducts also react with HO• at relatively smaller reaction 

rate constants (i.e., k < 109 M-1s-1) and may significantly affect overall performance of 

AOPs.  In addition, the structures of emerging contaminants with various functional 

groups are too complicated to model.  As a consequence, the rate constant predictors are 

established based on the conventional organic compounds as an initial approch.   

 A group contribution method (GCM) predicts the aqueous phase hydroxyl radical 

reaction rate constants for compounds with a wide range of functional groups.  The GCM 

is a first comprehensive tool to predict aqueous phase hydroxyl radical reaction rate 

constants for reactions that include hydrogen-atom abstraction from a C-H bond and/or a 

O-H bond by hydroxyl radical, hydroxyl radical addition to a C=C unsaturated bond in 

alkenes and aromatic compounds, and hydroxyl radical interaction with sulfur-, nitrogen-, 

or phosphorus-atom-containing compounds.  The GCM shows predictability; factor of 

difference of 2 from literature-reported experimental values.  The GCM successfully 

predicts the hydroxyl radical reaction rate constants for a limited number of emerging 

contaminants.     

 Linear free energy relationships (LFERs) bridge a kinetic property with a 

thermochemical property.  The LFERs is a new proof-of-concept approach for Ab initio 

reaction rate constants predictors.  The kinetic property represents literature-reported and 

our experimentally obtained hydroxyl radical reaction rate constants for neutral and 

ionized compounds.  The thermochemical property represents quantum mechanically 
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calculated aqueous phase free energy of activation.  Various Ab initio quantum 

mechanical methods and solvation models are explored to calculate the aqueous phase 

free energy of activation of reactantas and transition states.  The quantum mechanically 

calculcated aqueous phase free energies of activation are within the acceptable range 

when compared to those that are obtained from the experiments.  These approaches may 

be applied to other reaction mechanisms to establish a library of rate constant predictions 

for the mechanistic modeling of AOPs.  The predicted kinetic information enables one to 

identify important pathways of AOP mechanisms that are initiated by hydroxyl radical, 

and can be used to calculate concentration profiles of parent compounds, intermediates 

and byproducts.  The mechanistic model guides the design of experiments that are used to 

examine the reaction mechanisms of important intermediates and byproducts and the 

application of AOPs to real fields.   
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CHAPTER 1 

INTRODUCTION 

1.1 Significance and Objectives  
   

 Emerging contaminants are defined as synthetic or naturally occurring chemicals 

or microorganisms that are not currently regulated but have the potential to enter the 

environment and cause adverse ecological and/or human health effects.  With recent 

improvements in analytical techniques (Richardson, 2009; 2004; 2003; 2001; Richardson 

and Ternes, 2005; Pertović et al., 2003; Koester et al., 2003; Vanderford et al., 2003), 

emerging contaminants have been detected in wastewater, source waters, and finished 

drinking water (Benotti et al., 2009; Pedersen et al., 2005; Kolpin et al., 2002).  Several 

surveys on emerging contaminants found relatively high residual levels in the 

environment presumably due to runoff and discharge of municipal and industrial 

wastewater effluents (Phillips et al., 2010; USGS, 2009; Benotti et al., 2008; Conn, et al., 

2006; Kolpin et al., 2002; Snyder et al., 2001; Halling-Sorensen et al., 1998).  These 

environmental occurrence data have raised public concern about the fate and ecological 

impacts of such compounds (Bruce et al., 2010; Hayes et al., 2010; Snyder, 2008; Snyder 

et al., 2007; RNRF, 2006; Schwarzenbach et al., 2006; NRC, 1999).  As a result of their 

ubiquity and persistence in the environment, it is an urgent task to assess their potential 

health effects and removal efficiency during water treatment. 

 Chemical oxidation and reduction processes have been used for many years to 

treat potable water, wastewater, contaminated groundwater, and various industrial 

wastewater streams.  Several technologies that have shown promise to destroy many of 

the emerging organic contaminants in water are the so-called advanced oxidation 
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processes (AOPs) (e.g., hydrogen peroxide with ultraviolet photolysis (UV/H2O2), ozone 

with hydrogen peroxide (O3/H2O2), titanium dioxide with ultraviolet photolysis 

(TiO2/UV)), which produce highly reactive hydroxyl radical (HO•) at room temperature 

and atmospheric pressure (Hoigné, 1998; Glaze and Kang, 1989; Glaze et al., 1987).  The 

HO• is an electrophile that reacts rapidly and non-selectively with most electron-rich 

organic compounds, and is capable of mineralizing organic compound via radical chain 

reactions.  The reported second-order HO• reaction rate constants for most organic 

contaminants in water are on the order of 107-109 Lmol-1s-1 (Buxton et al., 1988; 

Farhataziz and Ross, 1977), which are approximately three or four orders of magnitude 

higher than those of conventional oxidants employed in water treatment (Ikehata and 

Gamal El-Din, 2005a,b; von Gunten, 2003a; Deborde and von Gunten, 2008; Lee et al., 

2008) .   

 AOPs are attractive technologies that may be used to control the emerging 

contaminants; however, the nonselective reactivity of HO• and the radical chain reactions 

make AOPs mechanistically complex processes.  In addition, the diversity and 

complexity of structure of a large number of emerging contaminants make AOPs difficult 

and expensive to study the degradation pathways of each contaminant and the fate of the 

intermediates and byproducts.  For example, trichloroethylene (TCE) (Li et al., 2007; 

2004), acetone (Stefan and Bolton, 1999), para-dioxane (p-dioxane) (Stefan and Bolton, 

1998), and methyl tert-butyl ether (MtBE) (Stefan et al., 2000) destruction using 

UV/H2O2 and MtBE destruction using O3/ H2O2 (Kang et al., 1999; Liang, et al., 1998) 

have been examined in detail.  These studies shed light on the detailed elementary 

reactions and the radical pathways in AOPs but are limited to only these contaminants.  
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The intermediates and byproducts that are produced may pose potential effects to human 

and aquatic ecosystems (Dodd et al., 2009).  As a consequence, there is a need to develop 

a first-principle based mechanistic model that can enumerate reaction pathway, calculate 

concentrations of intermediates and byproducts, and estimate intermediates and 

byproducts and their human health effects for both water treatment and reuse practices.  

The increasing concerns about emerging contaminants make this requirement more 

urgent.   

Figure 1.1 displays a basic flow diagram of the overall methodology for this work.  

The reaction pathway generator will enumerate all reaction possibilities that are based on 

the known reaction rules (see below for these).  Either rate constant calculation or toxic 

screening modules will simplify the pathways by selecting reactions that have smaller 

reaction rates and intermediates that have high toxicity.  Algorithms that can predict the 

reaction rate constants assign rate constants to the selected pathways.  An algorithm will 

solve the ordinary differential equations (ODEs).  The DGEAR algorithm (Hindmarsh 

and Gear, 1974) was successfully used to solve the ODEs for the UV/H2O2 kinetic 

models (Li et al., 2008; 2007; 2004; Crittenden et al., 1999).  Solving these ODEs will 

simulate the concentration profiles of the parent compound, the selected intermediates, 

and final byproducts.  Although detailed procedures vary for each module, Phaendtner 

and Broadbelt (2008a) demonstrated mechanistic modeling of the degradation of 

lubricating oils during the process of condensed-phase hydrocarbon autoxidation based 

on the automated mechanisms generation and structure-reactivity relationships 

(Phaendtner and Broadbelt, 2008b; 2007).      
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Figure 1.1: Skeleton of the modules and placement of this study 
 

 In previous research, a computerized pathway generator that predicts the 

degradation pathways by the HO• initiated chain reactions in AOPs was developed (Li 

and Crittenden, 2009).  The model was based on the general reaction rules that were 

discovered during past experimental research (Stefan et al., 2000; Stefan and Bolton, 

1998; 2000; Bolton and Carter, 1994) as shown in Figure 1.2.  Accordingly, the pathway 

generator enumerates possible intermediates and their associated reactions that are not 

able to be detected in the experiments.  For example, the generated pathway for ethane 

contains 137 intermediates (molecules and radicals) and 3367 reactions.  Some organic 

intermediate compounds (e.g. carboxylic acids) have lower reaction rate constants with 

HO• (i.e. 106-107 Lmol-1s-1) than the parent compounds.  These intermediates require 

longer retention times and might impose potential risks to human health (e.g., haloacetic 

acids).  In order to calculate the concentration profile, it is critical to utilize the reaction 

rate constants and the toxicity of intermediates that are predicted by the rate constant 

predictor and toxicity estimator, respectively, to include only important pathways.       
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 Figure 1.2: General reaction mechanisms that is induced by HO• 

 

  

 The complexity of the pathway requires an algorithm that can calculate the rate 

constant to establish a library of reaction rate constant predictors for mechanistic 

modeling.  Practically, although HO• reaction rate constants for many compounds have 

been measured experimentally and compiled in the critical review (Buxton et al., 1988), 

measuring the reaction rate constants for exited chemical compounds and many 

intermediates in different reaction mechanisms is far from complete.  Greater than 50 

million chemical compounds have been registered in chemical abstract services (CAS, 

2010) and more than 40 million chemicals are commercially available (CAS, 2010), and 

concerns about emerging contaminants makes the task even more challenging if not 

impossible.  In addition, no apparent consistent relations are observed between the rate 

constants and general physical chemical properties (e.g., Kow, Henry’s constant).  For 

example, Figure 1.3 plots Henry’s constant and log Kow of 87 Contaminant Candidate 
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rate constants.  Adding to the difficulty of estimating the reaction rate constants, a 

compound generally reacts with HO• via several elementary reactions.  The measured 

reaction rate constants are overall rate constants instead of the rate constants for specific 

elementary reactions that are generated by the pathway generator.  It should be noted that 

many intermediates and byproducts that are experimentally identified for reactions of 

HO• with emerging contaminants include common lower molecular weight organic 

compounds on the basis of several carbons (Cooper et al., 2009; Stefan et al., 2000; 

Stefan and Bolton, 1998; 2000).  Considering that these lower carbon intermediates and 

byproducts also react with HO• at relatively smaller reaction rate constants (i.e., k < 109 

M-1s-1) and may significantly affect overall performance of AOP, the rate constant 

predictor should be established based on the conventional organic compounds as an 

initial approch.    
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 Several robust tools have been developed to predict radical reaction rate constants 

for gaseous phase reactions, including: (1) a group contribution method (GCM) 

(Atkinson, 1986; 1987; Kwok and Atkinson, 1995), (2) quantitative structure-activity 

relationships (QSARs) (Wang et al., 2009; Gramatica et al., 2004), (3) bond dissociation 

energies (BDEs) (Heicklen, 1981), (4) computational molecular orbital OH radical 

(MOOH) methods (Klamt, 1996; Böhnhardt et al., 2008), (5) extrapolation of transition 

state theory (Cohen, 1982), and (6) neural networks (Bakken and Jurs, 1999).  In 

addition, with use of quantum mechanical methods, it has become possible to calculate 

the reaction rate constants for various gas phase radical reactions.  However, for aqueous 

phase, only a few studies have developed empirical models for HO• reaction rate 

constants, including the GCM (Monod et al., 2005), correlations of bond dissociation 

energies (BDEs) with Arrhenius activation energy (Herrmann, 2003; Gligorovski and 

Herrmann, 2004) and neural networks (Dutot et al., 2003).  There are only a few 

theoretical studies that have focused on predicting HO• reaction rate constants and other 

radical reactions in AOPs (Dematteo et al., 2005; Nicolaescu et al., 2005; Pramod et al., 

2006; McKee, 2003; Bhat et al., 2004).  These studies shed light on detailed reactivity 

trends for relatively larger molecules but they may not be applicable to a comprehensive 

model to predict rate constants for the reactions that take place in AOPs.    

 This study will explore methods to predict the reaction rate constants for the 

predicted reaction pathways in the aqueous phase AOPs.  First, we will develop a GCM 

for the aqueous phase HO• reaction rate constants.  Data base of literature-reported 

experimental HO• reaction rate constants will be compiled for the GCM.  Second, we 
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will develop linear free energy relationships (LFERs) to relate the logarithm of aqueous 

phase HO• reaction rate constants with free energies of activation for neutral compounds.  

The aqueous phase free energy of activation will be calculated using Ab initio quantum 

mechanical methods for the gaseous phase and a solvation method to consider the impact 

of water.  Several solvation methods will be compared using implicit solvation models 

and statistical solvation model.  The quantum mechanically calculated free energy of 

activation in the aqueous phase will be compared to those that are estimated from the 

experimentally obtained Arrhenius activation energy and frequency factor.  Third, we 

will examine temperature dependent-reaction rate constants for ionized compounds (i.e., 

a series of haloacetate ions).  The thermochemical properties that are obtained from 

experiments will be compared to the theoretical calculations.  We will also develop the 

LFERs for the ionized compounds.  Once the LFERs are validated with the 

experimentally obtained values, these LFERs will predict the reaction rate constants for 

compounds that have not been examined experimentally.  The uses of the rate constants 

predictors are two fold: they enable kinetic modeling, and they indicate the relative 

importance of pathways.    

 This study will help engineers and researchers gain a quantitative insight of HO• 

induced reactions.  Predicting reaction rate constant is important for quantifying the 

efficacy of AOPs as alternative treatment processes and in developing criteria such as 

reaction time, dose or residual requirements for AOPs optimization.  The predicted 

overall HO• reaction rate constants can also be used as a screening tool associated with 

apparent removal efficiency for a newly identified contaminant during water treatment 

processes where HO• is involved.  For engineering design, it will free engineers from 
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complex chemistry details and identify the pitfalls of AOP's technology.  Understanding 

and developing algorithms that can predict the reaction rate constants will help 

researchers explore chemical kinetics and the practical design of AOPs.  Sophisticated 

quantum mechanical theories help engineers understanding the chemical disciplines and 

fundamental scientific knowledge.  The theoretical studies will give a benchmark to the 

experimental investigation and engineering design, and improve in understanding AOPs.     

1.2 Structure of This Dissertation   

 This dissertation consists of the introductory part, three main chapters, future 

studies, and appendices.  After this introductory chapter, Chapter 2 discusses 

development of a group contribution method to predict the aqueous phase HO• reaction 

rate constants.  The work from this chapter has been published and presented in Minakata 

et al., (2009; 2008).  In Chapter 3, linear free energy relationships are developed for 

neutral compounds.  A part of the work from this chapter has been submitted and will be 

presented in Minakata and Crittenden (2010a,b).  Chapter 4 addresses measurement of 

temperature-dependent HO• reaction rate constants for ionic compounds and 

development of LFERs.  This Chapter includes an update of the GCM.  The work from 

this chapter will be presented and plans to be submitted in Minakata and Crittenden 

(2010c) and Minakata et al., (2010), respectively.  Implications and future studies will be 

addressed lastly.  Appendices cover the detailed computational codes, data, procedures of 

calculations, and optimized molecular structure of each compound that is determined in 

this study.     
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2.1  Abstract   
Hydroxyl radical (HO•) is a strong oxidant that reacts with electron-rich sites of 

organic compounds and initiates complex chain mechanisms.  In order to help understand 

the reaction mechanisms, a rule-based model was previously developed to predict the 

reaction pathways.  For a kinetic model, there is a need to develop a rate constant 

estimator that predicts the rate constants for a variety of organic compounds.  In this 

study, a group contribution method (GCM) is developed to predict the aqueous phase 

HO• reaction rate constants for the following reaction mechanisms: (1) H-atom 

abstraction, (2) HO• addition to alkenes, (3) HO• addition to aromatic compounds, and 

(4) HO• interaction with sulfur (S)-, nitrogen (N)- or phosphorus (P)-atom-containing 

compounds.  The GCM hypothesizes that an observed experimental rate constant for a 

given organic compound is the combined rate of all elementary reactions involving HO•, 

which can be estimated using the Arrhenius activation energy, Ea, and temperature.  Each 

Ea for those elementary reactions can be comprised of two parts: (1) a base part that 

includes a reactive bond in each reaction mechanism and (2) contributions from its 

neighboring functional groups. 

 The GCM includes 66 group rate constants and 80 group contribution factors, 

which characterize each HO• reaction mechanism with steric effects of the chemical 

structure groups and impacts of the neighboring functional groups, respectively.  

Literature-reported experimental HO• rate constants for 310 and 124 compounds were 

used for calibration and prediction, respectively.  The genetic algorithms were used to 

determine the group rate constants and group contribution factors.  The group 

contribution factors for H-atom abstraction and HO• addition to the aromatic compounds 

were found to linearly correlate with the Taft constants, σ*, and electrophilic substituent 
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parameters, σ+, respectively.  The best calibrations for 83% (257 rate constants) and 

predictions for 62% (77 rate constants) of the rate constants were within 0.5 to 2 times 

the experimental values.  This accuracy may be acceptable for model predictions of the 

advanced oxidation processes (AOPs) performance depending on how sensitive the 

model is to the rate constants.  

2.2  Introduction  
The hydroxyl radical (HO•) is a reactive electrophile that reacts rapidly and 

nonselectively with most electron-rich sites of organic contaminants.  It is the active 

species that potentially leads to complete mineralization of emerging contaminants in 

advanced oxidation processes (AOPs) (e.g., O3/H2O2, UV/H2O2, UV/TiO2) and natural 

waters (Westerhoff, et al., 2005; Huber et al., 2003; Rosenfeldt and Linden, 2004).  

Because of the concerns of emerging contaminants and the large number of chemicals 

that are in use or being produced (CAS, 2009), there is a need for kinetic models that can 

quickly assess their removal by AOPs.  The three critical components for building a 

kinetic model to predict AOPs performance are (1) numerical methods that solve ordinary 

differential equations (ODEs), (2) algorithms that can predict reaction pathways, and (3) 

algorithms that can predict reaction rate constants.  Many kinetic models have been built 

for known reaction pathways (Li et al., 2008; 2007; Stefan et al., 1996; Crittenden et al., 

1999).  Recently, a model that can generate reaction pathways for the aqueous phase 

AOPs has been developed (Li and Crittenden, 2009).  Yet the capability of generating 

rate constants for the aqueous phase radical reactions is still limited because of the 

complexity of radical chemistry.   
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A number of studies have been conducted to predict the HO• reaction rate 

constants in the gaseous phase, including 1) a group contribution method (GCM) (King et 

al., 1999; Atkinson, 1987; Kwok and Atkinson, 1995), 2) quantitative structure-activity 

relationships (QSARs) (Wang et al., 2009; Öberg, 2005; Gramatica et al., 2004; Medven 

et al., 1996), 3) bond dissociation energies (BDEs) (Heicklen, 1981), 4) computational 

molecular orbital OH radical (MOOH) methods (Klamt, 1996; Böhnhardt et al., 2008), 5) 

extrapolation of transition state theory (Cohen, 1982), 6) correlation with ionization 

potential (IP) (Percival et al., 1995; Grosjean and Williams, 1992) and 7) neural networks 

(NNs) (Bakken and Jurs, 1999).  When the experimental rate constants for compounds 

with different functional groups were available, the GCM was proven to be robust for the 

prediction of gas phase rate constants for compounds with a wide range of functional 

groups.  Atkinson’s GCM is one of the most widely accepted methods and is 

implemented in the U.S. Environmental Protection Agency software, AOPWIN (US 

EPA, 2000).  In their method, the HO• rate constant was determined by the reaction 

mechanism and effect of neighboring functional group of compound of interest.  For each 

reaction mechanism such as H-atom abstraction, HO• addition, and interactions of HO• 

with S-, N-, or P-atom-containing compounds, there were “group rate constants” that 

represented the reaction mechanism and “substitutent factors” that represented the effects 

of neighboring and next-nearest neighboring functional groups.  Using this GCM, the 

gaseous-phase rate constants at 298 K of ~90% of approximately 485 organic compounds 

were predicted within a difference of a factor of 2 from the experimental values (Kwok 

and Atkinson, 1995).    
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Although the GCM is successful in the gaseous phase, applying it to the aqueous 

phase requires carefully discerning the mechanistic differences between aqueous and 

gaseous phase reactions.  It is reported that for the H-atom abstraction involving C-H 

bonds, relative solvent effects are usually much smaller as compared to other reaction 

mechanisms (e.g., β-scission) (Avila et al., 1993) (which is why the gaseous phase C-H 

bond strengths in BDE can be used to rationalize reactions in solution).  For the aqueous 

phase, uncertainties still remain associated with long/short range interactions between 

solvent and solute in the first solvation shell and on its boundary.  Figure 2.1 compares 

the HO• reaction rate constants in the gaseous and aqueous phases for a total of 92 

organic compounds.  A rough linear correlation was found for the HO• rate constants 

between two phases.  The linearity for alkanes is better than that for oxygenated aliphatic 

compounds (e.g. alcohol, ether, ester).  In general, these polar compounds form hydrogen 

bond in the aqueous phase, which makes the adjacent C-H bonds vulnerable and the 

aqueous phase reactions distinctive from the gaseous phase ones.  In addition, there are 

significant mechanistic differences of the formation of the transition state in two phases.  

Solvent cage (Persico and Granucci, 2007) during the solvation process affects the free 

energy of activation of reactions (Cramer, 2004) and, thus, changes the rate constant.  

The impact varies significantly for different radicals and functional groups.  
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Figure 2.1: Comparison of the aqueous and gaseous phase HO• reaction rate constants.  
The unit of the gaseous phase rate constant was converted from 1/molecule/cm3/s to 
1/M/s 
 

 

There are only a few studies concerned with the prediction of aqueous phase 

reaction rate constants in AOPs.  Monod et al. (2005) applied the GCM to estimate the 

aqueous phase HO• rate constants for the oxygenated aliphatic compounds.  They 

reported that 84% of their 128 calculated data were within a difference of a factor of 5 

from the experimental values.  However, the parameters that represented the property of 

functional groups in their GCM did not follow trends that would be expected on the basis 

of the reaction mechanisms.  For example, their “substituent factors at 298K” of –CH3 

and –CH2– groups were different in magnitude of an order (i.e., 1.00 and 11.13, 

respectively), while –OH group has 6.76 of “substituent factor at 298K”.  Herrmann 

(2003) used the correlation between BDE (uncertainty of ± 8.4 kJ/mol) of the weakest C-
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H bond broken and Arrhenius activation energy, Ea, and obtained the Evans and Polanyi 

relationship for 16 oxygenated compounds with a 0.75 correlation coefficient.  Dutot et 

al. (2003) used an artificial neural network and multilayer perception (MLP) to estimate 

HO• rate constants, and 87% of the MLP predictions were within a factor of 2 from the 

experimental data.    

In this study, a GCM is developed to predict the aqueous phase HO• rate 

constants that integrate the reaction mechanisms in the aqueous phase and the essential 

features of Atkinson’s GCM.  The potential errors and limitations of the GCM will be 

discussed herein.   

2.3  Development of the Group Contribution Method    
The GCM is based on Benson’s thermochemical group additivity (Benson, 1976).  

It hypothesizes that an observed experimental rate constant for a given organic compound 

is the combined rate of all elementary reactions involving HO•, which can be estimated 

using Ea.  For each reaction mechanism, there is a base activation energy, 0
aE , and a 

functional group contribution of activation energy, R i
aE , due to the neighboring (i.e., α-

position) and/or the next nearest neighboring (i.e., β-position) functional group (i.e., Ri).  

These contributions to the rate constant can be parameterized and determined empirically 

when sufficient rate constant data are available.      

The GCM considers four reaction mechanisms that HO• initiates in the aqueous 

phase, which include (1) H-atom abstraction, (2) HO• addition to alkenes, (3) HO• 

addition to aromatic compounds, (4) HO• interaction with sulfur (S)-, nitrogen (N)-, or 

phosphorus (P)-atom-containing compounds.  Accordingly, an overall reaction rate 

constant, koverall, may be given in equation (2.1).   
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overall abs add alkene add aromatic intk k k k k− −= + + +                                                                           (2.1) 

where, absk , add alkenek − , add aromatick − , and intk are the rate constants for the aforementioned 

reaction mechanisms 1 – 4, respectively.  The manner in which these rate constants are 

determined is discussed in the following section.     

2.3.1 Hydrogen-atom Abstraction  
For H-atom abstraction, the active bond is a C-H bond.  According to the 

functional groups on the C atom, there are primary, secondary, and tertiary C-H bond(s) 

except in the special case of methane.  Therefore, the fragments of a molecule are CH3R1, 

CH2R1R2, and CHR1R2R3, where Ri is a functional group (i = 1-3).  Each of the fragments 

corresponds to a partial rate constant 
3 1CH Rk , 

2 1 2CH R Rk , and 
1 2 3CHR R Rk , respectively.  The Ea 

for the reaction of HO• is affected by the C-H bond itself and adjacent functional 

group(s).  The contribution that results from the C-H bond to the Ea is defined as base 

activation energy, 0
aE , while the contribution of the functional groups is defined as a 

group contribution parameter, R
,abs
i

aE , due to the functional group Ri for H-atom 

abstraction.  For example, the base activation energy for H-atom abstraction from one of 

the primary C-H bonds is 0
,primaE .  The R

,abs
i

aE indicates the electron-donating and -

withdrawing ability of the functional group.  An electron-donating functional group 

decreases the 0
aE  and, hence, increases the overall reaction rate constant and vice versa.  

Accordingly, the partial rate constant for the fragmented part, CH3R1, can be written as 

below   

R0 1
, prim , abs

3 1CH R prim= 3
a aE E

RTk A e
+

−
        (2.2) 
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where 3 is the amount of primary C-H bonds, primA denotes the Arrhenius frequency factor 

for the reaction of HO• with CH3R1, R is the universal gas constant, and T denotes 

absolute temperature. 

Similarly, the partial rate constants for other fragmented parts CH2R2 and 

CHR1R2R3 are expressed in equations (2.3) and (2.4) using the corresponding frequency 

factors, Asec and Atert, and group contribution parameters, 2R
,absaE and 3R

,absaE , respectively.      

R R0 1 2
, sec , abs , abs

2 1 2CH R R sec2
a a aE E E

RTk A e
+ +

−
=        (2.3) 

RR R0 31 2
, tert , abs , abs , abs

1 2 3CHR R R tert= 
a a a aE E E E

RTk A e
+ + +

−
       (2.4) 

However, for equations (2.2) – (2.4), the functional group contribution is ignored for 

cases where the neighboring functional groups have no effect on the H-atom abstraction 

(i.e., -H
,absaE is zero, where a valence bond of the H-atom is expressed as a line before H).   

The group rate constants that represent H-atom abstraction from the primary, 

secondary, and tertiary C-H bond are defined as 0
primk , 0

seck , and 0
tertk and are expressed in 

equations (2.5)-(2.7).   

0
, prim

0 0
prim prim

aE
RTk A e

−
=           (2.5) 

0
, sec

0 0
sec sec

aE
RTk A e

−
=            (2.6) 

0
, tert

0 0
tert tert

aE
RTk A e

−
=          (2.7) 

In addition, the group rate constant 
4Rk is defined for the HO• interaction with the 

functional group R4 (e.g., -OH and -COOH).  The detailed discussions for R4 will be 
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given in the following sections.  The group contribution factor, Ri
X , that represents the 

influence of functional group Ri is defined in equation (2.8). 

R
, abs

R

i
a

i

E
RTX e

−
=            (2.8) 

Because each reaction is independent of one another, the rate constant for H-atom 

abstraction, kabs, may be written as the sum of the partial rate constants     

1 1 2 1 2 3 4

0 0 0
abs prim R sec R R tert R R R R

0 0 0
=3  2

I J K

k k X k X X k X X X k+ + +∑ ∑ ∑    (2.9) 

where, I, J, and K denote the number of the fragments CH3R1, CH2R2, and CHR1R2R3, 

respectively.  Equation (2.10) shows an example of the rate constant calculation for 1,2-

dichloro-3-bromopropane (CH2Cl-CHCl-CH2Br).  The detailed definitions of the 

functional groups will be given in the Results and Discussions.  

2 2

0 0 0
overall sec -Cl -CHCl- tert -Cl -CH Cl -CH Br sec -Br -CHCl-= 2 2k k X X k X X X k X X+ +    (2.10) 

 Rate constant additivity can be an important concern.  To investigate this, the 

experimental rate constants for the linear and longer chain compounds with some 

functional groups were compared with the number of -CH2- alkyl functional group as 

shown in Figure 2.2.  The linear relationship was observed, and it verified the rate 

constant additivity.  For nonlinear compounds, nonadditive effects arise from different 

contributions to entropy of activation (Cohen and Benson, 1987) and hence affect A.  

Generally, A can be assumed to be constant for the same reaction mechanism because 

intrinsic entropy due to translation and rotation can be assumed to be constant.  Strictly 

speaking, however, moments of inertia of primary, secondary, and tertiary C-H bond 

would be different and thus affect entropy (Cohen, 1991).  Although this difference is 

insignificant when compared to other factors such as the impacts of neighboring 
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functional groups (Cohen and Benson, 1987), the GCM considers different Aprim, Asec, and 

Atert.  Therefore, this should be sufficient to treat nonlinear compounds.    

 

 

 

Figure 2.2: The experimental HO• reaction rate constants as a function of the number of –
CH2- alkyl functional group for some functional groups.  The chemical formula is 
expressed as CH3-(CH2)n-R, where R is –CH3, -OH, -COOH, -NH2, -CN, -CHO, -Cl, and 
–Br, for alkane, alcohol, carboxylic, amine, cyano, aldehyde, chlorine, and bromine, 
respectively, and n is the number of –CH2- alkyl functional groups.   *There are only two 
rate constants available for –Cl. 
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Detailed mechanisms of HO• addition to alkene in the aqueous phase have not 

been elucidated yet.  It is expected that molecular solvation affects the Ea and water 

molecules interact with the HO• approaching the carbon double bonds.  Nevertheless, it 
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between HO• and alkene proceeds via a π complex which is initiated to loose association 

of HO• to the π-electron cloud spanning the double bond.  Recent observation by infrared 

spectroscopy suggests a T-shaped reactant complex between HO• and acetylene (the 

hydrogen of HO• pointing toward the alkene) (Davey et al., 2004).  Several quantum 

calculations on HO• addition to alkene in the gaseous phase supports the general 

mechanisms of the HO• addition on π bonds (Greenwald et al., 2005).  The initial 

transition reaction of HO• with alkene is via a barrier-less association reaction followed 

by an addition on the double bond through a transition state slightly above the π-complex 

energy (Peeters et al., 2007).  Villà et al. (1997) found that there is a correlation between 

activation energy and energy at a saddle point of entrance channel relative to reactants.  

The negative energy on the saddle point indicates that there is a second transition state in 

some energy range near the reaction threshold.  On the first saddle point (i.e. inner 

transition state), the bottleneck at the high energies is dominant, whereas on the second 

saddle point (i.e. outer transition state), the bottleneck at the low energies is dominant.  

At the first transition state, the rate of HO• addition can be significantly affected by the 

polar effect of the functional group.  If the functional group at the neighboring carbon 

atom is electron-donating group (e.g. –CH3), the addition reaction of HO• is enhanced 

and the vise-versa in case of the electron-withdrawing group. 

- •

2 2 2HO + H C=CH-R HO CH CH R HOCH -CHR
δ δ ≠+

⋅⋅⋅⋅⋅⋅⎡ ⎤• → ⋅⋅⋅⋅ − →⎢ ⎥⎣ ⎦
   (2.11)           

Although there are many explanations in terms of the differences in stabilities of 

the newly formed radical centered, it is not convincing because the stabilities of the 

radicals formed play only a minor role in determining the rate of HO• addition to alkenes 

in case that the alkene functional groups are varied.  Consequently, the functional groups 
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exert polar effects of similar magnitude reflecting to a first approximation only the 

difference in the steric effects of the functional groups.  In addition, the functional groups 

at a carbon atom undergoing attack in the α-position have the different effects to the HO• 

addition than those at the neighboring carbon atom in the β-position.   

Considering a basic C=C double bond structure (i.e., one σ-bond and one π-bond, 

>C=C<), HO• has two places to add.  The probability of HO• addition to either of the 

carbons depends on the functional groups bonded to the unsaturated carbons.  Except in 

the special case of ethylene, six basic structures associated with the number of H-atoms 

and their positions are considered, including cis and trans conformations (i.e., >C=C<, 

H>C=C<, H2C=C<, H>C=C<H(cis), H>C=C<H(trans), and H2C=C<H).  If the base 

structure is symmetrically associated with the number and position of hydrogen atom(s), 

the probability of HO• addition to two unsaturated carbons is assumed to be identical, 

whereas it is different for the asymmetrical base structure.  This treatment reflects the 

differences in the A resulting from regioselectivity.  Accordingly, the group rate constant,

0
(structure) hk − , and group contribution factor, Rl

Y , for HO• addition to one of the base 

structures may be written using Arrhenius frequency factor, 0
(structure) hA − , and group 

contribution parameter, R
,add-alkene
l

aE , of functional group Rl (l denotes the number of 

functional groups, l = 1-4), respectively. 

0
a (structure),

-0 0
(structure) (structure)-

E
RT

h hk A e− =        (2.12) 

R
, add-alkene-

R

l
a

l

E

RTY e=           (2.13) 
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where (structure) represents six base structures that are addressed above, 0
,(structure)aE

denotes a base part of Ea for (structure), and h denotes a position for HO• to add (i.e., 1 

and 2 for the addition to the left and right carbon, respectively).  The rate constant for 

HO• addition to alkene, kadd-alkene, may be written in equation (2.14).         

0
add-alkene (structure)- R=  

lhk g k Y∑         (2.14) 

where g indicates 1 or 2 that represents asymmetrical and symmetrical addition, 

respectively.  Equation (2.15) shows an example for tetrachloroethylene (Cl2C=CCl2). 

0
>C=C< -Cl -Cl -Cl -Cl2k k Y Y Y Y=                (2.15) 

2.3.3 HO• Addition to Aromatic Compounds 
It has been proposed that HO• fixation at a given carbon may be via a short-lived 

π-complex for the aqueous phase reactions of HO• with aromatic compounds (Ashton et 

al., 1995).  The formation of the π-complex is a reversible reaction on one hand.  On the 

other hand, HO-adduct radical by the fixation of HO• to the π-bond is irreversibly 

produced to form σ bond.  High regioselectivity of HO• addition occurs at the transition 

state from the π- to the σ- complex.   

[ ]Ar + HO HO Ar
π

••→ ⋅⋅⋅         (2.16) 

[ ]HO Ar Ar + HO
π

•⋅⋅⋅ → •         (2.17)  

[ ] [ ]HO Ar HO Ar
π σ

• •⋅⋅⋅ → ⋅⋅⋅         (2.18) 

Reaction (2.16) is diffusion-controlled and Reactions (2.17) and (2.18) are 

activation-controlled.  According to Ashton et al. (1995), the rearrangement of the π- to 

the σ- complex requires little or no activation energy, whereas the dissociation of the σ- 

complex requires approximately 20 kJ/mol.  
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Although the HO• preferentially adds to the aromatic ring at the close to 

diffusion-controlled rates, the HO• addition to the aromatic ring can be expected to be 

highly regioselective due to the electrophilic HO•.  Therefore, the electron-donating and -

withdrawing functional groups on the aromatic ring can significantly affect the rate 

constants and the ratio of ortho-, meta-, para-, and ipso-positions.  

 For the HO• addition to aromatic compounds, the following points are considered. 

(1) Probability for the symmetrical HO• addition to the benzene ring is identical. (2) 

Addition to the ipso-position is negligible due to the significant steric effect (Mvula et al., 

2001; Raghavan and Steenken, 1980; Merga et al., 1996).  Although some studies report 

the possibility for the addition to the ipso-position (Razavi et al., 2009), it is quite 

negligible for the aromatic compounds with single functional groups, which are used for 

the calibration (e.g., <8% for phenol (Mvula et al., 2001; Raghavab and Steenken, 1980) 

and <1% for chloro benzene (Merga et al., 1996)).  Therefore, only when all positions on 

the aromatic ring are filled with the functional groups, HO• adds to the ipso-position with 

the identical probability on all available positions.  The reaction rate constant for the HO• 

addition to aromatic compounds is formulated in the following manner.  The Ea is a sum 

of two parts: (i) a base part, 0
aE , resulting from the HO• addition to the aromatic ring 

depending on the number(s) and position(s) of the functional group and (ii) group 

contribution parameter(s), R
,add-aromatic
m

aE , due to the functional group, Rm  (where m is the 

number of functional group(s), m = 1-6), on the aromatic ring.  We assume that A differs 

not by the types of the functional group to reduce the number of group contribution 

factors to calibrate but by the number and position of the functional groups.  Accordingly, 
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the group rate constant, 0
( name)i jk − − , and the group contribution factor, Rm

Z , may be 

expressed as below  

0
( name),

-0 0
( name) ( name)

a iE
RT

i j i jk A e
−

− − − −=         (2.19) 

R
, add-aromatic

R

m
a

m

E

RTZ e
−

=          (2.20) 

where, ( )
0

namei jA − − denotes the Arrhenius frequency factor; 0
,( name)a iE − denotes a base part of 

Ea; the name, benz, pyr, fur, imid, or triaz denotes a compound that has a base structure 

of benzene, pyridine, furan, imidazole, or triazine, respectively; i denotes position(s) of 

the functional group, and j denotes position(s) for HO• to add.  The rate constant for the 

HO• addition to aromatic compounds may be expressed as shown in equation (2.21)  

0
add-aromatic ( -name)- R= 

mi jk nk Z∑         (2.21) 

where n denotes the number of available position(s) to add.  Equation (2.22) shows an 

example for 1,4-tert-butylphenol [(CH3)3C-C6H4-OH].

{ }0 0 0
(1,4 benz) 2,6 (1,4 benz) 3,5 -OH -Alkane prim >C< -OH2 2 3 3k k k Z Z k X k− − − −= + + × × +    (2.22)          

2.3.4 HO• Interactions with Sulfur-, Nitrogen-, or Phosphorus-atom 
Containing Compounds 
When a molecule has S-, N-, or P-atom-containing functional groups, HO• 

interacts with the S-, N-, or P-atom in the aqueous phase forming a 2σ/1σ* two-center–

three-electron (2c-3e) adduct (Asmus and Bonifačič, 1999).  These functional groups also 

affect the H-atom abstraction reaction by donating or withdrawing electrons on the C-H 

bond.  The group rate constant,
4Rk , in equation (2.9) represents the HO• interaction with 

S-, N-, or P-containing compounds.  Because almost all of the functional groups in the 
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neighboring positions were alkyl functional groups, and therefore, we assume that the 

effect of the functional groups might be uniform, the influence of neighboring functional 

groups was not considered for the interaction reactions.  Equation (2.23) shows an 

example for iminodiacetic acid (HOOC-CH2-NH-CH2-COOH). 

0
sec -COOH -NH- -NH- -COOH2 2 2k k X X k k= × + +       (2.23)   

2.4  Results and Discussion 

2.4.1 Calibration and Prediction 
The group rate constants and group contribution factors for each reaction 

mechanism were calibrated with literature-reported experimental rate constants.  The 

objective function (OF) was minimized using the genetic algorithms (Goldberg, 1989; 

Charbonneau and Knapp, 1995).  Appendix A includes the source code of genetic 

algorithms.    

OF =
2

exp, cal, exp,
1

1 ( ) /
1

N

i i i
i

k k k
N =

⎡ ⎤−⎣ ⎦− ∑       (2.24) 

where, kexp,i and kcal,i are the experimental and calculated reaction rate constant of 

compound i,  respectively, and N is the number of the rate constants.  First, group rate 

constants, k0, and group contribution factors for the H-atom abstraction, Ri
X , were 

calibrated.  Then, these group rate constants and group contribution factors were used 

when aliphatic side chains were present in the alkene and aromatic compounds upon the 

calibrations of the group rate constants and group contribution factors for alkenes and 

aromatic compounds (i.e., R i
Y for alkene and R i

Z for aromatic compounds, respectively).  

For the HO• interaction, the group rate constant,
4Rk , in equation (2.9), and group 

contribution factors for S-, N-, or P-atom-containing functional groups were calibrated.   
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We critically evaluated the literature reported experimental rate constants before 

the calibrations.  When several rate constants were reported for the same compound, an 

average value was used or the most reasonable rate constant was selected by comparing 

the value to those for compounds with similar structures (Hermann, 2003; Buxton et al., 

1988; U of Notre Dame RCDC, 2009).  The rate constants that we used for the calibration 

are at standard conditions (i.e., 25ºC and 1 mol/L) in the aqueous phase.  When the 

experimental conditions were not reported in the literature, we used those reported 

values.  Our objective is to calibrate the group rate constants and group contribution 

factors with the experimental data and predict rate constants within a factor of 0.5 to 2.0 

of the experimental value, which we refer to as our error goal (EG).  This EG would be in 

the range of general experimental errors (Buxton et al., 1988; U of Notre Dame RCDC, 

2009) and sufficient for decision-making that has been used for the physical-chemical 

property estimators (e.g., within an order of magnitude) (US EPA, 2007).  For 

calibration, rate constants for single-functional group compounds were used to avoid the 

interference of different functional groups.  For prediction, we used the calibrated group 

rate constants and group contribution factors to predict the rate constants for 

multifunctional group compounds.  Sample deviation (SD) that was calculated from 

equation (2.24) was also used to evaluate the rate constants from calibrations and 

predictions.  All observed overall HO• rate constants for the 434 compounds were 

summarized in Table 2.1.  Appendix B includes up-to-date literature-reported 

experimental HO• rate constants. 
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Table 2.1: Calculated HO• reaction rate constants (Normal: calculated, Italic: predicted, 
Bold: error is out of the EG) as compared to literature-reported experimental values  
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Table 2.1: Calculated HO• reaction rate constants (Normal: calculated, Italic: predicted, 
Bold: error is out of the EG) as compared to literature-reported experimental values 
(Continued) 
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Table 2.1: Calculated HO• reaction rate constants (Normal: calculated, Italic: predicted, 
Bold: error is out of the EG) as compared to literature-reported experimental values 
(Continued) 
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Table 2.1: Calculated HO• reaction rate constants (Normal: calculated, Italic: predicted, 
Bold: error is out of the EG) as compared to literature-reported experimental values 
(Continued) 
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Table 2.1: Calculated HO• reaction rate constants (Normal: calculated, Italic: predicted, 
Bold: error is out of the EG) as compared to literature-reported experimental values 
(Continued) 
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Table 2.1: Calculated HO• reaction rate constants (Normal: calculated, Italic: predicted, 
Bold: error is out of the EG) as compared to literature-reported experimental values 
(Continued) 

 

 



 

 40

Table 2.1: Calculated HO• reaction rate constants (Normal: calculated, Italic: predicted, 
Bold: error is out of the EG) as compared to literature-reported experimental values 
(Continued) 

 

 
 

2.4.2 Overall Results  
Tables 2.2 and 2.3 summarize experimental data and statistical results for 

calibrations and predictions, respectively.  The total degrees of freedom (DF) were 164.  

The best calibration for 83% (257 rate constants) of the rate constants and the prediction 

for 62% (76 rate constants) of the rate constants were within the EG.  The SD was 0.92 

from the calibration, which indicated that the calibrated data were distributed within the 

range from 1.65σ (90%) to 1.96σ (95%) from the experimental values under the 

assumption of a normal distribution.  Figure 2.3 plots 434 rate constants from calibrations 

and predictions against the experimental rate constants for four reaction mechanisms.  

The least-squares fit is y = 0.65x and has a correlation coefficient, r, of 0.58 (note that the 
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OF in equation (2.24) weighs all data points equally, so that the lowest data point would 

not significantly change the overall correlation even though it is eliminated).  The 

correlation coefficient is comparable to the literature-reported values (e.g., 0.56 with the 

recalculated MOOH method (Böhnhardt et al., 2008) and 0.59 with Atkinson’s GCM 

(Kwok and Atkinson, 1995), respectively, from 805 gaseous phase HO• rate constants). 
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Table 2.2: Summary of experimental data and statistical results for calibration 

 

# of group 
rate

constant

# of group 
contribution 

factor

# of 
experimental 

data 

# of data 
within EG (%)

S.D.

66 80 310 257 (83%) 0.92

5 18 84 71 (85%) 0.42

alkyl
k 0

prim, k 0
sec, k 0

tert

-CH3, (-CH2- ≈ -CH< ≈ >C<)
3 2 12 11 (90%) 0.27

alkyl halides
Cl, Br, -CF3, -CCl3, -

CHn (halogen)m
- 5 22 17 (77%) 0.40

cycloalkanes RS3, RS5, -O-(2nd) - 3 7 5 (71%) 0.41
alcohol k OH, -OH 1 1 14 12 (86%) 0.37
ether -O- - 1 8 7 (88%) 0.48

carbonyl -CO- - 1 5 5 (100%) 0.47
aldehyde -CHO - 1 4 4 (100%) 0.13

ester -OCOR - 1 7 6 (86%) 0.60
carboxylic k COOH, (-COOH ≈ -COOR) 1 2 12 10 (83%) 0.70

7 7 28 22 (79%) 0.40
alkyl -CH3 ≈ -CH2- - 1 7 6 (86%) 0.34

carbonyl -CO - 1 4 4 (100%) 0.28
aldehyde -CHO - 1 2 2 (100%) 0.25

carboxylic -COOH ≈ COO - 1 5 1 (20%) 0.74
alkyl halides -F, -Cl - 2 6 5 (83%) 0.43

cyanide -CN - 1 3 3 (100%) 0.34

40 45 120 106 (88%) 0.73
21 18 68 61 (90%) 0.30

alkyl -CH3 ≈ -CH2- ≈ -CH< ≈ >C< - 1 22 21 (95%) 0.30
alkyl halides -F, -Cl, -Br, -I - 4 17 14 (82%) 0.32

oxygenated
-OH, -CHO, 

-COOH, -CO, -O-
- 5 20 18 (90%) 0.27

S-containing -SO, -SO3H - 2 3 3 (100%) 0.30

N-containing
-CONH2, -CN, -NO2, 
-NH-CO-, -NH-, -NH2

- 6 7 7 (100%) 0.36

12 8 22 22 (100%) 0.24
alkyl -CH3 - 1 5 5 (100%) 0.083

oxygenated -OH, -COOH - 2 6 6 (100%) 0.28
alkyl halides -Cl, -Br - 2 4 4 (100%) 0.37
N-containing -CONH2, -CN, -NH2 - 3 5 5 (100%) 0.28

4 10 13 13 (100%) 0.52
alkyl -CH3 ≈ -CH2 - 1 3 3 (100%) 0.38

oxygenated -O-, -CHO, -CO, -COOH - 4 5 5 (100%) 0.80
alkyl halides -Br - 1 1 1 (100%) N.A.
N-containing -NO2, -CONH2-, -CHCN- - 3 4 4 (100%) 0.91

aromatic -C6H5 - 1 1 1 (100%) N.A.
2 4 8 8 (100%) 0.29

alkyl -CH3 ≈ >C< - 1 2 2 (100%) 0.55
carbonyl -CO - 1 5 5 (100%) 0.25

N-containing -NH, -N< - 2 6 6 (100%) 0.28
1 5 9 3 (33%) 2.57

ether -O- - 1 1 0 (0%) N.A.
alkyl halides -Cl - 1 5 2 (40%) 3.48
S-containing -S- - 1 2 0 (0%) 1.01
N-containing -NH2, -NH- - 2 8 3 (38%) 2.66

14 10 78 58 (74%) 1.5
4 2 12 10 (83%) 0.38

sulfide, thiol -S- ≈ -S-S- ≈ -HS 3 1 8 6 (75%) 0.45
sulfoxide  -SO- 1 1 4 4 (100%) 0.24

8 6 54 37 (69%) 1.8
nitriles -CN 1 1 4 3 (25%) 0.79
nitro -NO2 1 1 2 0 (0%) 13

amide -N-CO- 3 1 15 10 (67%) 0.46
amine -NH2 ≈ -NH- ≈ -N< 3 1 21 17 (81%) 0.47

nitroso and nitramine -N-NO, -N-NO2 0 2 12 9 (75%) 0.58
urea k -N-CO-N- 1 0 7 7 (100%) 0.25

phosphorus ->P=O, -O-P<- 1 2 5 5 (100%) 0.47

HO• Interaction with S, N, or P-atom containing compounds

Overall for S-containing 

Group rate constant and functional group

H-atom abstraction
Overall 

Overall for N-containing

Overall for HO• interaction

Overall for H-atom abstraction

HO• addition to alkene
Overall for HO• addition

HO• addition to aromatic compounds

Overall for benzene

Overall for pyridine

Overall for HO• addition to aromactic compounds

Overall for furan

Overall for imidazole

Overall for triazine
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Table 2.3: Summary of experimental data and statistical results for prediction 

 

 

 

 

Figure 2.3: Total of 434 HO• reaction rate constants from calibrations and predictions 
versus experimental rate constants for four reaction mechanisms.  Error bars represent the 
range of experimentally reported values. 
 

2.4.3 Hydrogen-Atom Abstraction from Saturated Aliphatic 
Compounds 

The group rate constants of primary, secondary, and tertiary C-H bonds, 0
primk , 0

seck

, and 0
tertk , respectively, and group contribution factors, Ri

X , of alkyl and halogenated 

Reaction mechanism
Number of 

experimental data 
Number of data 
within EG (%)

S.D.

Overall 124 76 (62%) 1.2
H-atom abstraction 60 35 (58%) 1.1

HO• addition to aromatic compounds 46 33 (72%) 0.53
HO• Interaction with S, N, or P-atom containing compounds 18 8 (44%) 2.2

1.0E+05

1.0E+06

1.0E+07

1.0E+08

1.0E+09

1.0E+10

1.0E+11

1.0E+05 1.0E+06 1.0E+07 1.0E+08 1.0E+09 1.0E+10 1.0E+11

k
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l (
M

-1
s-1

)

k exp (M-1s-1)

Ideal fit

kexp/kcal = 0.5 and 2.0

H-atom abstraction (Calibrated)

HO addition to alkene (Calibrated)

HO interaction with N,S,P-atom-
containing compounds (Calibrated)
HO addition to aromatic compounds 
(Calibrated)
H-atom abstraction (Prediction)

HO interaction with N, S, P-atom-
containing compounds (Prediction)
HO addition to aromatic compounds 
(Prediction)



 

 44

functional groups were calibrated first.  Then, other group contribution factors were 

subsequently calibrated using these group rate constants and alkyl group contribution 

factors.  For the calibration, the multifunctional group compounds (e.g., glycol, poly-

carboxylic) were not used except for the alkyl halides (e.g., CH2ClBr).  As shown in 

Table 2.2, for the overall H-atom abstraction, the DF were 61.  85% of the calibrated data 

was within the EG.  The S.D. was 0.42.   

Once the group rate constants and group contribution factors were calibrated, 60 of 

the rate constants for the multifunctional group compounds were used to predict rate 

constants and were compared with experimental values.  Table 2.3 summarizes the results 

from the prediction.  A total of 58% of the predicted data were within the EG.  The SD 

was 1.1.   

2.4.3.1 Group Rate Constants for H-atom Abstraction  
 Group rate constants of 0 0 0

prim sec tert, ,and,k k k are 1.18×108, 5.11×108, and 1.99×109 

M-1s-1, respectively.  The trend 0 0 0
prim sec tertk k k< < is consistent with the radical stability of 

primary, secondary, and tertiary carbon-centered radicals due to the hyperconjugation.  

The approximate magnitude of the group rate constants can be verified from the 

experimentally obtained Ea (Monod et al., 2005; Elliot and McCracken, 1989) and A 

(Monod et al., 2005; Asmus et al., 1973).  For instance, 0
primE + OH

,absaE−  and 0
primE + CO

,absaE−  are 

equivalent to 4.8 kJ/mol of methane and 11.6 kJ/mol of acetone, respectively.  Due to 

their electron withdrawing-ability (i.e., OH
,absaE− and CO

,absaE− are greater than 0), 0
primE should be 

less than 4.8 kJ/mol.  Assuming the typical Arrhenius frequency factor, A, as 1010 M-1s-1 

for the H-atom abstraction by HO• (e.g., 7.2×109 for methanol; 1.6×1010 for acetone), the 
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approximate magnitude of 0
primk  can range from 108 to109, which is in agreement with our 

estimated 0
primk . 

 When aqueous-phase group rate constants are compared with gaseous-phase ones, 

the aqueous-phase group rate constants are more variable than the gaseous-phase ones 

(i.e., 0 0
tert prim/k k = 16.9 and 0 0

sec prim/k k = 4.3 versus 0 0
tert(gas) prim(gas)/k k = 4.3 and 0 0

sec(gas) prim(gas)/k k = 

1.0).  This is probably due to both the cage effect and the effect of solvation (Benson, 

1982).  In the aqueous phase, HO• and solute molecules significantly interfere with water 

molecules that form a first solvation cage surrounding a targeted molecule.  As a result of 

restriction of their molecular rotation and translation in the solvent cage, the solutes 

suffer a significant decrease in entropy.  According to the following equation (2.25) 

(Brezonik, 2002) that relates the activation of entropy in the aqueous phase, ∆S≠, with the 

Arrhenius frequency factor A,  

( )/ exp /A e T h S R≠= κ Δ          (2.25) 

the A in the aqueous phase generally becomes smaller than the gaseous phase one.  In 

addition, it may be more difficult for HO• to attack tertiary C-H bond due to three other 

functional groups than to the secondary and primary C-H bonds.  As a result, the 

following trend is observed: Atert/Aprim > Atert(gas)/Aprim(gas).  One can also understand the 

effect of water molecules to the Ea from free energy of solvation as shown in the 

following equation 

∆G≠ = Ea – RT - T∆S≠         (2.26) 

where ∆G≠ is free energy of activation in solution, and for the aqueous phase (Brezonik, 

2002) 

Ea = ∆H≠ + RT          (2.27) 
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As a consequence, in general, larger rate constants are observed in the aqueous phase 

than in the gaseous phase, although this depends on the polarizability of solute molecules.  

For non-polarized molecules (e.g., alkanes), positive solvation energy is observed.  

Theoretically calculated solvation energy (i.e., Gsov (CHCl3) < Gsov (CH2Cl) < Gsov 

(CH3Cl) ) (Vassilev and Baerends, 2005) also verifies our obtained trend ktert>ksec>kprim.       

In the aqueous phase, the H-atom abstraction reaction from a C-H bond 

preferentially occurs before an O-H bond due to the smaller BDEs of C-H bond.  In 

addition, the polarity of oxygen makes the molecule extensively soluble in the aqueous 

phase because of the formation of hydrogen bonds, which prevent attacks to the O-H 

bond by HO•.  Nonetheless, several experimental studies reported approximately 10% of 

H-atom abstraction from the O-H bond (Asmus et al., 1973).  Therefore, a term 
4Rk  

accounted for the group rate constants k-OH and k-COOH, respectively, as shown in equation 

(2.9).  The k-OH is 1.00 × 108 M-1s-1, which represents 33, 8.5, and <5% of the H-atom 

abstraction from the O-H bond in methanol, ethanol, and other alcohol compounds, 

respectively.  These percentages are comparable with the experimental observations 

(Asmus et al., 1973).  The kCOOH is 7.0 × 105 M-1s-1.  The magnitude of the kCOOH is 

consistent with the rate constant for oxalic acid (Getoff et al., 1971).   

2.4.3.2 Group Contribution Factors for H-atom Abstraction.  
 A total of 18 group contribution factors for H-atom abstraction (i.e., Ri

X ) are 

summarized in Table 2.4.  The group contribution factors of 
2-CH >CH- >C<, , andX X X− were 

assumed to be identical because of the following reasons: (1) limited data availability for 

the >C< functional group and (2) identical BDEs affected by the corresponding 

functional group (i.e., 400.8 kJ/mol for CH3CH2C-H(CH3)2, 399.2 kJ/mole for 
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(CH3)2CHC-H(CH3)2, and 400.4 kJ/mol for (CH3)3C-H, respectively) (Luo, 2002).  

When the alkyl functional groups had the ether functional groups at both sides of the α-

positions, another group contribution factor X-O-(second) was considered.  Group 

contribution factors for carboxylic and ester functional groups, -COOH and –COOR, 

were assumed to be identical due to their similar electron-withdrawing ability.  Because 

of their strong electron-withdrawing ability, the influence of the β-position that resulted 

from the halogen functional groups was considered.  This represented 
n m-CH (halogen)X  where 

(n,m) = (1,1), (1,2), or (2,1) for Cl or Br atom, (i.e., 
2-CH ClX ≈

2-CHClX ≈ -CHCl-X ≈
2-CH BrX ≈

2-CHBrX ≈ -CHBr-X ), respectively, which was assumed to be identical for the purpose of 

reducing the number of group contribution factors.  The values of -FX , -IX , and
2-CF -X were 

not available because no experimental data were available for these functional groups.  

Ring structures were expected to increase Ea because of the extra energy to form the ring 

structure; consequently, group contribution factors for the 3-ring,
3RSX , and the 5-ring,

5RSX , for saturated cyclic compounds were considered, respectively. 
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Table 2.4: Group rate constants and group contribution factors for H-atom abstraction 

 

  

 

 The group contribution factors for the H-atom abstraction linearly correlate with 

the Taft constant, σ* (Karelson, 2000), as shown in Figure 2.4.  Because the alkyl 

functional groups contribute to weakening the C-H bond with release of the steric 

compression as the alkyl functional group moves apart to form a planar radical, they 

k 0
prim 1.18

k 0
sec 5.11

k 0
tert 19.9

k OH 1.00
k COOH 0.00700

-CH3 1.12
-CH2, >CH-, >C< 1.17
->C-(oxygenated)- 0.681

-OH 0.578
-O- 0.551

-CO- 0.154
-CHO 0.602

=O 0.360
-COO, -COOH 0.0430

-O-second 0.945
-OCOR 0.000

-RS5 (5 ring strain) 0.860
-RS3 (3 ring strain) 0.0520

-Cl 0.203
-Br 0.377

-CF3 0.102
-CCl3 0.112

-CH2Cl, -CHCl2, -CHCl-, 
-CH2Br, -CHBr2, -CHBr-

0.367

Group rate constant (×10-8 M-1s-1)

Group contribution factor, X
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increase in the HO• reactivity in the H-atom abstraction reactions.  Therefore, 
3-CHX and 

2-CH >CH- >C<X X X− ≈ ≈ values are greater than 1.0, which correspond to negative values of 

the Taft constant.  All of the group contribution factors for the oxygenated and the 

halogenated functional groups show smaller than 1.0, which indicate the electron-

withdrawing ability of the functional groups.  

 

 

 

 
Figure 2.4: Comparison of the group contribution factors for H-atom abstraction with the 
Taft constant, σ*[60].  Group contribution factors include ●: alkyl, oxygenated, and 
halogenated functional groups, ▲: S-, N-, or P-atom containing functional groups. 
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2.4.4 HO• Addition to Alkenes  
Twenty-eight alkenes were categorized based on the base C=C double-bond 

structures and position(s) of hydrogen atom(s) adjacent to those base structures.  Table 

2.5 summarizes the structural configurations for equation (2.13) based on the basis of the 

compounds that are available in the literature.  There were few rate constants reported for 

the conjugated and unconjugated dienes.  Therefore, these compounds were excluded 

from calibration.  As shown in Table 2.2, the total DF were 14.  A total of 79% of the 

calibrated data was within the EG.  The SD was 0.4. 

 

 

Table 2.5: Summary of the structural configurations in equation (2.13) based on the 
experimental rate constants 
 

 

   

 

2.4.4.1 Group Rate Constants and Group Contribution Factors for 
HO• Addition to Alkenes.  

 Group rate constants and group contribution factors are summarized in Table 2.6.  

It was found that the group contribution factors did not linearly correlate with the Taft 

structure l g h
>C=C< 4 2 -

1
2
1
2

H>C=C<H(cis) 2 2 -
H>C=C<H(trans) 2 2 -

1
2

HH>C=C<H 1 1

H>C=C< 3 1

HH>C=C< 2 1
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constant (data not shown).  Two reasons can be considered.  First, the functional group 

contribution to the Ea does not follow the general inductive effect (i.e., Taft constant).  

For example, the group contribution factor for alkane does not indicate the electron-

donating value (i.e., Y-alkane = 0.171).  Because of the limited data availability and gaseous 

phase reaction mechanisms (Greenwald et al., 2005; Alvarez-Idaboy et al., 2000), the rate 

constant expression as shown in equation (2.13) did not consider the different effects of 

functional groups to two unsaturated carbons (one being attacked and the neighboring 

one).  For example, the effects of three chlorine functional groups for 1,1,2-

trichloroethylene were treated identical in association with the two unsaturated carbons in 

the >C=CH- base structure.  Although Peeters et al. (2007) successfully applied the GCM 

to the gaseous phase HO• rate constants with nonconjugated and conjugated (poly) 

alkenes on the basis of the number of functional groups on the neighboring carbon, their 

approach was limited to nonpolar functional groups, and it was not clear if it was 

applicable to the heteroatom functional groups and aqueous phase reactions.  Second, the 

experimental rate constants do not seem to follow the inductive effect (e.g., vinyl chloride 

> ethylene > vinyl alcohol) because of the experimental errors or the existence of 

unknown reaction mechanisms.  We suggest more experimental studies be conducted for 

alkenes to confirm this.   
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Table 2.6: Group rate constants and group contribution factors for HO• addition to 
alkenes 

 

 

 

 Despite the observation of the nonlinear correlation between the group 

contribution factors and the Taft constant, 79% of the calibrated rate constants were 

within the EG, and this might be acceptable for a rate constant estimator.  It should be 

addressed that more quantitative investigations are required to examine the effect of the 

functional groups in the aqueous phase. 

2.4.5 HO• Addition to Aromatic Compounds  
Table 2.7 summarizes the structural configurations for equation (2.17) based on 

the basis of the compounds that were available in the literature.  As shown in Table 2.2, 

for the overall HO• addition to aromatic compounds, the total DF were 35.  88% of the 

k 0
(HH>C=C<H)-1 10.0

k 0
(HH>C=C<H)-2 0.10

k 0
(HH>C=C<)-1 97.9

k 0
(HH>C=C<)-2 3.16

k 0
(H>C=C<H)(cis) 30.1

k 0
(H>C=C<H)(trans) 52.1

k 0
>C=C< 514

-Alkane 0.171
-CO- 0.600
-CHO 0.600

-COOH, -COOR 0.234
-F 0.000
-Cl 0.210

-CN 0.171

Group rate constant (×10-9)

Group contribution factor, Y



 

 53

rate constants from the calibration was within the EG.  The SD was 0.73.  Once the group 

rate constants and group contribution factors were calibrated, the rate constants for 46 

compounds were predicted as shown in Table 2.3.  A total of 64% of the rate constants 

from the prediction was within the EG.  The SD was 0.53.   
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Table 2.7: Summary of structural configurations in equation (2.17) based on the 
experimental rate constants with aromatic compounds 

 

name m i n j
2 2,6
1 4
2 3,5
2 3,6
2 4,5
1 2
2 4,6
1 5
2 2,6
2 3,5
2 4,6
1 5
1 3
1 5
1 6

1,3,5 3 2,4,6
1,2,3,4 2 5,6
1,2,3,5 2 4,6
1,2,4,5 2 3,6

penta- 5 1,2,3,4,5 1 6
hexa- 6 1,2,3,4,5,6 6 1,2,3,4,5,6

2 3,6
2 4,5
1 2
2 4,6
1 5
2 2,6
2 3,5
2 3,5
1 4
2 2,6
1 4

tri- 3 2,4,6 2 3,5
1 3
1 4
1 5

di- 2 2,5 2 3,4
1 1
2 3,4

triaz tri- 3 1,3,5 3 2,4,6

1,2,3

1,2,4

tetra-

1

di- 2

1,2

1,3

1,4

3,4

4

di- 2
2,6

3,5

mono- 1 2

mono-

2

31

4

imid di- 2

fur

pyr

benz

mono- 1

tri- 3
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2.4.5.1 Group Rate Constants for HO• Addition to Aromatic 
Compounds.   

 Tables 2.8-2.12 summarize the group rate constants for aromatic compounds that 

include benzene, pyridine, furan, imidazole and triazine compounds, respectively.  The 

approximate magnitude of the group rate constants can be compared with theoretical 

studies because there is no experimental data for Ea.  According to Ashton et al. (1995), 

Ea between 13 and 21 kJ/mol of the net reaction was observed for various aromatic 

compounds.  From their conclusion that the electron-withdrawing functional groups 

increased the Ea by approximately 2.1-8.4 kJ/mol, the magnitude of group rate constants 

fell in the range of 109 orders.  This is consistent with the group rate constants from the 

calibration.   

Because the group rate constants for pyridine, furan, imidazole, and triazine 

compounds include the hetero atoms (e.g., N, NH, and O) that affect the HO• addition to 

aromatic ring, the calibrated group rate constants vary in magnitude of order from 106 to 

109 M-1s-1.  For example, the group rate constant, k0
(2-pyr)-3,6, that represents one functional 

group on 2-position and the addition of HO• to either the 3- or 6-position is 9.9 × 108 M-

1s-1.  This value and other group rate constants for pyridine are smaller than those of 

benzene compounds because of the lower reactivity and lower electrophilic nature of the 

pyridine nucleus toward the HO• (Solar et al., 1993).  For triazine compounds, the group 

rate constant k0
(1,3,5-triaz)-2,4,6 (i.e., functional groups located on the 1,3,5-positions and HO• 

interacts with each N-atom located on the 2,4,6-positions) represents the reactivity of 

HO• with the triazine base structure other than the functional groups.  However, this 

single group rate constant does not seem to represent the reaction mechanisms well.  
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Additional group rate constants may be required and can be calibrated when more 

experimental data are available.    

 

Table 2.8: Group rate constants and group contribution factors for HO• addition to 
aromatic compounds that include benzene rings 

 

 

k 0
(1-benz)-2,6 1.02 -Alkane 1.00

k 0
(1-benz)-3,5 1.29 -OH 1.27

k 0
(1-benz)-4 0.914 -O- 1.03

k 0
(1,2-benz)-3,6 1.78 -CHO 0.672

k 0
(1,2-benz)-4,5 0.706 -COOH 0.680

k 0
(1,3-benz)-2 0.989 -CO- 0.981

k 0
(1,3-benz)-4,6 1.70 -CONH2 0.842

k 0
(1,3-benz)-5 1.91 -F 0.973

k 0
(1,4-benz)-2,6 0.713 -Cl 0.978

k 0
(1,4-benz)-3,5 1.92 -Br 0.878

k 0
(1,2,3-benz)-4,6 2.15 -I 0.821

k 0
(1,2,3-benz)-5 1.64 -NH- 1.11

k 0
(1,2,4-benz)-3 2.80 -NH-CO- 0.855

k 0
(1,2,4-benz)-5 0.307 -NH2 1.48

k 0
(1,2,4-benz)-6 1.13 -CN 0.411

k 0
(1,3,5-benz)-2,4,6 1.68 -NO2 0.405

k 0
(1,2,3,4-benz)-5,6 3.68 -SO3H 0.373

k 0
(1,2,3,5-benz)-4,6 2.80 -SO 0.656

k 0
(1,2,4,5-benz)-3,6 3.53

k 0
(1,2,3,4,5-benz)-6 7.06

k 0
(1,2,3,4,5,6-benz)-1,2,3,4,5,6 0.312

Group rate constant (×10-9 M-1s-1)
(benzene)

Group contribution factor, Z
(functional group on benzene ring)
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Table 2.9: Group rate constants and group contribution factors for HO• addition to 
aromatic compounds that include pyridine 

 

 

Table 2.10: Group rate constants and group contribution factors for HO• addition to 
aromatic compounds that include furan 

 

k 0
(2-pyr)-3,6 0.990 -Alkane (Pyr) 0.962

k 0
(2-pyr)-4,5 0.293 -OH  (Pyr) 1.97

k 0
(3-pyr)-2 0.456 -COOH (Pyr) 0.011

k 0
(3-pyr)-4,6 0.823 -CONH2 (Pyr) 0.498

k 0
(3-pyr)-5 0.025 -Cl  (Pyr) 0.812

k 0
(4-pyr)-2,6 0.791 -Br  (Pyr) 0.603

k 0
(4-pyr)-3,5 0.889 -CN  (Pyr) 0.333

k 0
(2,6-pyr)-3,5 1.03 -NH2 (Pyr) 1.75

k 0
(2,6-pyr)-4 0.732

k 0
(3,5-pyr)-2,6 3.71

k 0
(3,5-pyr)-4 0.793

k 0
(2,4,6-pyr)-3,5 0.761

Group rate constant  (×10-9 M-1s-1)
(pyridine)

Group contribution factor
(functional group on pyridine )

k 0
(2-fur)-3 3.92 -Alkane (fur) 1.24

k 0
(2-fur)-4 4.81 -O- (fur) 1.02

k 0
(2-fur)-5 1.42 -CHO (fur) 0.647

k 0
(2,5-fur)-3,4 5.71 -CO- (fur) 0.406

-COOH (fur) 0.600
-CONH2-(fur) 0.610

-Br (fur) 0.647
-NO2 (fur) 0.778

-CH-CN-(fur) 0.903
-C6H5  (fur) 0.943

Group rate constant (×10-9 M-1s-1)
(furan)

Group contribution factor
(functional group on furan)
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Table 2.11: Group rate constants and group contribution factors for HO• addition to 
aromatic compounds that include imidazole 

 

  

Table 2.12: Group rate constants and group contribution factors for HO• addition to 
aromatic compounds that include triazine 

 

 

2.4.5.2 Group Contribution Factors for HO• Addition to Aromatic 
Compounds.  

 Tables 2.9-2.12 summarize the group contribution factors for the HO• addition to 

aromatic compounds.  Figure 2.5 plots those values against electrophilic substituent 

constants, σ+ (Karelson, 2000), for benzene (r= 0.89), pyridine (r= 0.93), and furan (r= 

0.65) compounds.  Because only one σ+ for imidazole functional groups is available, 

Figure 2.5 does not include the plot for imidazole.  These observations validate that the 

group contribution factors that are empirically derived from the experimental rate 

constants linearly correlate with the general electron-donating and -withdrawing property.  

For furan compounds, the weak correlation may be due to insufficient number of data. 

k 0
(3,4-imid)-1 1.71 -Alkane  (imid) 1.17

k 0
(3,4-imid)-3,4 1.08 -CO (imid) 0.731

-NH (imid) 1.43
-N<   (imid) 1.61

Group rate constant (×10-9 M-1s-1)
(imidazole)

Group contribution factor
(functional group on imidazole)

k 0
(1,3,5-triaz)-2,4,6 4.13 -O- (triaz) 0.214

-Cl (triaz) 1.00
-NH2 (triaz) 4.95
-NH- (triaz) 0.0416
-S- (triaz) 1.83

Group rate constant (×10-6 M-1s-1)
(triazine)

Group contribution factor
(funtional group on triazine)
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Figure 2.5: Comparison of the group contribution factors for HO• addition to aromatic 
compounds with electrophilic substituent parameter, σ+, (Karelson, 2000) (right).  Figure 
includes the group contribution factors for benzene (■), pyridine (●), and furan 
compounds (▲).  The σ* of [-CHCl2], [-CO], [-COO, COOH], [–S-, -SS- -HS-], [-NH2, -
NH-, -N<] is an average of [CH2Cl, CH2Br, CHCl2, CHBr2], [COCH3, COC2H5, 
COC(CH3)3, COC6H5, COF, COCl], [COOH, COOC2H5], [SCH3, SC2H5, SCH(CH3)2], 
and [NHCH3, NH(CH2)3CH3, N(C2H5)2], respectively. The σ* of [-SO] and [-N-CO-] 
refer to [S(O)CH3] and [NHCOC6H5], respectively. 
 

2.4.6 HO• Interactions with Sulfur-, Nitrogen-, or Phosphorus-
containing-Compounds     
As shown in Table 2.2, the DF were 54.  74% of the calibrated data was within 

the EG.  The SD was 1.5.   Once the group rate constants and group contribution factors 

were determined, 18 of the rate constants were predicted and compared with the 
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experimental rate constants as shown in Table 2.3.  A total of 44% of the rate constants 

was within the EG.  The SD was 2.2.   

2.4.6.1 Group Rate Constants for HO• Interaction   
 The group rate constants and group contribution factors were summarized in 

Table 2.13.  Because no direct interactions were experimentally observed (Mezyk et al., 

2006; 2004), the group rate constants, -N-NOk and 
2-N-NOk were not considered.  The group 

rate constants k-CN and k-NH2 can be compared with the rate constants for compounds that 

react with HO• via only interaction such as cyanogen and thiourea, respectively.  The rate 

constant for thiourea is approximately twice of k-NH2 because the electron positive -CS- 

functional group does not significantly affect the electron density of the N-atom.  The 

reaction of HO• with urea may be different because two amine functional groups in urea 

bond to the electron-negative functional group, -CO-.  As a result, another group rate 

constant k-N-CO-N- was considered for methylurea, tetramethyl urea, and 1,3-dimethylurea.                

The magnitude of most group rate constants for the S-containing compounds was 

in the same order as for the amine-related compounds but approximately 1 order of 

magnitude larger than those for the amide-related compounds.  This is probably because 

of the electronegative –CO- functional group that is a part of amide functional groups. 
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Table 2.13: Group rate constants and group contribution factors for S, N, and P-atom 
containing compounds 

 

 

 

 

k -S- 23.6
k -S-S- 36.7
k -SO 19.2
k -HS- 9.93
k -CN 0.0555

k -NO2 1.33
k -CO-NH2 0.998
k -CO-NH- 5.00
k -CO-N< 9.98
k -NH2 40.0
k -NH- 1.00
k -N< 35.3

k -N-CO-N- 0.00409
k -P≡ 0.258

-S-, -SS-, -HS- 2.40
-SO 0.445
-CN 0.00292
-NO2 0.00

-NH2, -NH-, -N< 1.63
-N-CO- 3.19
-N-NO 0.0105
-N-NO2 0.176
->P=O 0.103
-O-P<- 0.00004

Group rate constant (×10-8 M-1s-1)

Group contribution factor, X
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2.4.6.2 S-, N-, or P-atom-Containing Group Contribution Factors   
 The S-, N-, or P-atom-containing group contribution factors apparently play the 

same role as the functional groups for H-atom abstraction, i.e., 
R

, abs

R

i
a

i

E
RTX e

−
= .  However, it 

is anticipated that S-, N-, or P-atom-containing functional groups may have different 

effects on H-atom abstraction.  The group contribution factors for -S, -S-S- and -SH, and 

–NH2, -NH- and -N<, respectively, were assumed to be identical due to the following 

reasons: (1) limited data availability for single functional group compounds, (2) similar 

electron inductive ability, and (3) application for the gaseous phase.  One might consider 

additional rate constants (e.g., amino acids) to overcome the limited data availability.  

However, the single-functional group compounds were used to calibrate the group 

contribution factors to avoid the interference of different functional groups.  In addition, 

the same data sets for the S- and N-atom containing-compounds were used to calibrate 

the group rate constants, k-S-, k-S-S- and k-SH, and k-NH2, k-NH- and k-N<, respectively.  These 

group rate constants were not assumed to be identical because the interaction of HO• with 

each functional group might be more significant than the electron donating effects that 

result from these functional groups.  Therefore, within the limited data availability, our 

assumption should be acceptable.  For similar electron inductive ability, the Taft constant 

indicates similar values among these S- and N-atom-containing functional groups.  For 

example, the Taft constants for SCH3, SC2H5, and SH are 1.66, 1.44, and 1.52, 

respectively (Karelson, 2000), and those for NH2, NHCH3, N(CH3)2, NH(CH2)3CH3, and 

N(C2H5)2 are 0.62, 0.94, 1.02, 1.08, and 1.00, respectively (Karelson, 2000).  These 

values are well distinguished from 3.61 of NH3
+, 4.66 of NO2, 4.16 of N+(CH3)3, and 

3.64 of CN.  Finally, Atkinson (Atkinson, 1986; 1987; Kwok and Atkinson, 1995) 
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assumed that the “substituent factors” for -S-, -S-S-, and –SH, and for –NH2, -NH-, -N<, 

-NNO, and –NNO2 were identical and successfully predicted the gaseous phase HO• rate 

constants.  Although the reaction mechanisms for the interaction in the gaseous phase 

may be different from the aqueous phase, the manner in which S- and N-atom-containing 

functional groups affect the neighboring C-H bond could be very similar between two 

phases.  The –SO and –N-CO- functional groups were treated separately because of the 

electronegative oxygen atom.  In contrast, the X-CO-N- was treated as identical to X-CO-.  It 

is observed that the amide nitrogen is much more effective in activating the methyl group 

that undergoes the H-atom abstraction than ester oxygen (Hayon et al., 1970).  This is 

consistent with the group contribution factors (i.e., X-COO = 0.04, X-N-CO = 3.19).   

Figure 2.4 compares the group contribution factors of S-, N-, or P-atom-

containing functional groups with the Taft constant, σ* (Karelson, 2000).  A linear 

correlation between these group contribution factors and σ* was observed (r= 0.99).  As 

compared with Ri
X for the alkyl, oxygenated, and halogenated functional groups, those 

for S-, N-, or P-atom-containing functional groups are greater.  This implies that S, N, or 

P-atom-containing functional groups donate more electrons toward the neighboring C-H 

bond(s), hence, enhancing the H-atom abstraction by HO•.  It should be noted that 

insufficient experimental data resulted in poor calibration for nitrile and nitro compounds.  

As it turns out, we may have to consider the electron-negative effect of these compounds 

in the β-position because of their strong electron-withdrawing ability.  However, this will 

have to wait until more data become available.   
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2.4.7 Predictabilities of GCM and Future Studies    
 Because the GCM is based on the group additivity of the rate constants, it is not 

able to predict the rate constants for the reactions that are close to the diffusion-control 

limit.  The rate constant expression may not thoroughly reflect the reaction mechanisms 

in the aqueous phase due to the unknown reaction mechanisms (e.g., HO• addition to 

alkenes).  In addition, there are insufficient experimental data sets (e.g., nitriles and 

nitros, furan, and triazine compounds) and suspect data (e.g., alkenes).  As a result, 

nonlinear correlation was observed between the group contribution factors with the 

electron-donating and -withdrawing ability, i.e., the Taft constant or electrophilic 

substitutent parameter.  The observed inconsistencies of the experimental data may have 

resulted from the difference in experimental protocols such as the differences of 

analytical approach or HO• production methods (e.g., pulse radiolysis, UV/H2O2, 

O3/H2O2).  For these groups, additional experimental studies are needed to obtain better 

calibration.  

Solvation effects can be expected to affect the reactions for polar- and nonpolar 

functional groups differently due to the absence or presence of the hydrogen bonds.  

These might cause over or under prediction for the oxygenated multifunctional group 

compounds (i.e., poly alcohols, poly carboxylic compounds, and benzenes with di- and 

trifunctional groups) because of the invalid thermochemical additivity.  A more 

sophisticated approach (e.g., quantum mechanical calculation) may be required to 

investigate these effects, and this is an undergoing project.   

Steric hindrance that results from the halogenated and carboxylic functional groups may 

also cause over and under prediction.  While alcohols with –CF3 or –CCl3 functional 

groups undergo the solvation effect, steric hindrance might be more significant (i.e., 
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steric constants, Es, for –CF3 and –CCl3 are -2.40 and -3.30, respectively, as compared to 

-1.24 for –CH3 and -0.46 for –Cl (Karelson, 2000)).  We are also currently investigating 

the steric hindrance for specific functional groups.  Although the GCM uses only 

experimentally reported rate constants based on the thermochemical additivity of the Ea, 

the group contribution factors linearly correlate with the general inductive constants for 

most cases.  In addition, the rate constants for the multifunctional group compounds were 

predicted and compared with the experimental rate constants.  It turns out that the GCM 

can predict most of the rate constants within the 0.5 to 2 times the experimental values. 

Therefore, the GCM can be used to predict the rate constants for many compounds with 

any kinds of functional groups that we have sufficient data to calibrate group rate 

constants and group contribution factors within the EG, and this may be acceptable for 

the design of AOPs, depending on how sensitive the model is to the rate constants. 

As an extra trial, the GCM predicted the rate constants for 11 emerging aromatic 

compounds and compared them with the experimental rate constants as shown in Table 

2.1.  It was found that all of the predicted values were within the EG.  In addition, the 

GCM predicted the rate constants for 68 emerging compounds that include the EPA’s 

Contaminate Candidate List 2 (CCL2) and 3 (CCL3) compounds as shown in Table 2.14.  

Table 2.14 includes calculated half-lives for HO• concentrations of 10-9, 10-10, and 10-11 

mole/L based on equations (2.28) and (2.29): 

R
HO HO R

dC k C C
dt

=− i i          (2.28) 

1/ 2
HO HO

ln(2)t
k C

=
i i

          (2.29) 
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It is clear that as the HO• concentration decreases to 10-11 mole/L due to HO• scavengers 

(e.g., natural organic matters, carbonate and bicarbonate, iron and manganese) in water, 

longer retention time in AOPs will be required.  Although the HO• rate contants for these 

compounds have not been experimentally obtained, our calculcated half-life of these 

emergning contaminants can be used as a screening tool to examine the initial fate of 

these emerging contaminants during AOPs.      
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Table 2.14: Predicted HO• reaction rate constants for emerging contaminants 
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2.6  Appendices   
 An executed program is provided along with an input text file for the calculations 

of the HO• reaction rate constants.  In addition, a Microsoft Excel spread sheet is also 

given for this purpose.  Appendix A contains the source of genetic algorithm.  Appendix 

B includes up-to-date experimental HO• radical rate constants.  Appendix C includes a 

GCM identifier.F90 program source code.   
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CHAPETER 3 

Linear Free Energy Relationships between Aqueous Phase Hydroxyl 

Radical Reaction Rate Constants and Free Energy of Activation 
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3.1 Abstract   
Hydroxyl radical (HO•) is a strong oxidant that reacts with electron-rich sites on organic 

compounds and initiates complex radical chain reactions in aqueous phase advanced 

oxidation processes (AOPs).  For mechanistic modeling, we need to develop a method 

that can predict reaction rate constants.  Previously, we reported a reaction pathway 

generator that can enumerate the most important elementary reactions.  In this study, we 

develop linear free energy relationships (LFERs) between aqueous phase literature-

reported HO• reaction rate constants and theoretically calculated free energies of 

activation.  The theoretical method uses Ab initio quantum mechanical calculations for 

gas phase reactions and solvation methods to estimate the impact of water.  The aim of 

this study is to develop LFERs for H-atom abstraction from a C-H bond and HO• 

addition to alkenes.  This approach may be applied to other reaction mechanisms to 

establish a library of rate constant predictions for mechanistic modeling of AOPs. 

3.2 Introduction 
The hydroxyl radical (HO•) is a reactive electrophile that reacts rapidly and 

nonselectively with most electron-rich sites on organic contaminants.  It is the active 

species that potentially leads to complete mineralization of emerging contaminants in 

advanced oxidation processes (AOPs) (e.g., O3/H2O2, UV/H2O2, UV/TiO2) and natural 

waters (Westerhoff et al., 2005; Huber et al., 2003; Rosenfeldt and Linden, 2004). 

Concerns regarding emerging contaminants (Richardson, 2009) and the many chemicals 

that are in use or production (CAS, 2009) necessitate mechanistic modeling (Pfaendtner 

and Broadbelt, 2008) that can quickly assess their removal by AOPs.   

  A mechanistic model to evaluate performance in AOPs includes three critical 

components: (1) numerical methods that solve ordinary differential equations (ODEs), (2) 
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algorithms that can predict reaction pathways, and (3) algorithms that can predict reaction 

rate constants.  The DGEAR algorithm (Hindmarsh and Gear, 1974) was successfully 

used to solve the ODEs for UV/H2O2 kinetic models (Li et al., 2008; 2007; 2004; 

Crittenden et al., 1999).  A model that generates reaction pathways for aqueous phase 

AOPs has also been developed (Li and Crittenden, 2009).  A group contribution method 

(GCM) recently has been developed (Minakata et al., 2009) to predict aqueous phase 

HO• reaction rate constants for compounds with a wide range of functional groups.  The 

GCM calibrated 55 group rate constants and 80 group contribution factors with 310 

compounds and predicted 124 compounds.  It showed that 83% (257 rate constants) and 

62% (77 rate constants) of the rate constants from calibrations and predictions were 

within 0.5 to 2.0 times the experimental values. 

  The GCM was shown to predict the rate constants for compounds with a wide 

range of functional groups.  Nevertheless, certain assumptions and factors limit the use of 

the GCM.  Essentially, the GCM can only deal with molecules for which all required 

group rate constants and group contribution factors have been calibrated before.  As a 

result, for more minor functional groups and compounds with limited experimental rate 

constants, the GCM suffers from the parameters that do not represent comprehensive 

abiliy of functional groups.  Table 3.1 summarizes number of literature-reported 

experimental rate constants for the reactions that are appeared in AOPs.   
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Table 3.1: Number of available experimental rate constants in the aqueous phase AOPs 
on the basis of the extensive literature review 

 

 

 

According to Table 3.1, there are only limited number of rate constants that are available 

for the reaction mechanisms other than the HO• involving reaction mechanisms.  In 

addition, because the GCM assumes that a functional group has approximately the same 

interaction properties under a given molecule, it disregards the changes of the functional 

group properties that can arise from the intramolecular environment by electronic push-

pull effects, or by intramolecular hydrogen bond formation, or by steric effects.  It is 

expected that these intramolecular electron-interactions might be very different between 

the gaseous and aqueous phases and, therefore, solvation effect that results from the 

surrounding water molecules should be considered for the aqueous phase reactions.  

Accordingly, there is a need to develop more robust approaches to consider the effect of 

Reaction mechanisms
Genetic representations of
reaction mechanisms 

Compound groups Experimental k
Exp. Free energy 
of solvation of 
compounds 

Arrehenius 
parameters, E a  and A

Hydrocarbons (alkanes) 12 10 0
Oxygenated compounds (Alcohols, Diol, 
Ether, Ester, Aldehyde, Ketone, 
Carboxylic)

122 15 39

Alkyl halides 52 7 0
HO• addition to alkenes R2C=CR'2 + HO• → R2(HO)C-•CR'2 Unsaturated alkenes 21 n.a. 0
O2 addition •CR3 + O2 → •OOCR3 Alkyl carbon centered radicals (Aliphatic) 34 n.a. 1

β-scission and 1,2-H shift
R-C(O)O• → R• + CO2

CR3CR'2O• → •CR3 + R'2C=O
HR2CO• → •C(OH)R2 + R2C=O

Alkyl oxyl radicals (Aliphatics) <5 n.a. -

Formation of tetroxide R3COO• + •OOCR'3 → R3COOOOCR'3 Alkyl peroxyl radical (Aliphatics) 10 n.a. -

Uni-molecular decay 
(Elimination of HO2•-/O2•-)

12 n.a. 5

Bi-molecular - n.a. -

Hydrolysis (aldehyde)
R-CHO→R-CH(OH)2→RC•(OH)2

→R-(OH)2C-OO•→R-COOH
Aliphatic compounds a.v. a.v. -

*R, R'=alkyl or H;  n.a. = not available; "-" = not clear; a.v.=available

H-atom abstraction CHR3 + HO• → •CR3 + H2O

Peroxyl radical
 reaction mechanisms  

R2CHOO-OOCHR2 

R2C=O + R2CHOH + O2 

2R2C=O + H2O2            
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both intramolecular electron interactions and solvation for the aqueous phase (Klamt, 

2005; Cohen, 1991).   

Quantum mechanics is very attractive for investigation of electronic behavior for 

different functional groups.  Quantum mechanical methods have proven to reliably 

reproduce molecular structures (Chen et al., 1993; Montogomery, 1999; Parkinson et al., 

1999; Papasavva et al., 1996; DeFrees et al., 1982), vibrational spectroscopy (Pople et al., 

1993; Wong, 1996), heats of reaction (Zhong and Bozzelli, 1997; Andzelm and Wimmer, 

1992), activation energies (Jursic, 2000; Saeys et al., 2003) and kinetic rate data (Zhang 

et al., 2000; Zhu et al., 1999; Sheng et al., 2002; Fontana et al., 2001; Maity et al., 1999; 

Chandra et al., 2000; Gonzalez-Lafont et al., 2001; Masgrau et al., 2001; Louis et al., 

2000; Melissas and Truhlar, 1993; Truong and Truhular, 1993; Urata et al., 2003).  Due 

to the increased computational abilities as computers and software tools have improved, 

quantum chemical approaches have become attractive for examining larger and more 

complicated chemical systems.   

 A procedure to calculate the thermochemical properties in the gaseous phase 

using quantum mechanics has been well-established.  Standard statistical mechanical 

calculations are applied following either Ochterski (2000) or Irikura (1998).  The 

selection of a reasonable computational method and basis set combination is an important 

factor in quantum mechanical calculations.  There is a tradeoff between the 

computational cost and the accuracy.  To our best knowledge, there are little 

comprehensive studies that explore the computational methods and basis sets on the 

calculations of thermochemical properties for the reactions in AOPs.  For example, the 

density functional theory (DFT) has been widely accepted to optimize structures of 
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molecules and radicals for both ground-state and transition state and recognized as the 

most cost-effective accurate method in quantum calculations.  However, Izgorodina et al. 

(2007) found that all of the DFT methods they examined failed to provide an accurate 

description of the energetics of the radical reactions as compared with benchmark 

G3(MP2)-RAD values.  While molecular structures are predicted well at lower levels of 

theories, reaction barriers are often underpredicted with the standard small basis sets like 

6-31G(d).  To eliminate these errors, high level single point calculations, or a series of 

them (i.e., multi-point energy calculations), are often done with much larger basis sets or 

more expensive and accurate methods.     

 A number of studies in calculating thermochemical properties in the gaseous 

phase have proved an improvement for calculated energies using multi-point energy 

calculations (e.g. Gaussian-n- series (Pople et al., 1989; Curtiss, 1991; Curtiss et al., 

1998) and completely basis set (CBS) (Nyden and Perterson, 1981; Ochterski and 

Peterson, 1996; Montgomery and Frisch, 1999; 2000) over the expensive coupled-cluster 

method (e.g. CCST(T)).  Table 3.2 summarizes the theoretical studies to examine the 

thermochemical properties for the gaseous phase reactions of HO• at the transition state.  

Among these, some studies applied transition state theory (TST) (Eyring et al., 1935; 

Eyring, 1938) and variational transition state theory (VTST) (Truhlar and Garrett, 1980) 

to estimate temperature-dependent reaction rate constants.  In addition to the HO• 

induced mechanisms, the cyclization/fission mechanism for the 1,2-H shift in the gaseous 

phase (George et al., 2000), the gaseous phase beta-scission reactions of peptide-

backbone alkoxyl radicals (Wood et al., 2006; 2005), neopentyl radical (Zheng et al., 

2005), n-butyl radical (Zheng and Blowers, 2007), propyl radical (Zheng and Blowers, 
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2006), alkoxyl radicals (Rauk et al., 2003; Headlam and Davies, 2002; Fittschen et al., 

2000) and peroxyl radical self-reaction [e.g., ethyl peroxyl radical (Sun et al., 2007; 

Zheng et al., 2005; Boyd et al., 1990)] have been theoretically studied.   
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Table 3.2: Summary of theoretical studies about the gaseous phase reactions of HO• 

 



 

 82

 Although many studies focused on individual compounds, few studies explored 

comprehensive relationships between computationally obtained molecular or reaction 

energies and observed reaction rate constants for the prediction.  A William Green’s 

group developed new group additivity values (GAV) for transition-state-specific moieties 

for H-abstraction from alkanes by H and CH3 radicals on the basis of the quantum 

mechanically calculated heats of formation, entropies, and heat of capacity values 

(Sumathi et al., 2001a).  In their series of papers, they developed procedures for H-

abstraction from alkenes, alkyl, alcohols, aldehydes, and acids by H-atoms, HO• addition, 

and isomerization reactions (Sumathi et al., 2001b).  In addition, they presented the 

qualitative justification for partitioning the energy of the transition structure into 

contributions from unreactive and reactive moieties using atoms in molecule (AIM) 

analysis (Sumathi et al., 2002).  Méreau et al (2000) built predictive structure-activity 

relationships (QSARs) on the basis of the kinetic and thermodynamic parameters 

obtained by using computational chemistry and transition state theory for the 

decomposition reactions of alkoxyl radicals and extrapolated to larger alkoxyl radicals.  

A Thanh Truong’s group has developed a reaction class transition state theory 

hypothesizing that the reactions in the same class share similarities in the shape of the 

potential energy surfaces along the reaction path (Truong et al., 1999).  Their method has 

been extended to H-atom abstraction by •CH3 with alkane (Kungwan and Truong, 2005), 

reaction of •CHO with alkane (Huynh and Truong, 2007), H-atom abstraction by H• with 

alkane (Truong, 2000) and by HO• with alkane (Huynh et al., 2006) and addition of HO• 

to alkene (Huynh et al., 2008).  Pfaendtner and Broadbelt (2008) established a library of 

kinetic correlations that are suitable for the computer-based mechanistic modeling of 
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condensed-phase autoxidation of hydrocarbons.  The Evans-Polanyi relationship related 

experimentally obtained Arrhenius activation energy (Ea) with quantum mechanically 

calculated enthalpies of reactions (ΔH≠).  They successfully captured the different 

reactivity trends for 17 different reaction families.  However, the rate constants that result 

from the kinetics depend not only enthalpies but also entropic contribution, in particular 

for the solution phase.  The significant contribution of the entropy that arises from the 

vibrational origin has been discovered for H-atom abstraction and proton-coupled 

electron-transfer (Mader et al., 2007).  As a consequence, the free energy of activation 

(ΔG≠) should be considered for the thermodynamic parameters.             

In contrast to the gaseous phase reactions, only a few studies have been conducted 

theoretically for the aqueous phase reactions due to the complexities and difficulties in 

the solvation contribution to quantum mechanics.  There are two major ways to model 

reactions in the aqueous phase, including an explicit model or using an implicit model.  

The explicit representation of the aqueous phase involves a large number of degrees of 

freedom, thereby having a high dimensionality (Ayala and Schlegel, 1997).  As a result, a 

solute molecule must be treated averagely over these degrees of freedom.  Monte Carlo 

(MC) simulation or Molecular Dynamics (MD) can be used to average energies over a 

sufficiently long time frame or to choose configurations of the system randomly with the 

averaged thermodynamic properties, respectively.  The MC and MD approaches would 

be appropriate when dealing with a larger molecule in the aqueous phase, e.g., protein 

(Eisenberg and McLachlan, 1986).  However there are uncertainties to represent solvent 

molecules (Marenich et al., 2008).   
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In the implicit model, the solvent is implicitly expressed as a continuum solvent.  

The implicit model has two main advantages over the explicit model: 1) it reduces the 

degrees of freedom by assuming the aqueous phase as a continuum medium and 2) it 

provides an accurate way to deal with electrostatic forces such as electronic polarization 

that dominates most solvation processes (Cramer and Truhlar, 1999).  As a result of the 

continuum medium, computational demand is significantly reduced because the size of 

the electronic structure problem is essentially the same as in the gaseous phase (Cramer 

and Truhlar, 2008).  For example, phenol (Bonin et al., 2007), benzene (DeMatteo et al., 

2005), quinoline (Nicolaescu et al., 2005), azacytosines (Pramod et al., 2006) and amino 

acid (Štefanić et al., 2009) have been examined using the polarizable continuum model 

(PCM).  There are few studies examined computationally for other reaction mechanisms 

such as beta-fragmentation of aminyl radial from amino acids (Bonifačić et al., 2000).  

However, these studies were limited to examining the potential energy differences of the 

reactions and products and few studies accounted the activation energy at the transition 

state.  Ashcraft et al (2007) addressed the use of computational chemistry calculations for 

the estimation of physical properties and constants in solution by connecting between the 

pseudochemcial potential of Ben-Naim (Ben-Naim, 1987; 2006) and the traditional 

standard state-based thermochemistry.  This work seems to be the most sophisticated 

application of computational chemistry to the solution phase up to date.  However, for the 

reaction phases, there are almost no studies concerned with the AOP related reactions in 

the aqueous phase.  

The electron densities on frontier orbitals of atoms provide useful means for the 

characterization of electron donor/acceptor interactions between molecules.  According to 
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the frontier electron reactivity theory (Fukui et al., 1952), the majority of chemical 

reactions take place at the position and in the direction where the overlapping of the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) of the respective reactants is at maximum.  While the HOMO energy 

characterizes the susceptibility of the molecule toward the attack by electrophiles, the 

LUMO energy features the susceptibility of the molecule toward the attack by 

nucleophiles.  It has been anticipated that the energy gap between HOMO and LUMO 

could be related to the chemical stability of compounds.  Larger HOMO-LUMO gaps are 

considered to be indicators of higher stability of compounds toward chemical reactions.  

For the H-atom abstraction reaction by HO•, a strong correlation between HOMO energy 

and the logarithms of the HO• rate constants in the gaseous phase was observed (Pfrang 

et al., 2006a, b; King et al., 1999; Bartolorri and Edney, 1994; Cooper et al., 1992).  Yet, 

in the aqueous phase, only a few papers have examined the correlation of the HOMO-

LUMO with the reaction rate constants in water treatment applications (e.g., O3 reactions, 

Hu et al., 2000).   

Figure 3.1 represents the correlations between the logarithm of a total of 477 

aqueous phase HO• rate constants and the energy gap between HOMO and singly 

occupied molecular orbital (SOMO) of HO• (i.e., -1.83 eV, Schuiz et al., 1982).  It is 

noted that the SOMO is used to represent the HO• reactivity of electrophile in stead of 

LUMO.  The energies were calculated using the semi-empirical AM1 method (Dewar et 

al., 1985) with the HyperChem software.  As a result, it is found that there is little clear 

correlation except for the H-atom abstraction from alkanes by HO•.  Although the 

distribution of energy gap is close to each other for the same functional group, this 
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correlation is not quantitative enough to be useful for predicting the reaction rate 

constants for unknown compounds.  In addition, the correlation of this energy gap 

neglects the electronic reorganization of the transition state, and therefore, may lead to 

quantitatively incorrect results.  As a result, orbital energy that has been used for a 

number of organic compounds cannot be used for the aqueous phase HO• radical rate 

constant estimation.  Appendix D includes all calculated data. 

 

 

 

Figure 3.1: Relationship between the logarithm of aqueous phase kHO• and 
calculated energy gap of HOMO-SOMO for 477 compounds. 
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 In this study, we will develop linear free energy relationships (LFERs) that relate 

literature-reported experimental HO• reaction rate constants with theoretically calculated 

aqueous phase free energies of activation for two reaction mechanisms: H-atom 

abstraction from a C-H bond by HO•, and HO• addition to alkenes.  We will compare the 

free energies of activation to estimates from literature-reported experimental values.  

Quantum mechanical approaches for calculating the free energy of activation will be 

explored herein. 

3.3 Linear Free Energy Relationships  
 In this section, we will establish LFERs that bridge kinetics and thermochemical 

properties.  The kinetic information is literature-reported experimental HO• reaction rate 

constants, while the thermochemical properties are theoretically calculated free energies 

of activation.  The next section describes the theoretical methods in detail.   

 According to the LFERs, the log of the rate constant and the log of the 

equilibrium constant should be linearly related (Brezonik, 2002).  Transition state theory 

(TST) (Eyring et al., 1935) states that the log of the rate constant and the free energy of 

activation are linearly related.  For the same reaction mechanisms, the free energies of 

activation and the rate constants for an arbitrary and a reference reaction are related by 

equation (3.1):   

( )act act
10 I 10 R rxn,I rxn,Rlog logk k G Gρ σ− =− Δ −Δ +       (3.1)  

where kI and kR are the reaction rate constants, M-1s-1, for an arbitrary reaction, I, and a 

reference reaction, R, respectively; ρ denotes coefficients for the difference in the free 

energy of activation; σ is a constant; and act
rxn,IGΔ and act

rxn,RGΔ are the free energies of 

activation, kcal/mol, (Pu et al., 2006) for reactions I and R, respectively.  Figure 3.2 plots 



 

 88

the logarithms of literature-reported HO• rate constants versus act
rxnGΔ .  The reaction of 

HO• with CH4 was selected as the reference. act
rxnGΔ  was estimated from the 

experimentally obtained Ea values and frequency factors provided in the literature 

(Ervens, et al., 2003; Elliot and McCracken, 1989; Monod et al., 2005; Chin and Wine, 

1994; Gligorovski and Herrmann, 2004; Herrmann, 2003).        

 The theoretically calculated free energy of activation in the aqueous phase, 

∆G≠
rxn,aq, which is defined as a quasithermodynamic molar free energy of activation (Pu 

et al., 2006) at a given temperature T, is given by  

rxn,aq aq reactants,aqG G G≠ ≠Δ = −         (3.2) 

where G≠
aq is a quasithermodynamic quantity, kcal/mol, that indicates the free energy of 

the transition state, and Greactants,aq is the molar free energy of reactants, kcal/mol. act
rxnGΔ  

can be related to ∆G≠
rxn,aq using the extrathermodynamic contribution to the free energy 

of activation (Pu et al., 2006), ∆Gextra, kcal/mol, as shown in equation (3.3): 

act
rxnGΔ  = ∆G≠

rxn,aq + ∆Gextra        (3.3) 

where 

∆Gextra = –RT lnγ(T)         (3.4) 

γ(T) is a transmission coefficient that represents the effect of tunneling at temperature T.  

When a hydrogen atom is involved in a reaction, nuclear quantum effects, in particular 

quantized vibrations and tunneling, become important.  Tunneling occurs when some 

systems pass through the transition state with less than the quantized energy. Because the 

transition state is a metastable state, it does not have quantized energy levels.  To a good 

approximation, however, all bound modes of a potential energy surface can be assumed 

to have a quantized energy requirement (Wigner, 1932), and this is validated by accurate 
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quantum dynamics (Chartfield et al., 1992).       

 The solvated energy term should consider the interactions of the aqueous phase 

reactions.  Essentially, the free energy of activation in the aqueous phase for a reaction,

rxn,aqG≠Δ , is the sum of the free energy of solvation (Cramer, 2004), rxn,solvationG≠ΔΔ , and the 

gaseous phase free energy of activation, rxn,gasG≠Δ , as shown below: 

rxn,aq rxn,gas rxn,solvationG G G≠ ≠ ≠Δ =Δ +ΔΔ        (3.5) 

where ( ) ( ),0 0
rxn,solvation solvation solvation reactants,solvation reactants,solvationG G G G G≠ ≠ ≠ΔΔ = − − −   (3.6) 

∆∆G≠
rxn, solvation is free energy of solvation, kcal/mol, for a reaction measured with respect 

to a system composed of the pure, unperturbed aqueous phase at equilibrium and the 

solute molecule(s) in a separate phase considered to be an ideal gas; G≠,0
solvation  and 

G0
reactants,solvation are the standard state free energies of solvation for the transition state and 

reactants, respectively, and G≠
solvation  and Greactants,solvation are the free energies of solvation 

that are computed in solution for the transition state and reactants, respectively (Tomasi 

et al., 2005).  The detailed modifications associaed with the change of state are given in 

the Results and Discussion.   

3.4 Computational Methods  
 For the gaseous phase, Ab initio molecular orbital and density functional theory 

(DFT) calculations were performed using Gaussian03 (Frisch et al., 2003).  The Berny 

geometry optimization algorithm (Schlegel, 1982) optimized the geometry of reactants, 

complex compounds, and products with a key word of “Opt=Tight.”  The transition states 

were found as first-order saddle points on the potential energy surface (PES) using the 

quadratic synchronous transit method (QST) (Peng and Schlegel, 1993; Peng et al., 
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1996).  All transition states were verified by a single negative frequency, and some of 

them were confirmed by obtaining the true reactant(s)/product(s) using the intrinsic 

reaction coordinate (IRC) (Fukui et al., 1952).  Using the optimized geometry and 

frequencies obtained from a Hessian calculation, the total microcanonical partition 

function was calculated for each molecule and radical within the rigid-rotor harmonic 

oscillator assumption.  The zero-point vibrational energy (ZPVE) was included in each 

thermochemical property. A quadratically convergent self-consistent field (SCF) 

procedure (Bacskay, 1981), SCF=QC, was used for linear searches when far from 

convergence, and Newton-Raphson steps when close. The harmonic oscillator 

approximation is known to incorrectly treat low-frequency torsional modes due to 

internal rotation (Pitzer and Gwinn, 1942).  However, the internal rotation correction had 

a very minor effect on the activation energy, even for molecules with many dihedrals 

(Pfaendtner and Broadbelt, 2007; Van Cauter et al., 2006).  Furthermore, low-frequency 

vibrational modes contributed little to the vibrational contribution to the internal energy.  

Therefore, the contribution of anharmonicity from hindered rotors was not included in 

this study.  Basis set superposition error (BSSE) was not considered because 1) the BSSE 

may not be too large as compared to the accuracy of the transition state calculations, 2) 

methods for BSSE correction are still controversial, and 3) BSSE corrections by the 

counterpoise method require additional expensive calculations.  The effect of tunneling 

was included using Wigner’s equation (Wigner, 1932). 

 To calculate the free energy of solvation, three implicit solvation models were 

used, namely: 1) the conductor-like polarizable continuum model (CPCM) (Cossi et al., 

2003; Barone and Cossi, 1998) implemented in Gaussian03 (Frisch et al., 2003), 2) the 
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solvent model (SM8) (Zhu et al., 1998; Cramer and Truhlar, 1996; Still et all., 1990) 

implemented in GAMESSPLUS-v2009 (Higashi et al., 1993), and 3) the conductor-like 

screening model for real solvation (COSMO-RS) (Klamt, 1996, Klamt et al., 1998) 

implemented in COSMOtherm (Eckert and Klamt, 2006).  CPCM defined the cavity 

using a United Atom Hartree-Fock (UAHF) model (Barone et al., 1997).  SM8 used the 

van der Waals radii in the solvent-accessible surface area (SASA) (Hermann, 1972; 

Mennucci and Tomashi, 1997) calculation (Marenich et al., 2008).  The COSMO 

approach defines the molecular cavity as the union of all those points that have a smaller 

relative distance to an atom of the molecule under consideration than to other molecules.  

The relative distance is defined as the ratio of the distance and the vdW radius of the 

entire atom.  We compared these three solvation models for molecules at the ground state 

and determined which to use to establish the LFERs.  In particular, we decided to use the 

COSMO-RS model to calculate ∆∆G≠
rxn, solvation.  In this process, the gaseous phase 

geometry was first optimized using DFT and MP2 (Moller and Plesset, 1934) with 

various basis sets.  Because our investigations of the structures of reactants and transition 

states using the CPCM model showed few structural differences between the gaseous and 

aqueous phases, the optimized gaseous phase structures were used to calculate ∆∆G≠
rxn, 

solvation.  Second, the cosmo/ccf files that represent the charge distributions of the 

optimized structures were generated with the single point calculation using RI-DFT with 

BP-functional and def-TZVP basis set that are implemented in the TURBOMOLE 

(Ahlrichs et al., 1989) ‘calculate’ function.  Lastly, the cosmo/ccf files were transmitted 

to COSMOtherm to calculate the chemical potential and partial pressure of a compound 

in the aqueous phase.       
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3.5 Results and Discussion 

3.5.1 A Comparison of Ab initio Quantum Mechanical Methods for 
HO• + CH4 in the Gaseous Phase 

 It is important to compare various quantum mechanical methods and basis sets for 

transition state structure optimization and thermochemical property calculation for H-

atom abstraction by HO•.  We optimized the transition state structures of CH4 and HO• 

using various DFT and MP2 methods and calculated the gaseous phase barrier height 

using both single point energy calculations and hybrid methods.  The barrier height and 

energy of reaction for each method have been tabulated and compared to the literature-

reported values, as shown in Table 3.3 and Figure 3.2. 
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Table 3.3: A comparison of Ab initio quantum mechanical methods for the gaseous phase 
reaction of HO• with CH4. 

 

 

  

Method and basis set
Barrier height, 

kcal/mol
ZPE <S2>

Imaginary 
frequency

r(C-H),
Å

r(O-H),
Å

<(HOH)

mp2/6-311++G(3d,3p)//mp2/6-311++G(3d,3p) 6.95 0.051725 0.779599 -1792.6293
mp2/6-311+G(3df,2p)//MP2(Full)/6-31G(d) 7.29 0.052417 0.785448 -2314.8722 1.22594 1.26893 99.45222
mp2/aug-cc-pVTZ//MP2(Full)/6-31G(d) 6.41 0.052174 0.785466 -2296.2110 1.22594 1.26893 99.45222
B3LYP/6-31++G(d,p)//B3LYP/6-31++G(d,p) 0.48

B3LYP/6-311++G(3df,3pd)//B3LYP/6-31++G(d,p) 0.24

BHandHLYP/6-31+G(d,p) 8.12 0.052359 0.765306 -1851.8709
MPWB1K/6-31+G(d,p) 7.12 0.055848 0.752871 -64.7369 1.22086 1.27783 99.90577
M05 2X/6-31+G(d,p) 4.26 0.052074 0.759078 -1183.3195 1.21871 1.30625 100.99250
CBS-QB3 3.76 0.050051 0.756548 -1109.0212 1.23306 1.28573 99.17334
G1 5.65 0.048208 0.784800 1.22597 1.26888 99.45768
G2 6.25 0.048208 0.784807 1.22597 1.26888 99.45768
G2MP2 5.48 0.048208 0.784804 1.22594 1.26893 99.45217
G3 5.45 0.048208 0.761336 1.22594 1.26893 99.45217
G3MP2 6.01 0.048208 0.784807 1.22597 1.26888 99.45770
G3B3 4.43 0.048492 0.757109 -1447.5378 1.27386 1.23835 100.19049
G3MP2B3 4.95 0.050467 0.757115 -1444.3300 1.27326 1.23889 100.15053
QCISD(T)/6‐311+G(d,p)//MP2(Full)/6‐31G(d) 6.31 0.051093 0.787455 -1618.2755
CCSD/6‐31+G(d,p)//MP2(Full)/6‐31G(d) 7.73 0.052108 0.786781 -1781.8067
CCSD/6‐31++G(d,p)//MP2(Full)/6‐31G(d) 7.60 0.052014 0.786817 -1778.8191
CCSD/6‐311++G(d,p)//MP2(Full)/6‐31G(d) 6.66 0.051625 0.787459 -1734.7900
CCSD(T)/6‐31+G(d,p)//MP2(Full)/6‐31G(d) 7.82 0.051666 0.786781 -1658.9361
CCSD(T)/6‐311+G(d,p)//MP2(Full)/6‐31G(d) 6.52 0.051162 0.787455 -1622.9927
MCG3/3† 6.35
MC3BB† 6.11
MC3MPW† 6.15
W1‡ 6.22
Exp.* 6.70
†: Ellingson et al., 2009; ‡: Boese and Martin, 2004; *Lynch and Truhlar, 2001

Reaction CH4 + HO• → •CH3 + H2O

1.22594 1.26893 99.45222

1.21724 1.32403 100.31456
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Figure 3.2: A comparison of calculated barrier height for the CH4 + HO• 
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when different basis sets are used.  The augmented correlation-consistent polarized 

valence triple-ζ sets (Dunning, 1989) are known to give more flexibility when 

considering electron-electron correlations.  As compared to the 6-311+G(3df,2p) basis 
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with the observation by Izgorodina et al. (2007).  In addition, no improvement in the 

calculated energy was observed when the larger basis set, i.e., 6-311++G(3df,3pd), was 

used.  The barrier heights calculated using the hybrid DFT methods varied based on the 

type of density functional used.  In both of these functionals, the percentage of HF 

exchange has been parameterized for the calculation of accurate kinetics data (in 

particular barrier heights and energies of reaction).  Nevertheless, for our tested system 

all hybrid-DFT methods slightly overestimate the barrier height as compared to the 

literature-reported values (e.g., W1 or the best estimated from the experiment) by 

approximately 1.0 kcal/mol.  A composite method [i.e., CBS-QB3 (Montgomery et al., 

1999; 2000); G1 (Pople et al., 1989; Curtiss and Jones, 1990); G2 (Curtiss, 1991) and G3 

(Curtiss et al., 1998)] that includes several thermochemical property calculations with 

higher order corrections slightly underestimates the barrier height when compared to the 

literature-reported values.  The coupled cluster (CC) (Čížek, 1966) with various basis sets 

gives higher energy values than the literature, but the largest basis set (i.e., 6-

311++G(d,p)) provides a similar value to that in the literature. It should be mentioned 

that the Weizmann theory (Martin and Oliveira, 1999; Parthiban and Martin, 2001) and 

the CC method (e.g., CCSD(T)) (Purvis and Bartlett, 1982) that is typically used for the 

high level thermochemical property calculations may not be relevant in our case due to 

the expensive computational demand.  Because we calculate the ∆G≠
gas using a high level 

Ab initio method for many compounds, the Gaussian-n-series should be sufficient. 
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3.5.2 Verifications of Ab initio Quantum Mechanical Methods for the 
Gaseous Phase HO• Reactions  

 To verify the Gaussian-n-series hybrid methods for different functional groups 

and atoms, we calculated the barrier heights for representative compounds from different 

functional groups (i.e., CH3OH, CH3CHO, CH3OCH3, CH3COCH3, CH3COOH, CH3F, 

CH3Cl and CH3Br) and compared them with literature-reported values.  Table 3.4 

summarizes the overall results for these calculations.  Most of the calculated barrier 

heights are within ±2 kcal/mol of the results that are obtained by CCSD(T) and 

QCISD(T).  The G3 hybrid methods underestimate the barrier height.  Little difference is 

observed between the G1 and G2 hybrid methods.  However, the G2 method estimates 

most of the calculated energies lower than does the G1 hybrid method.  According to a 

general performance evaluation of the G2 and G3 methods, the mean absolute deviations 

(MADs) of the 147 enthalpies of formation calculated in the experiment were 1.56 

kcal/mol and 0.94 kcal/mol (Curtiss et al., 1998), respectively. From these verifications, it 

can be concluded that the G1, G2 and G3 methods should be sufficient to provide highly 

accurate thermochemical properties within the acceptable computational errors for the 

gaseous phase reaction of HO• with aliphatic alkanes as well as with oxygenated and 

halogenated compounds.                
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Table 3.4: Calculated energy barrier for the gaseous phase reactions of HO• with CH3OH, 
CH3CHO, CH3OCH3, CH3COCH3, CH3COOH, CH3F, CH3Cl and CH3Br, and the 
literature-reported values. 

 
a: CCSD(T)/6-311+G(3df,2p)//MP2/6-311+G(3df,2p). Xu and Lin, 2007 
b: CCSD(T)/6-311++G(d,p)//MP2/6-31G(d,p). Atadinc et al., 2002 
c: Kasai and Meyers, 1959 
d: CCSD(T)/6-311G(d,p)//MP2/6-31G(d,p).  Henon et al., 2003 
e: QCISD(T)/6-311++G(3df,3pd)//MP2/6-311+G(d,p). Lien et al., 2001 
f: CCSD(T)/aug-pVTZ//MP2/6-31G(d,p) Espinosa-García et al., 1998  
g: QCISD(T)/6-311G(2df,2p)//MP2(full)/6-311G(d,p). Chandra and Uchimaru, 2000  
h: CCSD(T,full)/cc-pVTZ//MP2(full)/cc-pVTZ. Tzima et al., 2006 
‡: values obtained by fitting to experimental values 
 

  

CH3OH CH3CHO CH3OCH3 CH3COCH3 CH3COOH CH3F CH3Cl CH3Br
G3 0.41 2.84 3.01 2.20 3.76 3.90 3.12
G3MP2 1.12 3.56 3.70 2.94 2.88 4.57 3.79
G3B3 1.72 3.22 1.65 2.63 3.78 3.61 0.15
G3MP2B3 2.68 0.05 2.26 0.15 4.53 4.32 0.17
G2 2.14 1.02 1.25 0.40 1.97 2.06 1.33 1.77
G1 0.51 3.03 3.09 2.32 3.69 4.14 3.25 3.58
CBS-QB3 0.65 1.34 -0.61 1.40 2.61 2.84 -0.24
MP2/aug-cc-pVTZ//MP2(Full)/6-31G(d) 2.89 3.96 2.47 3.36 5.16 5.39 4.61 4.50

CCSD(T)/6-311+G(d,p)//MP2(full)/6-31G(d) 1.75 4.54 0.45 5.26 4.08

QCISD(T) 4.37e 4.38g

CCSD(T) 1.0a 2.55b 3.99d 5.1f 3.39h

best estimate ‡ 2.72c 2.80-3.06e
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3.5.3 A Comparison of Implicit Solvation Models    
 To compare the performances of implicit solvation models, the free energies of 

solvation for alkanes as well as oxygenated and halogenated compounds were calculated 

using three implicit solvation models: 1) CPCM (Cossi et al., 2003; Barone and Cossi, 

1998), 2) SM8 (Zhu et al., 1998; Cramer and Truhlar, 1996; Still et all., 1990), and 3) 

COSMO-RS (Klamt, 1996, Klamt et al., 1998)).  The oxygenated compounds included 

alcohols, ethers, esters, aldehydes, and carbonyl and carboxylic compounds.  The 

calculated free energies of solvation were compared with the literature-reported 

experimental values (Marenich et al., 2009).  In the COSMO-RS approach, the free 

energy of solvation for a compound, i, ∆Gi
solvation, calc, was calculated as corresponding to 

the partial vapor pressure of each compound (i.e., pure compound vapor pressure times 

the activity coefficient):  

∆Gi
solvation, calc = RT ln(10) × [log10 P – log10 (1000)]     (3.7) 

where P is the partial pressure, mbar.  If the reference state is 1 bar, the log10(1000) is the 

decadic logarithm of 1000 mbar pressure.  This procedure was verified by comparing it to 

the COSMO-RS default method, as shown in equation (3.8):   

∆Gi
solvation, default = (μi

gas – μi
aq) – RT ln (ρs Vi

gas / MWaq)    (3.8) 

where μi
gas and μi

aq are the chemical potentials of the compound, i, in the ideal gas and 

aqueous phases, respectively; ρs is the density of water; Vi
gas is the molar volume of the 

ideal gas; and the MWaq is the molecular weight of water.  The ∆Gi
solvation, calc was 

converted into the state at 1 atm of ideal gas and 1 mol of liquid solvent.  CPCM 

calculates the energy values at the ideal gas state, and therefore, a correction factor 

(Liptak and Shields, 2001) of 1.89 kcal/mol (i.e., RT ln(24.47)) was included to account 

for a state change from 1 mol/24.47 L (gaseous phase at 298 K) to 1 mol/L (aqueous 
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phase).  SM8 calculates the free energy of solvation at the standard state of 1 atm and 1 

mol/L.  Figure 3.3 plots the calculated free energies of solvation against the literature-

reported experimental values.  The sample deviation (SD) calculated in equation (3.9) is 

0.79 (N=40) by COSMO-RS, 1.6 (N=38) by CPCM with G3B3 and UAHF radii, and 1.8 

(N=39) by SM8 with M06-2X/6-31+G(d,p) and Bondi radii:  

2

solvation,exp solvation,calc

1 solvation,exp

1SD
1

i iN

i
i

G G
N G=

⎛ ⎞Δ −Δ
= ⎜ ⎟⎜ ⎟− Δ⎝ ⎠

∑         (3.9) 

where N is the total number of samples, and solvation,exp
iG and solvation,calc

iG are experimental 

and calculated free energies of solvation for molecule i.   

 

 

 

Figure 3.3: A plot of calculated free energy of solvation versus experimental free energy 
of solvation 
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 COSMO-RS performs slightly better than CPCM and SM8.  All solvation 

methods indicate larger errors as compared to the literature-reported experimental values 

(Marenich et al., 2009) for the following compounds: CHF3, CCl3CH3 and 

CH3CH2CH2Cl than the rest of the compounds.  For example, the calculated free energy 

of solvation for CHF3 is 0.583, -1.840 and 1.768 kcal/mol with COSMO-RS, CPCM and 

SM8, respectively, as compared to the experimental value, -0.200 kcal/mol (Marenich et 

al., 2009).  For CCl3CH3 and CH3CH2CH2Cl, we observed a similar inconsistency. 

Therefore, calculation of the free energy of solvation for halogenated compounds is still 

limited.  If these three compounds were eliminated, the SD values for COSMO-RS, 

CPCM and SM8 would be 0.19, 0.40 and 0.48, respectively.  

 In addition to its better performance, COSMO-RS has two major advantages over 

CPCM and SM8: 1) construction of potential energy operator and 2) the contribution of 

free energy of solvation. CPCM and SM8 model the surrounding solvent as a 

homogeneous medium characterized by a bulk permittivity (i.e., ε = 78.4 for water) and 

electrostatic solute-solvent interactions are treated linearly depending on the solute wave 

function.  COSMO-RS does not assume either homogeneous behavior of the solvent or a 

linear response of the electrostatic interactions. Whereas CPCM and SM8 consider no 

change in the association free energy in the solution phase, COSMO-RS includes a 

temperature-dependent entropic term as well as an enthalpic contribution.  Accordingly, 

the COSMO-RS theory was selected for establishing the LFERs.    
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3.5.4 Linear Free Energy Relationships between Aqueous Phase Free 
Energy of Activation and Logarithm of HO• Reaction Rate 
Constant 

 In this section, we establish the LFERs between the calculated aqueous phase 

∆G≠
rxn,aq and the literature-reported experimental HO• reaction rate constants that were 

compiled in a previous study (Minakata et al., 2009).  The gaseous phase free energy of 

activation, ∆G≠
rxn,gas, was calculated using the G1, G2 and G3 methods, and 

∆∆G≠
rxn,solvation was calculated using the COSMO-RS theory.  ∆G≠

rxn,gas includes the zero 

point energy and the chemical potential, ∆μ, to consider the dissolution contribution of 

molecule.  Among the different possible transition states and conformations of 

compounds, the lowest energy point was selected for the LFERs.  The HO• reactions with 

methane and ethylene were selected for the reference reactions of H-atom abstraction and 

HO• addition to alkenes, respectively.  Tables 3.5 and 3.6 summarize the calculated 

∆G≠
rxn,aq and ∆Gextra values.  Appendix E includes the optimized structures and their z-

matrices of coordinates.   
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 We observed linear correlations between log kI – log kR and ∆Gact
I – ∆Gact

R for H-

atom abstraction by HO• and HO• addition to alkenes, respectively (Figures 3.4 and 3.5).  

The compounds used include alkanes as well as oxygenated and halogenated compounds 

with a single functional group.  With the exception of three chlorinated compounds 

(trichloromethane, dichloromethane and 1,1-dichloroethane), the least squares fit for H-

atom abstraction calculated with COSMO-RS obtains linear correlations as: log kI – log 

kR = -0.176 (∆Gact
I - ∆Gact

R) + 0.615 (N=26, r2=0.851) by G3, log kI – log kR = -0.188 

(∆Gact
I - ∆Gact

R) + 1.138  (N=26, r2=0.871) by G2, and log kI – log kR = -0.199 (∆Gact
I - 

∆Gact
R) + 0.498 (N=26, r2=0.871) by G1. Underestimation of ∆G≠

rxn,aq of the three 

chlorinated compounds can be attributed to a relatively small activation barrier and a 

complex formed in the entrance channel of potential energy surface (Louis et al., 2000).  

In addition, the literature-reported experimental values for trichloromethane are in a 

relatively wider range (0.74 – 5.4 × 107 M-1s-1) (Buxton et al., 1988), and almost all data 

were obtained in the 1960s without reporting the precise experimental conditions (e.g., 

temperature, pH).  For these reasons, we did not include these three compounds in the 

correlation.   
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Figure 3.4: Log kI – logkR versus ∆Gact
I - ∆Gact

R for H-atom abstraction from the C-H 
bond by HO•  
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Figure 3.5: Log kI – logkR versus ∆Gact
I - ∆Gact

R for HO• addition to an alkene 
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R) + 0.689 (N=10, r2=0.928) by G3, 

log kI – log kR = -0.156 (∆Gact
I - ∆Gact

R) + 0.626 (N=10, r2=0.903) by G2, and log kI – log 

kR = -0.158 (∆Gact
I - ∆Gact

R) + 0.612 (N=10, r2=0.915) by G1.  Regardless of the 

calculated ∆G≠
rxn,aq, the logarithms of the experimental rate constants for propylene, 

isobutylene and 1-butene are identical.  This is probably because the reactions involved in 

HO• addition to these compounds are close to the diffusion limit.  To investigate the 
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rate constant for each molecule using the Hayduk-Laudie correlation (Hayduk and 

Laudie, 1974).   

 The diffusion-encounter rate constant is based on diffusion toward the surface of a 

sphere around the reacting molecule and leads to values of kD that are about half those 

based on the frequency factor given by the Smoluchowski equation (Adamson, 1979):  

kD = 4×π×Dl×r×N0/1000        (3.10) 

where kD is the diffusion-encounter rate constant, M-1s-1; Dl is the diffusion coefficient; r 

is the radius of the molecule; and N0 is Avogadro’s number.  The diffusivities of small, 

uncharged molecules in water can be calculated using the Hayduk-Laudie correlation 

(Hayduk and Laudie, 1974), which is derived from the Wilke-Chang correlation.   

( ) ( )

5

1.14 0.589
13.26 10

l
b

D
Vωμ

−×
=          (3.11) 

where Dl = liquid-phase diffusion coefficient of solute, cm2/s; μω = viscosity of water, cP 

(1 kg/m•s = 1000 cP); and Vb = molar volume of solute at normal boiling point, 

cm3/mole.  First, we calculated the Vb of a water molecule with B3LYP/6-

311++G(3df,3pd) and compared it to the value obtained from LeBas (LeBas, 1915) to 

validate our methodology.  This calculated value, 16.83 cm3/mole, is close to the 18.8 

cm3/mol from LeBas.  Then, we calculated the Dl of water as 2.51×10-6 cm2/s, which is 

close to the literature-reported experimental value at 25ºC, 2.40×10-6 cm2/s (Ferrell and 

Himmelblau, 1967).  Using B3LYP/6-311++G(3df,3pd), we obtained 2.6×10-6 cm2/s for 

the Dl of HO•.   

 Table 3.7 summarizes the calculated kD for the HO• reactions that were 

investigated in the previous sections and provides a comparison with the chemical 

reaction rate kHO•.  Figure 3.6 plots the ratio, R (=kexp/kD), against the calculated free 
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energy of activation in the aqueous phase, ∆G≠
aq.  The reactions considered here are all 

chemical rather than diffusion-limited reactions. As the calculated free energy of 

activation decreases (and molecular volume increases), the reaction approaches the 

diffusion rate reaction (i.e., R approaches 1.0).   

 

 

Figure 3.6: Plot of the ratio, R(=kexp/kD), versus calculated free energy of activation.  
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Table 3.7: Calculated diffusion coefficients, molecular radii, and diffusion rate constants  

 

 

 Once the LFERs were established, we predicted the reaction rate constants of H-

atom abstraction for 14 compounds with multiple functional groups (i.e., oxygenated and 

halogenated compounds).  Figure 3.7 compares the predicted HO• rate constants with the 

literature-reported experimental values.  Of the 14 predicted rate constants, 4 (29% of 

Molecule A
Volume of 

molecule A*, 
cm3/mole

Diffusion 
coefficient, D A,  

cm2/sec

radius of 
molecule A, Å D (D A + D HO•†), cm2/sec λ (λ A + λ HO•‡), cm k D, M-1s-1 k exp, M-1s-1 R (=k exp/k D)

CH4 27.31 1.89E-05 1.87 4.49E-05 2.97E-08 1.0071E+10 1.20E+08 0.012
C2H6 43.33 1.44E-05 2.18 4.04E-05 3.74E-08 1.1418E+10 1.80E+09 0.158
C3H8 53.56 1.27E-05 2.34 3.87E-05 3.90E-08 1.1406E+10 3.60E+09 0.316

C4H10 79.77 1.01E-05 2.67 3.60E-05 4.23E-08 1.1526E+10 4.60E+09 0.399
C5H12 84.21 9.74E-06 2.72 3.57E-05 4.28E-08 1.1556E+10 5.40E+09 0.467

CH3CH(CH3)CH3 77.45 1.02E-05 2.64 3.62E-05 4.21E-08 1.1511E+10 4.60E+09 0.400
CH3Cl 45.74 1.40E-05 2.22 3.99E-05 3.78E-08 1.1410E+10 5.50E+07 0.005
CHCl3 76.90 1.03E-05 2.64 3.62E-05 4.20E-08 1.1508E+10 1.40E+07 0.001
CH2Cl2 59.64 1.19E-05 2.42 3.79E-05 3.98E-08 1.1420E+10 9.00E+07 0.008

CH3CHCl2 84.84 9.70E-06 2.73 3.57E-05 4.29E-08 1.1561E+10 1.30E+08 0.011
CH3CCl3 85.06 9.68E-06 2.73 3.56E-05 4.29E-08 1.1562E+10 1.00E+08 0.009

CH3Br 50.23 1.32E-05 2.29 3.92E-05 3.85E-08 1.1404E+10 2.20E+08 0.019
CH2ClCH2Cl 67.98 1.10E-05 2.53 3.70E-05 4.09E-08 1.1456E+10 2.20E+08 0.019
CH2ClCHCl2 69.01 1.10E-05 2.54 3.69E-05 4.11E-08 1.1461E+10 3.00E+08 0.026

CH3OH 28.90 1.83E-05 1.90 4.42E-05 3.46E-08 1.1595E+10 9.70E+08 0.084
CH3CH2OH 36.12 1.60E-05 2.05 4.20E-05 3.61E-08 1.1471E+10 1.90E+09 0.166

CH3CH(OH)CH3 65.84 1.13E-05 2.50 3.72E-05 4.07E-08 1.1445E+10 1.90E+09 0.166
CH3CH2CH2OH 48.25 1.35E-05 2.26 3.95E-05 3.82E-08 1.1405E+10 2.80E+09 0.246

CH3OCH3 41.46 1.48E-05 2.15 4.07E-05 3.71E-08 1.1427E+10 1.00E+09 0.088
CH3COCH3 49.99 1.32E-05 2.29 3.92E-05 3.85E-08 1.1404E+10 1.10E+08 0.010

HCOOH 35.31 1.62E-05 2.04 4.22E-05 3.60E-08 1.1481E+10 1.00E+08 0.009
CH3COOH 38.39 1.55E-05 2.09 4.14E-05 3.65E-08 1.1449E+10 1.70E+07 0.001

CH3CH2COOH 53.27 1.28E-05 2.33 3.87E-05 3.90E-08 1.1406E+10 3.20E+08 0.028
CH3COOCH3 64.32 1.14E-05 2.49 3.74E-05 4.05E-08 1.1439E+10 1.20E+08 0.010

HCOOCH2CH3 67.33 1.11E-05 2.52 3.71E-05 4.08E-08 1.1453E+10 3.30E+08 0.029
HCHO 31.42 1.74E-05 1.96 4.34E-05 3.52E-08 1.1541E+10 1.00E+09 0.087

CH3CHO 34.76 1.64E-05 2.02 4.24E-05 3.59E-08 1.1488E+10 3.60E+09 0.313
(CH3)3COH 68.14 1.10E-05 2.53 3.70E-05 4.10E-08 1.1457E+10 6.00E+08 0.052
HOCH2OH 45.38 1.40E-05 2.21 4.00E-05 3.77E-08 1.1410E+10 7.60E+08 0.067

CH3CHOHOH 44.76 1.41E-05 2.20 4.01E-05 3.76E-08 1.1412E+10 7.80E+08 0.068
HO(CH2)2OH 43.43 1.44E-05 2.18 4.03E-05 3.74E-08 1.1417E+10 1.70E+09 0.149
CH3COCHO 48.04 1.36E-05 2.26 3.95E-05 3.82E-08 1.1405E+10 6.49E+08 0.057

CH3COCOCH3 66.82 1.12E-05 2.52 3.71E-05 4.08E-08 1.1450E+10 1.70E+08 0.015
CHOCOOH 54.33 1.26E-05 2.35 3.86E-05 3.91E-08 1.1407E+10 5.90E+08 0.052

CH3COCOCH3 55.33 1.25E-05 2.36 3.84E-05 3.93E-08 1.1409E+10 1.70E+08 0.015
HOOCCH2COOH 68.66 1.10E-05 2.54 3.69E-05 4.10E-08 1.1460E+10 2.40E+07 0.002

CH2ClCOOH 56.75 1.23E-05 2.38 3.82E-05 3.95E-08 1.1412E+10 4.30E+07 0.004
HOCH2COOH 57.75 1.22E-05 2.40 3.81E-05 3.96E-08 1.1415E+10 6.00E+08 0.053
ClCH2CH2OH 58.75 1.20E-05 2.41 3.80E-05 3.97E-08 1.1418E+10 9.50E+08 0.083

Cl3CH2OH 59.75 1.19E-05 2.43 3.79E-05 3.99E-08 1.1421E+10 4.20E+08 0.037
F3CH2OH 60.75 1.18E-05 2.44 3.78E-05 4.00E-08 1.1424E+10 2.30E+08 0.020
F3CCHCl2 61.75 1.17E-05 2.45 3.76E-05 4.01E-08 1.1428E+10 1.30E+07 0.001
H2C=CH2 39.19 1.53E-05 2.11 4.12E-05 3.67E-08 1.1442E+10 4.40E+09 0.385

H2C=CHCH3 36.66 1.59E-05 2.06 4.19E-05 3.62E-08 1.1465E+10 5.40E+09 0.471
H2C=C(CH3)2 60.42 1.18E-05 2.43 3.78E-05 4.00E-08 1.1423E+10 7.00E+09 0.613

H2C=CHCH2CH3 68.55 1.10E-05 2.54 3.69E-05 4.10E-08 1.1459E+10 6.00E+09 0.524
H2C=CHCH2OH 48.88 1.34E-05 2.27 3.94E-05 3.83E-08 1.1404E+10 8.50E+08 0.075
H2C=CHCOCH3 48.23 1.35E-05 2.26 3.95E-05 3.82E-08 1.1405E+10 7.00E+09 0.614

H2C=CHCl 41.73 1.47E-05 2.15 4.07E-05 3.71E-08 1.1425E+10 6.80E+09 0.595
H2C=CHCl2 61.95 1.17E-05 2.45 3.76E-05 4.02E-08 1.1429E+10 7.30E+09 0.639

ClHC=CHCl(cis) 68.95 1.10E-05 2.54 3.69E-05 4.11E-08 1.1461E+10 5.00E+09 0.436
ClHC=CHCl(trans) 50.59 1.31E-05 2.29 3.91E-05 3.86E-08 1.1404E+10 5.00E+09 0.438

HClC=CCl2 82.06 9.89E-06 2.70 3.58E-05 4.26E-08 1.1542E+10 4.00E+09 0.347
Cl2C=CCl2 88.58 9.45E-06 2.77 3.54E-05 4.33E-08 1.1588E+10 2.80E+09 0.242

H2C=CHCOOH 67.21 1.11E-05 2.52 3.71E-05 4.08E-08 1.1452E+10 1.50E+09 0.131
* obtained by B3LYP/6-311++(3df,3pd)
† D HO• = 2.60 × 10-6 cm2/s
‡ λHO• = 1.56 × 10-8 cm
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predicted rate constants) and 13 (93% of predicted rate constants) are within 0.5 < 

kpred/kexp < 2.0 and 0.2 < kpred/kexp < 5.0, respectively.  1,1-dichloro-2,2,2-fluoroethane is 

the only compound outside the range of difference of factor of 5. If this compound is 

eliminated, the SD values would be 1.38, 1.45 and 1.45 by G3, G2 and G1 with COSMO-

RS, respectively.   

 

 

Figure 3.7: Plot of predicted HO• rate constants versus the literature-reported 
experimental rate constants.  The error bar represents the range of the latter.  
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compared with the theoretically calculated values for compounds with both single- and 

multiple-functional groups, the calculated ∆G≠
rxn,aq are within ±4 kcal/mol.  These errors 

should be within the errors derived from the quantum mechanical calculations and 

experiments.  Typical errors (i.e., range of 95% of confidence value) in calculating 

aqueous phase free energy of activation based on experiments are reported in the range 

from 2 kcal/mol to 4 kcal/mol.  For example, Ervens et al. (2003) experimentally 

obtained 5.25 kcal/mol, 4.78 ± 2.87 kcal/mol, 6.21 ± 4.78 kcal/mol and 5.73 ± 3.10 

kcal/mol for the reaction of HO• with methanol, ethanol, acetone and propionic acid.  

Although great uncertainty remains particularly in calculating the aqueous phase free 

energy at transition state, typical errors that are caused by calculating gaseous phase free 

energy and free energy of solvation is approximately ±2.0 kcal/mol and ±1.0 kcal/mol, 

respectively.  For example, the errors for the gaseous phase molecular atomization 

energies calculated by G3, G2 and G1 are reported within 2.0 kcal/mol (Pople et al., 

1989; Curtiss, 1991; Curtiss et al., 1998).  Although there is ongoing discussion regarding 

the free energy of solvation, the observed error for the aqueous phase free energy of 

solvation is within 1.0 kcal/mol (Klamt et al., 2009; Cramer and Truhlar, 2009).  The SD 

for 17 calculated aqueous phase free energy of activation of compounds with both single- 

and multiple-functional groups are 0.61, 0.71 and 0.55, respectively, for G3, G2, and G1 

with COSMO-RS.  Notably, 1 kcal/mol of difference in ∆G≠
rxn,aq causes 5.4 times 

difference in the rate constant according to the TST equation (3.12): 

act,TST
rxn expln hG RT k

Tγ
⎛ ⎞

Δ =− ⎜ ⎟
⎝ ⎠

        (3.12) 
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Although absolute prediction of reaction rate constants is not feasible, the LFERs that 

areestablished based on our theoretical calculations follow a trend in reactivity consistent 

with the experimental values, as shown in Figure 3.4.   

 Another validation for our theoretically calculated values is to compare them with 

the estimated act, TST
rxnGΔ derived from TST (Eyring, 1938), as shown in equation (3.12).  

When compared to this act, TST
rxnGΔ , our theoretically calculated ∆G≠

rxn,aq
 gives SD of 0.33, 

0.61 and 0.32 by G3, G2 and G1 with COSMO-RS, respectively (N=40).  Although the 

TST does not thoroughly represent the aqueous phase reaction mechanisms (Kraut, 

1988), this comparison proves the validity of our theoretically calculated ∆G≠
rxn,aq.  For 

the 1,1-dichloro-2,2,2-fluoroethane, the ∆G≠
rxn,aq

 is 8.48 kcal/mol, 6.49 kcal/mol and 8.50 

kcal/mol by the G3, G2 and G1 with the COSMO-RS, respectively, and is close to the 

8.91 kcal/mol of the ∆Gact,tst.  Because the reported rate constant is extremely low, 1.3 × 

107 M-1s-1 (Lal et al., 1988), which is close to the lower limit in the pulse radiolysis 

approach, the reported rate constant might have been significantly underestimated.        

 Despite the overall errors from the calculations, the theoretically calculated free 

energy of activation in the aqueous phase is within the errors derived from the gaseous 

phase quantum mechanical and free energy of solvation calculations.  In addition, if 

uncertainty in the literature-reported experimental errors is accounted for, the LFERs 

should be acceptable for predicting the reaction rate constants of unknown compounds 

that have not been experimentally examined.  Consequently, this approach may be 

applicable to other reaction mechanisms to establish a library of reaction rate constant 

predictors for mechanistic modeling.   
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3.7 Appendices  
 Appendix D includes all calculated data for HOMO and SOMO energy gap.  

Appendix E includes the optimized structures and their z-matrices of coordinates.   
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CHAPTER 4 

Quantitative Understanding of Aqueous Phase Hydroxyl Radical 
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Experimental and Theoretical Studies  

 

 

 

 

 

 

 

 
†work from this chapter will be presented and plan to be published in the following 
citation:  
 
Minakata, D.; Crittenden, J. Linear Free Energy Relationship (LFER) for the Aqueous 
Phase Hydroxyl Radical (HO•) Reactions with Ionized Species: Experimental and 
Theoretical Studies.  240th American Chemical Society (ACS) National Meeting & 
Exposition, Boston, Massachusetts. August 22-26, 2010.   
 
Minakata, D.; Li, K.; Crittenden, J.C. Rational Design of Advanced Oxidation Processes 
using Computational Chemistry. The 16th International Conference on Advanced 
Oxidation Technologies for Treatment of Water, Air and Soil (AOTs-16). Novermber 15-
18, 2010. San Diego, California.   
 
Minakata, D.; Song, W.; Crittenden, J.C. Temperature-dependent aqueous phase 
hydroxyl radical reaction rate constants with ionized compounds: Experimental and 
theoretical studies. Environ. Sci.Technol. 2010. In preparation. 
 
Minakata, D.; Song, W.; Crittenden, J.C. Group Contribution Method for Aqueous Phase 
Hydroxyl Radical Reaction Rate Constant Prediction: Update and Experimental 
Verification. Environ. Sci.Technol. 2010. In preparation. 
  



 

 127

4.1 Abstract  
 Hydroxyl radical (HO•) is a highly reactive electrophile that potentially leads to 

complete mineralization of emerging contaminants in aqueous phase advanced oxidation 

processes (AOPs).  Widespread usage and adverse human and ecological effect of 

halogenated and carboxylic compounds are of great concern.  These compounds are 

major intermediates and byproducts from the reactions of HO• with many organic 

contaminants and indicate lower reactivity with HO• in aqueous phase AOPs.  As a 

consequence, quantitative understanding in their reactions is necessary.  In addition, 

considering deprotonated ionized state of these carboxylic compounds at around neutral 

pH, we need to verify if our previously established linear free energy relationships for 

neutral compounds can be applied to ionized compounds for our ultimate goal of 

establishing a mechanistic model.   

 We measured temperature-dependent aqueous phase HO• reaction rate constants 

for a series of halogenated acetates using electron-pulse radiolysis technique and 

calculated thermochemical properties from Arrhenius activation energies and frequency 

factors.  We developed linear free energy relationships from logarithms of the HO• 

reaction rate constants and free energies of activation that were obtained at several 

temperatures.  The free energy of activation was compared to quantum mechanically 

calculated values that were obtained by Ab initio quantum mechanical calculations using 

G4 with the SMD solvation model.  Theoretical investigations based on quantum 

mechanical methods provide quantitative understandings of effects that result from 

halogenated functional groups and hydrogen bonding in the process of solvation.  We 

found that quantum mechanical calculations can predict the aqueous phase free energies 
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of activation accurately and this may allow us to predict reaction rate constants for 

unknown compounds that have not been examined experimentally.   

4.2 Introduction  
The hydroxyl radical (HO•) is a highly reactive electrophile that reacts rapidly 

and nonselectively with most electron-rich sites on organic contaminants.  The HO• 

potentially leads to complete mineralization of emerging contaminants in advanced 

oxidation processes (AOPs) (e.g., O3/H2O2, UV/H2O2, UV/TiO2) and natural waters 

(Westerhoff et al., 2005; Huber et al., 2003; Rosenfeldt and Linden, 2004).  Among 

emerging contaminants, halogenated compounds are of serious concern (Eljarrat and 

Barceló, 2003; Woo et al., 2002; Eisenberg and Mckone, 1998) due to the widespread 

usage in industries and unknown adverse human and ecological effects.  In particular, 

halogenated acetates are one of the major intermediates and byproducts that are appeared 

in AOPs at around neutral pH because of their lower reactivity with active radical 

species.  However, due to the lack of understandings in detailed reactivity of these 

compounds with HO• (Fliount et al., 1997) and almost no experimental studies in 

examining Arrhenius kinetic parameters, there is no tool to predict the intermediates and 

products, and assess their human health effects based on thermochemical property and 

reaction kinetics.  Accordingly, there is a need to investigate the detailed reactivity and 

develop a mechanistic model (Pfaendtner and Broadbelt, 2008) that can quickly assess 

their removal efficacy by AOPs.   

A mechanistic model to evaluate the performance in AOPs includes the three 

critical components: (1) numerical methods that solve ordinary differential equations 

(ODEs), (2) algorithms that can predict reaction pathways, and (3) algorithms that can 
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predict reaction rate constants.  The DGEAR algorithm (Hindmarsh and Gear, 1974) 

successfully solved the ODEs for the UV/H2O2 kinetic models (Li et al., 2008; 2007; 

2004; Crittenden et al., 1999).  A reaction pathway generator for the aqueous phase AOPs 

was developed (Li and Crittenden, 2009).  A group contribution method (GCM) has been 

recently developed (Minakata et al., 2009) to predict the aqueous phase HO• reaction rate 

constants for compounds with a wide range of functional groups in the datasets.   

 Because the GCM assumes that a functional group has approximately the same 

interaction properties under a given molecule, it disregards the changes of the functional 

group properties that can arise from the intramolecular environment by electronic push-

pull effects, or by intramolecular hydrogen bond formation, or by steric effects.  It is 

expected that these intramolecular electron-interactions might be very different between 

the gaseous and aqueous phases, and therefore, solvation effect that results from the 

surrounding water molecules should be considered for the aqueous phase reactions.  

Accordingly, it is customary to seek a linear relation between a reaction energy 

accounting solvation and the logarithm of the rate constant for reaction (Partington, 1951; 

Beckwith et al., 1992; Wold and Sjöström, 1978).  We have developed linear free energy 

relationships (LFERs) between logarithms of the literature-reported HO• reaction rate 

constants and quantum mechanically calculated aqueous phase free energies of activation 

for neutral compounds for H-atom abstraction by HO• from a C-H bond and HO• 

addition to unsaturated C=C double bond (Minakata and Crittenden, 2010).  The 

calculated free energies of activation in the aqueous phase were within ±4.0 kcal/mol of 

those that were estimated from experimentally obtained Arrhenius activation energy and 

frequency factors.   
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 When it comes to ionized compounds for aqueous phase molecular modeling, one 

must notice that the magnitudes of solvation free energies are much larger than those for 

the neutral compounds (Liu et al., 2010; Marenich et al., 2009; Kelly et al., 2006).  The 

majority of the free energy of solvation is dominated by large electrostatic contributions 

(Marenich et al., 2009).  In particular, the polarizability that results from the charge 

distribution at the transition state significantly changes the dipole moment and affects the 

process of solvation as compared to the viscosity or internal pressure (Tanko and 

Suleman, 1996).  The large electrostatic contribution includes short-range and nonbulk 

electrostatics, as well as cavitation, exchange repulsion, dispersion, and disruption or 

formation of the nearby solvent structure (Marenich et al., 2009).  Accordingly, entropy 

changes that arise from the solvent structure effect may be significant (Warren and 

Mayer, 2010; Mader et al., 2007).  Because a pure dielectric continuum model (Cossi et 

al., 2003; Tomasi and Persico, 1994) includes only long range solute-solvent interaction 

in the bulk phase (Marenich et al., 2009) but the short-range and nonbulk electrostatics, 

the dielectric continuum model do not treat satisfactorily with the solvation process for 

ionized compounds.   
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Figure 4.1: Schematic picture of waters distributed in the cavity, first solvation shell and 
bulk phase for transition state for the reaction of HO• with acetate.  Dotted line 
represents the hydrogen bond.  
  

 In addition to the difficulties in molecular modeling for the ionized compounds, 

the effects of functional groups (e.g., halogen atoms and deprotonated carboxylate) are 

not thoroughly elucidated yet (Aquino et al., 2002).  For example, because of their strong 

electron-withdrawing ability and larger atom size of halogen atoms, there is a qualitative 

agreement that the halogenated functional groups decrease the overall reactivity of HO• 

in particular for the H-atom abstraction from a C-H bond (Minakata et al., 2009; Lal et 

al., 1988; Neta et al., 1969).  For the carboxylic functional groups in the aqueous phase, 

formation of H-bond (i.e., short-range intermolecular interactions between water 

molecules and carboxylate functional group) can be expected to affect the overall 

reactivity significantly.    
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 Not many experimental efforts have investigated the effect of solvation associated 

with the reaction energy and validate the quantum mechanically calculated 

thermochemical properties.  Hermann’s group and Monod et al. (2005) have reported the 

temperature-dependent aqueous phase HO• rate constants and thermochemical properties 

for various oxygenated compounds (Gligorovski, et al., 2009; Gligorovski and Herrmann, 

2004; Herrmann et al., 2003, Ervens et al., 2005).  Their data compilation is for 

atmospheric chemistry, and therefore, there is a significant lack of data for the aqueous 

phase contaminants (e.g., halogenated compounds, and ionized compounds).  Fliout et al 

(1997) experimentally investigated the fate of halogenated acetate radicals (•CBr2COO- 

and •CCl2COO-) and reactivity with other carbon centered radicals.  They did not 

examine the thermochemical properties for these reactions.  It is noted that the Arrhenius 

activation energy is obtained by the slope of logarithm of the reaction rate constant as a 

function of an inverse of temperature.  Accordingly, obtaining the accurate 

thermochemical properties based on the Arrhenius parameters requires one careful 

investigation in the temperature using reliable methodology.  It is commonly observed 

that the literature-reported Ea and A are scarce due to the diversity of the methodologies 

(Buxton et al., 1988). 

 In this study, temperature-dependent HO• reaction rate constants in the aqueous 

phase will be measured to obtain thermochemical properties for a series of halogenated 

acetates.   Theoretical studies based on quantum mechanical methods will be conducted 

to reveal the function of halogenated functional groups toward the HO• reactivity and 

hydrogen bonding in the combination of explicit and implicit solvation model.  The 
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experimentally obtained thermochemical properties will be compared with those that will 

be calculated based on the Ab initio quantum mechanical approaches.   

4.3 Methods  

4.3.1 Experimental  
 It is known that electron-pulse radiolysis coupled with standard time-resolved 

detection method is able to deliver reproducibility a short burst of energy as a function of 

nano- to micro-seconds that induces ionization and excitation among fast-kinetic studies 

in chemistry (von Sonntag and Schuchmann, 1997).  In the past several decades, electron-

pulse radiolysis has been used for measuring the uni-/bi-molecular reaction rate constants 

for various reactions that are induced by radical compounds (Buxton et al., 1988; Bielski 

and Cabelli, 1991).  Followings are descriptions about the linear accelerator for the 

electron-pulse radiolysis, setup and experimental procedure.               

4.3.1.1 Linear Accelerator (LINAC) 
 The linear accelerator (LINAC) electron pulse radiolysis system at the Radiation 

Laboratory, University of Notre Dame (NDRL) (Whitman et al., 1995) was used for 

determining all HO• reaction rate constants.  Figure 4.2 represents the overall system of 

the LINAC that is comprised of electron accelerator, light source, sample flow cell, 

sample solution and data acquisition computer.     
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Figure 4.2: Overall system of Linear Electron Accelerator (LINAC)  

 

 

This system has the following features (Whitman et al., 1995): (1) the system is designed 

to have very repeatable shot with low pre and post pulse radiation and give reproducible 

data, (2) the system has a ceramic envelope that is capable of withstanding 150 kV DC in 

air, stainless steel electrodes and vacuum parts, (3) the injector gun is followed by a high 

vacuum tee with ion pump, and isolation vacuum valve and a fast beam current monitor, 

(4) the accelerator is a 2 pi/3 mode, temperature stabilized guide with a tapered velocity 

buncher, (5) in order to maintain dose repeatability with ±1% between single pulse taken 

up to 30 minutes apart, the electron gun HV and control voltages and the PFN firing level 

are stabilized prior to triggering the pulse, (6) a water cooling system is employed to 

maintain the beam centerline components at 40±4°C.  This system is also able to remove 

the heat from the klystron, modulator, and magnetic.  The specification of the system is 
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2586 mHz of frequency and 18 mW maximum of input power.  For the steady state 

operation, the system has 1.5 second of beam pulse width, 2 A of peak beam current and 

6 MeV of energy.  For the stored energy operation, the system ranges from 2 ns to 10 ns 

of beam pulse width, 4 A of beam current, 8 MeV of energy, less than 10 pC of dark 

current, ±100 pS of pulse jitter and ±1% of dose stability (i.e., pulse to pulse) (Hug et al., 

1999; Asmus 1984; von Sonntag and Schuchmann 1997).  The accuracy of an individual 

radiation chemical experiment is generally considered to be about plus and minus 10%.  

Numerical values for a specific yield or rate constant are always obtained for at least 

three different scavenger concentrations.  Error margins for the mean of such a serides of 

single measurements never exceed 3% (von Sonntag, 1987). 

4.3.1.2 Flow Cell  
 The 10 mm of quartz flow cell is located at the center of electron beam.  The flow 

rate can be adjusted from 1 mL/min to 10 mL/min.  Through the experiments the setup of 

the flow rate was 3 mL/min.  Each pulse radiation was 2 ns and the spectra were recorded 

up to 100 μs.  The flux of the solution was 3 cm/min.  The solution moved 5×10-6 cm in 

100 μs.  When comparing to the electron irradiation diameter (i.e., 0.5 cm), we assumed 

that the solution was not replaced during the 100 μs of pulse radiation.  All experimental 

data were taken by averaging 15 replicate pulses.  The interval time of every pulse was 

1.0 min, and therefore, the degradation products should be removed at the 3 ml/min of 

flow rate.      
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4.3.1.3 Radiolysis of Water  
 When water is irradiated by a fast electron injected from an accelerator, water is 

ionized immediately at approximately 10-16 seconds followed by the subsequent reactions 

(Buxton et al., 1988; Spinks and Woods, 1964; Schwarz, 1962):  

ionization
2 2radiationH O H O e⊕ −⎯⎯⎯⎯→ +i         (4.1) 

2H O HO + H⊕ ⊕→i i          (4.2) 

2H O
aqe e− −⎯⎯⎯→           (4.3) 

*
2H O H + HO→ i i          (4.4) 

2H + H H→i i           (4.5) 

-
2H 2HOaq aqe e− −+ → +          (4.6) 

2 2HO +HO H O→i i          (4.7) 

2 2O Oaqe− −+ → i          (4.8) 

2 2H +O HO→i i          (4.9) 

Initial radiolysis products are produced via spur expansion and reactions.  With 

expansions of spur via diffusion, a fraction of the compounds reacts together.  In water, 

10-7 second is the lifetime of a radical reacting at the diffusion-controlled state when the 

concentration of the solute is 10-3 mole/L.  The overall stoichiometry (Buxton et al., 

1988; Spinks and Woods, 1964) at 10-5 second (for the pH range from 3 to 11) is shown 

in equation. 

ionization
2 2 2 2 3radiationH O 0.27 0.06H 0.28HO 0.05H 0.07 H O 0.27H Oaqe− ⊕ ⊕⎯⎯⎯⎯→ + + + + +i    (4.10) 

The numbers are the G values for species production and the G is defined in μmol/J.  

Total radical concentrations that are produced by the pulse radiolysis are typically 2-4 
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μM.  To exclude the other radical species but HO• at near neutral pH, all solutions are 

saturated with gaseous N2O (~ 24.5 mM) to quantitatively convert the hydrated electrons 

and hydrogen atoms that are formed into this radical (Buxton et al., 1988):  

 e-
(aq) + N2O + H2O → N2 + OH- + HO•      (4.11) 

H• + N2O → HO• + N2         (4.12) 

Reaction rate constants for reactions (4.11) and (4.12) are 9.1×109 M-1s-1 and 2.1×106 M-

1s-1, respectively (Buxton et al., 1988).  At around neutral pH, the reaction (4.12) is 

several magnitude of order slower than other reactions, and therefore, is not complete on 

typical measurement timescales.  Furthermore, hydrogen atom also reacts with the added 

SCN- (k = 2.3 × 108 M-1s-1, t1/2 ≈ 90 μs, Mezyk and Bartels, 2005) to produce H(SCN)2
-• 

(Elliot et al., 1988) following by CN• at around neutral pH and (SCN)2
•- (Martin et al., 

2008).  However, while these reactions occur, the reaction (4.12) (i.e., N2O pathway) is 

dominant and constant fraction (8-10%, Martin et al., 2008) of the initially produced 

hydrogen atoms are ensured to be converted to HO•.  Accordingly, these side reactions 

should not affect main reactions for competition kinetics (see below) significantly.      

 The advantage of radiolysis method over other methods results in the fact that 

there is proportional relationship between the amount of energy absorbed by any 

component of the system and its electron fraction.  As a result, in the dilute aqueous 

solution, all the energy is absorbed by the water and the yields of the primary radicals are 

always confirmed. 
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4.3.1.4 Competition Kinetics  
 Competition kinetics was used in pulse radiolysis when neither the primary 

radical nor the reaction product can be obtained directly.  In two separate solutions, HO• 

reacts with each solution producing its product:  

1
1 1HO S Pk•+ ⎯⎯→                     (4.13) 

2
2 2HO S Pk•+ ⎯⎯→          (4.14) 

From each reaction, the decay of the solution S1 and S2 can be expressed as below:  

[ ] [ ][ ]1
1 1

S
S HO

d
k

dt
− = i         (4.15) 

[ ] [ ][ ]2
2 2

S
S HO

d
k

dt
− = i         (4.16) 

Integration of equations (4.15) and (4.16) from time 0 to time t yields:  

[ ]
[ ]

[ ]
[ ]

1 21
0 0

1 2 2

S S
S S

t td dk
k

=∫ ∫         (4.17) 

[ ]
[ ]

[ ]
[ ]

1 20 01

1 2 2

S S
ln ln

S S
t t

k
k

⎛ ⎞ ⎛ ⎞
⇔ =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
        (4.18) 

When the HO• reaction rate constant with S2, k2, is known, k1 will be obtained by plotting 

the decay of both S1 and S2 concentration.   

 In practical manner, if there is no significant transient absorbance over the range 

from 250 – 800 nm, competition kinetics with use of thiocyanate ion (SCN-) is effective.  

SCN- ion reacts with HO• forming radical ion (SCN)2
•-.  The reactions that are involved 

in the competition kinetics are as below:  

HO• + X → products         (4.19)  

HO• + SCN- → (HOSCN)•-        (4.20) 
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(HOSCN)•- → •SCN + OH-        (4.21) 

•SCN + SCN- → (SCN)2
•-        (4.22)  

(SCN)2
•- indicates the strong absorbance at wavelength of 472 nm (Milosavljevic et al., 

2005).  The second order reaction rate constant of hydroxyl radical with (SCN)2
•- is 

known as 1.05 × 1010 M-1s-1 (Buxton et al., 1988).  We can obtain the following relations 

from the reaction rates:    

[HO• + SCN-] : [HO• + X] = k2 [SCN-] : k1 [X] = A[SCN
-
]+[X] : (A[SCN

-
] – A[SCN

-
]+[X]) (4.23) 

- - -

1

2[SCN ] [X] [SCN ] [SCN ]

[SCN ] 1

2[SCN ] [X]

[X]1 1
[SCN ]

[X]1
[SCN ]

k
A A A k

A k
A k

−

−

−
+

−
+

= +

⇔ = +
       (4.24) 

Therefore, the following relationship can be obtained:  

[ ]2 10

2 2

(SCN) X
1

(SCN) SCN
k

k

−

− −

⎡ ⎤⎣ ⎦ = +
⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦

i

i
        (4.25) 

where ( )2 0
SCN −⎡ ⎤

⎣ ⎦
i  is the absorbance of blank solution.  ( )2

SCN −⎡ ⎤
⎣ ⎦

i  is the absorbance 

obtained in the presence of compound X.  The [X] is the concentration of compound X.  

[SCN-] is the concentration of thiocyanate ion.  

4.3.1.5 Procedures   
 All chemicals that were used for the reaction rate constant measurements were of 

the highest purity available (>99%) and used as received.  Solutions of these chemicals 

were made by a Millipore Milli-Q system.  All solutions were continuously sparged with 

high-purity N2O gas to remove dissolved oxygen.  The SCN- solution that was used for 

all experiments was 0.3 mM with 20 mM of buffer solution at pH = 6.9-7.0.  The 
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temperature of solution was severely controlled using water baths that have the heating 

unit, and both solution and water bath temperatures were continuously monitored with 

the thermostat during the experiments.  The measurements were repeated 15 times to 

obtain each absorbance at each dose.  At each concentration, the 15 times measurement at 

the same dose was repeated 4 times to obtain average value. 

4.3.1.6 Thermochemical Properties  
According to the transition state theory (TST) (Eyring, 1935), the reaction rate 

constant can be expressed in equation (4.24) using thermochemical properties at the 

transition state (i.e., free energy, entropy, and enthalpy of activation, respectively).   

act act act
rxn rxn rxnexp exp expG S HT Tk

h RT h R RT
κ κ⎛ ⎞ ⎛ ⎞ ⎛ ⎞−Δ −Δ −Δ

= =⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

    (4.26) 

where k is reaction rate constant, M-1s-1, κ is Boltzman constant, T is absolute 

temperature, h is plank constant, R is universal gas constant, and act
rxnGΔ , act

rxnSΔ and act
rxnHΔ

are free energy, entropy and enthalpy of activation (Pu et al., 2006) that are obtained from 

the experiments, respectively.  The equation (4.26) above represents the difference in the 

respective thermodynamic properties between the transition state and the reactants, when 

all are in their standard states (i.e., at unit concentration).  It should be noted that the 

thermodynamic properties associated with the transition state are more numerous and 

complicated.  Putting logarithm of both side of equation (4.26) yields the equation (4.27), 

and the left side of this equation equals to Ea/RT from the Arrhenius equation.   

ln ln ln lnk T K
h
κ ≠= + +         (4.27) 
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According to the Clapeyron equation shown in the equation (4.28), the 

experimental Arrhenius activation energy, Ea, relates to the internal energy of activation 

∆Eact and enthalpy of activation ∆Hact     

ln 1 lnd k d K
dT T dT

≠

= +          (4.28) 

act
aE E RT=Δ +          (4.29) 

Because the internal energy, ∆E, is expressed in equation (4.30), the internal energy of 

activation can be approximately equal to the enthalpy of activation assuming that the 

volume of activation, ∆Vact, is nearly zero in solution. 

E H P V H nRTΔ =Δ − Δ =Δ −Δ        (4.30) 

As a consequent, experimental Arrhenius activation energy can be expressed in equation 

(4.31): 

act
a rxnE H RT=Δ +          (4.31)  

From the equation (4.31) and Arrhenius expression, the Arrhenius frequency factor can 

be expressed in the following equation (4.32):  

act
rxnexp Se TA

h R
κ ⎛ ⎞−Δ

= ⎜ ⎟
⎝ ⎠

           (4.32) 

where e = 2.72  

The act
rxnGΔ , can be calculated as below:  

act act act
rxn rxn rxnG H T SΔ =Δ − Δ         (4.33) 
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4.3.2 Group Contribution Method  
 The detailed descriptions of group contribution method (GCM) can be found in 

our previously published paper (Minakata et al., 2009).  In short, according to the GCM, 

the rate constant for H-atom abstraction, kabs, can be written in equation (4.34) 

1 1 2 1 2 3 4

0 0 0
abs prim R sec R R tert R R R R

0 0 0
= 3  2

I J K

k k X k X X k X X X k+ + +∑ ∑ ∑    (4.34) 

where,  I, J, and K denote the number of the fragments CH3R1, CH2R2, and CHR1R2R3, 

respectively, 
0
primk , 0

seck , and 0
tertk are the group rate constants that represent H-atom 

abstraction from the primary, secondary, and tertiary C-H bond as expressed in equations 

(4.35)-(4.37).   

0
, prim

0 0
prim prim

aE
RTk A e

−
=           (4.35) 

0
, sec

0 0
sec sec

aE
RTk A e

−
=          (4.36) 

0
, tert

0 0
tert tert

aE
RTk A e

−
=          (4.37) 

4Rk is defined for the HO• interaction with the functional group R4 (e.g., -OH and -

COOH).  The group contribution factor, Ri
X , that represents the influence of functional 

group Ri is defined in equation (4.38). 

R
, abs

R

i
a

i

E
RTX e

−
=            (4.38) 

and R
,abs
i

aE  is the contribution of the functional groups and is defined as a group 

contribution parameter due to the functional group Ri for H-atom abstraction.  In this 

study, we will calibrate new group rate constants (kBr, kI, kCH3COO-) and group contribution 

factors (X-COO-, X-F, X-I, X-CF2-) that were not determined due to the lack of literature-
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reported experimental rate constants.  The objective function (OF) in equation (4.39) was 

minimized using the genetic algorithms (Goldberg, 1989; Charbonneau and Knapp, 

1995).   

OF =
2

exp, cal, exp,
1

1 ( ) /
1

N

i i i
i

k k k
N =

⎡ ⎤−⎣ ⎦− ∑       (4.39) 

Here kexp,i and kcal,i are the experimental and calculated reaction rate constant of 

compound i,  respectively, and N is the number of the rate constants.   

4.3.3 Theoretical Basis  
The Ab initio molecular orbital and density functional theory (DFT) based on 

quantum mechcanical calculations were performed using Gaussian09 (Frisch et al., 

2009).  The Berny geometry optimization algorithm (Schlegel, 1982) using GEDIIS (Li 

and Frisch, 2006) in redundant internal coordinate optimized the geometry of reactants, 

complex compounds and products.  Transition states were found as first-order saddle 

points on the potential energy surface (PES).  The quadratic synchronous transit method 

(QST) (Peng and Schlegel, 1993; Peng et al., 1996) was used to locate many of the 

transition states.  All transition states were verified by a single negative frequency.  It is 

known that the harmonic oscillator approximation incorrectly treats low-frequency 

torsional modes due to the internal rotation (Pitzer and Gwinn, 1942).  However, it has 

recently been shown that the internal rotation correction has a very minor effect on the 

activation energy, even for molecules with many dihedrals (Pfaendtner and Broadbelt, 

2007; Cauter et al., 2006).  Additionally, low-frequency vibrational modes contribute 

little to the vibrational contribution to the internal energy.  Therefore, the contribution of 

anhamonicity from hindered rotors can be neglected for studies in which the free energy 
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of activation is the only property desired (Pfaendtner and Broadbelt, 2008).  Basis set 

superposition error (BSSE) was not considered because of the following reasons: 1) the 

BSSE may not be too large as compared to the transition state calculations, 2) methods 

for the BSSE correction are still controversial, and 3) the BSSE corrections by the 

counterpoise require the additional expensive calculations.  The effect of tunneling was 

included using the Wigner’s equation (Wigner, 1932).   

For the aqueous phase, universal solvation model, SMD (Marenich et al., 2009), 

was used for calculating the aqueous phase free energy of activation.  SMD includes two 

components: 1) the bulk electrostatic contribution that results from a self-consistent 

reaction field treatment that involves the solution of the nonhomogeneous Poisson 

equation for electrostatics associated with the integral equation-formalism polarizable 

continuum model (IEF-PCM) and 2) the contribution that arises from short-range 

interactions between the solute and solvent molecules in the first solvation shell.  The 

atomic radii used the SMD-Coulomb for the polarizable continuum model calculations, 

which is called the intrinsic Coulomb radii.  The van der Waals surface was used for the 

cavity formation using the GePol algorithms (Pascual-Ahuir and Silla, 1990).  The 

default settings were used for the GePol algorithms.       

Three High Performance and Cluster Computing Resources were used: (1) IBM 

BladeCenter H (16 blades × 2 sockets × Core2 Quad) with Red Hat Enterprise Linux 5 of 

Operation System; (2) Dell PowerEdge 1850 (2×3.2 GHz Pentium4 Xenon EMT64) with 

Red Hat Enterprise Linux 5 of Operation System and (3) 6 Core-AMD Opteron 8431 

processors Atlus 2704 (24×2.34 GHz) with Red Hat Enterprise Linux 5.  First two 

systems are maintained by College of Computing at Georgia Institute of Technology and 
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third system is by Office of Information Technology at Georgia Tech.  In addition to 

these computing resources, we used a user-based workstation: Intel Core i7-960 3.2GHz 

Quad-Core with Red Hat Enterprise Linux 5 of OS.                 

4.3.4 Linear Free Energy Relationships   
 LFERs bridge kinetics and thermochemical properties.  The kinetic information is 

the experimentally obtained or literature-reported HO• reaction rate constants, while the 

thermochemical properties are quantum mechanically calculated free energies of 

activation.  According to LFERs, log of the rate constant and log of the equilibrium 

constant should be linearly related (Brezonik, 2002).  Transition state theory (TST) 

(Eyring et al., 1935) states that log of rate constant and free energy of activation are 

linearly related.  For the same reaction mechanisms, free energies of activation and rate 

constants for an arbitrary and a reference reaction are related by equation (4.40):   

( )act act
10 I 10 R rxn,I rxn,Rlog logk k G Gρ σ− =− Δ −Δ +       (4.40)  

where kI and kR are the reaction rate constants, M-1s-1, for an arbitrary reaction, I, and a 

reference reaction, R, respectively; ρ denotes coefficients for the difference in the free 

energy of activation; σ is a constant; and act
rxn,IGΔ and act

rxn,RGΔ are the free energies of 

activation, kcal/mol, (Pu et al., 2006) for reactions I and R, respectively.   

 The quantum mechanically calculated free energy of activation in the aqueous 

phase, ∆G≠
rxn,aq, which is defined as a quasithermodynamic molar free energy of 

activation (Pu et al., 2006) at a given temperature T, is given by  

rxn,aq aq reactants,aqG G G≠ ≠Δ = −         (4.41) 

where G≠
aq is a quasithermodynamic quantity, kcal/mol, that indicates the free energy of 
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the transition state, and Greactants,aq is the molar free energy of reactants, kcal/mol. act
rxnGΔ  

can be related to ∆G≠
rxn,aq using the extrathermodynamic contribution to the free energy 

of activation (Pu et al., 2006), ∆Gextra, kcal/mol, as shown in equation (4.42): 

act
rxnGΔ  = ∆G≠

rxn,aq + ∆Gextra        (4.42) 

where 

∆Gextra = –RT lnγ(T)         (4.43) 

γ(T) is a transmission coefficient that represents the effect of tunneling at temperature T.  

When a hydrogen atom is involved in a reaction, nuclear quantum effects, in particular 

quantized vibrations and tunneling, become important.  Tunneling takes place when some 

systems pass through the transition state with less than the quantized energy.  It should be 

noted that because the transition state is a metastable, it does not have quantized energy 

levels.  To a good approximation, however, all bound modes of a potential energy surface 

can be assumed to have a quantized energy requirement (Wigner, 1932), and this is 

validated by accurate quantum dynamics (Chartfield et al., 1992).  The free energy 

change associated with moving from a gaseous phase of 1 atm to an aqueous phase 

concentration of 1 M (i.e., 1.89 kcl/mol (Liptak and Shields, 2001)) was included.  The 

solvent cage effects were included according to the corrections that were proposed by 

Okuno (1997), taking into account the free volume (FV) theory (Benson, 1982).  These 

corrections are in good agreement with those independently obtained by Ardura et al 

(2005) and have been successfully used by other authors.  The ∆G≠
rxn,aq decreases by 2.96 

kcal/mol for a bimolecular reaction at 298K, with respect to the gaseous phase free 

energy of activation.  This lowering is expected because the cage effects of the solvent 

reduce the entropy loss associated with any addition reaction or transition state formation 
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in reactions with molecularity equal to or greater than 2.  Therefore, if the translational 

degrees of freedom in solution are treated as they are in the gaseous phase, the cost 

associated with their loss when two or more molecules from a complex system in solution 

is overestimated in case of the implicit continuum solvation model, and consequently, 

these processes are kinetically overpenalized in solution, leading to rate constants that are 

artificially underestimated.  The Gaussian-4 theory (G4) (Curtiss et al., 2007) using the 

SMD solvation model (Marenich et al., 2009) was used for calculating ∆G≠
rxn,aq and 

∆Gextra.  The G4 theory includes the geometry optimization at the B3LYP/6-31G(2df,p), 

0.9854 of a scaled factor for the zero-point energy (ZPE) frequency calculations, and 

several combinations of high level complementary single-point energy calculations.              

4.4 Results and Discussion  

4.4.1 Experimental Section  

4.4.1.1 Hydroxyl Radical Reaction Rate Constants  
 The rate constants, Arrhenius parameters, and calculated thermochemical 

properties are summarized in Table 4.1.  Typical kinetic data for chloroacetate that were 

obtained at 475 nm of wavelength and room temperature (22⁰C) are shown in Figure 4.3.  

An increased in the maximum (SCN)2
•- absorption intensity was observed when 

chloroacetate was diluted by the SCN- solution.  The transformed plot shown in Figure 

4.3 gives a weighted linear fit corresponding to a reaction rate constant of k = (1.61 ± 

0.07) × 108 M-1s-1.  Figure 4.4 compares the kinetic data of chloroacetate, dichloroacetate, 

and trichloroacetate.  The observed errors are within ±10%, which arises from the 

measurement precision (e.g., electron beam stability from the LINAC) and the chemical 

solution (e.g., purity, dilution).   
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Figure 4.3: Kinetics of (SCN)2
•- formation at 472 nm for N2O saturated 3.00 × 10-4 M 

KSCN solution containing 0 (ז), 3.48 ,(▼)2.41 ,(◊) 1.56(Δ), and 5.01 (○) mM 
ClCH2COO-   
 
 
 

 

Figure 4.4: Competition kinetics plots for hydroxyl radical reaction with chloroacetate, 
dichloroacetate and trichloroacetate, respectively, using SCN- as a standard.  The error 
bar represents 95% of confidential values     
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4.4.1.2 Arrhenius Parameters  
 Figure 4.5 plots logarithms of k versus inverse of temperature for each compound.  

For all compounds that were investigated in this study, linear increases of the logarithms 

of reaction rate constants with the increase of inverse of the temperature were observed.  

The Arrhenius parameters, A and Ea, are obtained from the values on the y-axis and the 

slope of these linear relationships, respectively, and summarized in Table 4.1.   

 The experimentally obtained Arrhenius parameters are consistent with the general 

electron withdrawing ability of halogenated functional groups.  For example, the 

experimentally obtained Ea for mono-, di- and tri-chloroacetate were 14.1±0.2, 20.1±0.4 

and 33.3±0.1 kJ/mol, respectively.  As the increase of chlorine atoms, the Ea increases 

due to the stronger influence of electron-withdrawing ability that is derived from the 

chlorine functional group, and hence the rate constant decreases.  When comparing Ea of 

di-fluoro, di-chloro and di-bromo acetate, the experimentally obtained Ea were 53.3±2.61, 

20.1±0.4 and 23.6±0.03 kJ/mol, respectively.  Although the obtained temperature-

dependent reaction rate constants were consistent with the trend of electron-withdrawing 

ability (i.e., kF2HCCOO- < kCl2HCCOO- < kBr2HCCOO-), the trend of Ea is not consistent with the 

Taft constants (i.e., σ* = 3.19, 2.94 and 2.80 for fluorine, chlorine and bromine, 

respectively (Karelson, 2000)) that represent the electron-withdrawing ability of 

functional group.  This inconsistency probably results from the underestimation of the Ea 

for di-chloroacetate.  If the impact of single chlorine atom to reduce the overall Ea is 

proportional to number of chlorine atoms, the Ea for di-chloroacetate would be 

approximately 24 kcal/mol.  Accordingly, this would lead to the consistent relation with 

the Ea for di-fluoro and di-bromo acetates.   
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 Figure 4.5: Plot of logarithm of k versus inverse of temperature  

 

 A comparison of obtained A values gives an insight of reaction mechanisms.  

Under the same reaction mechanism, it is typical that the A is within the close range of 

magnitude.  We obtained the A for mono-chloro, di-chloro, di-bromo and tri-bromo 

acetate in the range from 1010 to 1012 M-1s-1, while the A for tri-chloro and iodo-acetate 

ions is several orders of magnitude larger than this.  This is probably because the former 

is H-atom abstraction reaction and the latter is electron transfer reaction mechanisms.  

Evans et al (2003) examined the A in the range of magnitude from 1010 to 1012 for H-

atom abstraction from a C-H bond of the linear aliphatic oxygenated compounds.  They 

excluded compounds that had 1014-1015 of A because of electron-transfer reactions.  The 

detailed discussions on the reaction mechanisms will be given in the later section.                   
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4.4.1.3 Thermochemical Properties of Reactions  
 Table 4.1 includes the act

rxnGΔ , act
rxnHΔ and act

rxnSΔ for those reactions that are 

calculated based on the experimentally obtained Ea and A.  Thermochemical properties 

that are obtained from the experiments give interesting insights.  A linear relation is 

observed between the logarithms of the obtained reaction rate constants and the free 

energies of activation, act
rxnGΔ , for ionized compounds (Figure 4.6) as we previously 

observed for the neutral compounds (Minakata and Crittenden, 2010).  A least-square fit 

provides the LFER: log kI – log kR = -0.741 (∆Gact
I - ∆Gact

R) + 0.0001 (N=13, r2=0.978), 

whereas the LFER for neutral compounds was log kI – log kR = -0.542 (∆Gact
I - ∆Gact

R) + 

1.074 (N=37, r2=0.817) (Minakata and Crittenden, 2010).  The reference reaction for the 

LFER of ionized compounds was the reaction of HO• with acetate.  
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Figure 4.6: LFERs obtained from experiments, calculations at G4 and the SMD solvation 
model, and calculations that include two explicit water molecules.  1: formate; 2: 
propionate; 3: malonate; 4: succinate; 5: chloroacetate; 6: difluoroacetate; 7: 
dibromoacetate; 8: pyruvate; 9: dichloroacetate; 10: acetate; 11: glyoxylate; 12: 
trichloroacetate; 13: tribromoacetate; 14: iodoacetate; 15: lactate (note that the compound 
# is consistent for other Figures though this chapter).   
           

 The enthalpy of activation, act
rxnHΔ , for halogenated acetates are in the range from 

2.8 kcal/mol to 12.2 kcal/mol, which is relatively larger than those that are obtained from 

the literature-reported experimental values for the various acetates.  This is probably 

because the halogenated functional groups that represent strong electron-withdrawing 

effect raises the barrier height.  It is commonly assumed that for the same reaction group, 

the change of entropy is little so that the enthalpies are often used as thermodynamic 

properties that relate to Arrhenius activation energy (Pfaendtner and Broadbelt, 2008) 

using the Evans-Polanyí relation (Evans and Polanyí, 1938).  However, when the entropy 
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contribution is significant (see isokinetic relation in Figure 2) due to the solvent effect 

and for the reactions that are involved in ionized compounds causing tighter binding of 

nearby solvent molecules, and polar molecules that results from the electrostatic 

contribution and loss of entropy, free energy change should be considered.  This is 

verified for H-atom abstraction reactions of iron complexes (Mader et al., 2007).  

Detailed examination of the source of entropic contribution will be given in the 

theoretical section. 

 

 

Figure 4.7: Isokinetic relation between the experimentally obtained enthalpy and entropy 
of activation.   
 

4.4.2 Update of Group Contribution Method  
 The experimentally obtained reaction rate constants in this study are used to 

recalibrate the group rate constants and group contribution factors that were not 

determined in the previous study (Minakata et al., 2009).  New group rate constants and 

5

9

12

7

13

6

14

y = 0.300x + 5.487
R² = 0.786

0

2

4

6

8

10

12

14

-20 -15 -10 -5 0 5 10 15 20

∆H
≠ , 

kc
al

/m
ol

∆S≠, cal/K mol

This study

Literature 
(Ionic)

Literature 
(Neutral)



 

 155

group contribution factors are calibrated and summarized in Table 4.2.  The molecules 

that were used for the calibration are summarized along with the experimental and 

calculated rate constants in Table 4.3.  All calibrated rate constants except propionate are 

within the 0.5 ≤ kcal/kexp ≤ 2.0.  When compared to the group rate constant for the 

carboxylic functional group (i.e., kCOOH), the kCOO- is two magnitude of order larger.  The 

magnitude of kCOO- can be verified with the rate constant of oxalate ion di-anion 

(k=1.6×108 M-1s-1 (Ervens et al., 2003)) and mono-anion (k=1.9×108 M-1s-1 (Ervens et al., 

2003)).  The calibrated group rate constants are consistent with the general electron-

donating and withdrawing ability (i.e., Taft constant).   

 Once group rate constants and group contribution factors are calibrated, they are 

used to predict the rate constants that are obtained in this study.  Table 4.3 includes the 

predicted rate constants for halogenated acetates and acetate ions.  The SD is 0.318.  A 

total of three compounds such as CHOCOO-, CH3COCOO- and CHCl2COO- are out of 

our error goal (i.e., 0.5 ≤ kcal/kexp ≤ 2.0).  

 

 

Table 4.2: Calibrated group rate constants and group contribution factors 

 

 

k I 360
k COO- 3.97

k Br 0.362

-COO-(ion) 0.184
-F 0.119
-I 0.166

-CF2- 0.00003

Group rate constant (×10-7 M-1s-1)

Group contribution factor, X
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Table 4.3: Molecules and rate constants that were used for the calibration  

 

 

4.4.3 Theoretical  

4.4.3.1 Ab initio Quantum Mechanical Approach    
 There is a tradeoff between computational accuracy and demand.  To seek 

reasonable approach, we compared a limited number of methods and basis sets for HO• 

reactions in both gaseous and aqueous phases.  Table 4.4 summarizes quantum 

mechanically calculated gaseous and aqueous phase barrier height and free energy of 

activation for reaction of HO• with acetate.  The observed gaseous phase reactions are 

exergonic (i.e., ∆G≠
rxn,gas < 0).  This is consistent with the results from the reaction 

energies of HO• with glycine anions (Štefanić et al., 2009).  The agreement among G4, 

CCSD(T)/6-31++G(d,p) and QCIST(T)/6-31++G(d,p) for the gaseous phase reactions is 

encouraging.  The G4 theory significantly reduces the computational cost with the similar 

accuracy to the coupled cluster and configuration interaction methods in calculating the 

thermochemical properties.   
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 Aqueous phase reactions are found to be exergonic (i.e., ∆G≠
rxn,gas > 0).  G4 and 

M05-2X/6-31+G(d,p) give similar values to the experimentally obtained literature-

reported value (Chin and Wine, 1994).  It was found that our previously established 

approach (i.e., G3 with COSMO-RS) (Klamt, 1996 and Klamt et al., 1998) significantly 

overestimates the aqueous phase free energy of activation.  To confirm this, we 

calculated ground state free energy of solvation for ionized compounds and compared 

with the literature values (Marenich et al., 2009).  The free energies of solvation of 

ionized compounds that are calculated by COSMO-RS are far from the experimental 

values (Figure 4.8).  For the example, we obtained -94.5 kcal/mol, -74.0 kcal/mol, 65.8 

kcal/mol and -57.6 kcal/mol of free energy of solvation for CH3COO-, ClH2CCOO-, 

Cl2HCCOO- and F3CCOO-, respectively, as compared to the experimental values -77.6 

kcal/mol, -69.70 kcal/mol, -62.30 kcal/mol and -59.3 kcal/mol (Marenich et al., 2009).  It 

is anticipated that the free energy of solvation for transition state may be overestimated 

by COSMO-RS.  
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Figure 4.8: Comparison of calculated and experimental free energy of solvation for 
ionized compounds   
   

  

 SMD includes nonelectrostatic interactions (e.g., short range interaction) in 

addition to long range solute-solvent interaction in bulk phase, whereas CPCM does not 

include nonelectrostatic term.  In addition, SMD is based on the polarized continuous 

quantum mechanical charge density of the solute (Marenich et al., 2009) and seems to be 

reasonable to represent the large electrostatic interactions that arise from ionized 

compounds and water molecules.  As a consequent, SMD was chosen to calculate the 

aqueous phase free energy of activation.  It is noted that G4 optimizes the geometry of 

molecules at B3LYP/6-31G(2df,p) that does not include diffuse functions.  Although the 

inclusion of diffuse function for the ionized compounds is recommended (Cramer, 2004), 

it is speculated that the use of diffuse functions often decreases accuracy due to outlying 
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charge in the SMD model (Liu et al., 2010).  Therefore, we use the default method for G4 

upon the geometry optimization.              
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4.4.3.2 Optimized Structure of Stationary, Pre-reactive Complex and 
Transition States  

 
 Tables 4.5-4.7 and Figures 4.9-4.11 summarize aqueous phase optimized 

stationary structures of HO•, H2O and a series of halogenated acetates as well as pre-

reactive complexes and transition state structures.  Several gaseous phase optimized 

structures are given as a comparison.  When the gaseous phase optimized structures are 

compared to the aqueous phase ones, it is found that there are a few structural differences 

associated with the length of bonds, angle and dihedral.  For the stationary equilibrium 

structures of halogenated acetates, pre-reactive complexes and transition state, the effects 

of halogen atoms to the optimized structure are substantial due to the larger size of their 

atoms.  For example, the bond length of carbon-halogen atom, l(C-R) (where R = F, Cl, 

Br) of dehalogenated acetate are 1.365 Å, 1.803 Å and 1.971 Å, respectively.  Despite the 

presence of the halogen atoms, the bond length of carbon-hydrogen, l(C-H), that is 

subject to be attacked by HO• does not differ.  When it comes to the pre-reactive complex 

and transition state structures, the hydrogen bonds between the H-atom of the HO• and 

the oxygen of carboxylic functional group are produced.  This hydrogen bond is 

approximately 1.6-1.7 Å and 1.8-1.9 Å for the pre-reactive complex and transition state, 

respectively, for the halogenated acetates.  Because of this hydrogen bond, the angle 

HOH∠ at the transition state is smaller (<90 degree) for the halogenated acetates than 

typical angle (≈90 degree (Minakata et al., 2010)).  The angle CHO∠  of the abstracted 

H-atom becomes larger as the halogenated atoms become larger.  One of the distinctive 

differences in the transition state structures when the halogenated atoms are employed is 

the length of the oxygen of the HO• and the abstracted hydrogen (i.e., l(O-H)).  For 
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example, the l(O-H) is 1.358 Å for acetate while it is 1.450 Å and 1.464Å, respectively, 

for difluoroacetate and dibromoacetate.     

 

Table 4.5: Geometry of HO• and H2O 

 

 

 

Figure 4.9: Schematic picture of acetate with R functional group 

 

Table 4.6: Geometry of acetate and halogenated acetate 

 

O-H, Å < HOH, degree
vacuo 0.976
water 0.977
vacuo 0.962 103.726
water 0.964 102.918

HO•

H2O

C-C, Å C=O, Å C-H, Å C-R, Å
< HCC, 
degree

< RCC, 
degree

< OCC, 
degree

< OCO, 
degree

CH3COO- 1.538 1.262 1.093/1.097 111.454/107.544 117.033 125.913
CH2ClCOO- 1.548 1.256 1.089 1.830 112.143 109.405 116.160 127.681
CHCl2COO- 1.566 1.244/1.251 1.085 1.803/1.815 112.020 117.653 129.751
Cl3CCOO- 1.608 1.240 1.796/1.813 112.492/106.547 114.278 131.387
CHF2COO- 1.552 1.252 1.097 1.365 111.564 111.039 115.446 129.041
CHBr2COO- 1.563 1.242/1.254 1.085 1.971/1.969 112.085 110.879/111.540 112.305 129.547
Br3CCOO- 1.609 1.240 1.966/1.985 112.729/106.263 114.344 131.274
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Figure 4.10: Schematic picture of pre-reactive complex between HO• with acetate, R is 
functional group  
 

 

 

Figure 4.11: Schematic picture of transition state between HO• with acetate, R is 
functional group 
 
 
Table 4.7: Geometry of transition states for the reaction of HO• with halogenated acetate  

 

O-H, Å
Dihedral 

H-O-H-O C-H(R), Å O-H(R), Å
< CH(R)O, 

degree
< H(R)OH, 

degree C-C, Å C=O, Å
< HCC, 
degree

< OCO, 
degree

vacuo 1.915 -0.004 1.221 1.346 158.276 85.376 1.551 1.251/1.250 107.703 129.448
water 1.896 -1.763 1.209 1.358 156.416 87.246 1.528 1.255/1.261 108.139 126.483
vacuo 1.150 1.547 151.046 90.718 1.609 1.230/1.242 108.881 134.663
water 1.929 4.014 1.188 1.395 151.648 88.277 1.549 1.261/1.243 105.759 128.447

HO…H…CCl2COO- water
HO…Cl…CCl2COO- water 2.233 1.922 173.330 99.168 1.595 1.238 96.884 132.364
HO…H…CF2COO- water 1.923 -1.850 1.174 1.450 154.948 87.701 1.570 1.252/1.243 108.453 130.194
HO…H…CBr2COO- water 1.874 2.218 1.155 1.464 155.259 87.622 1.574 1.254/1.238 109.639 129.701
HO…Br…CBr2COO- water 2.315 2.030 162.343 100.687 1.588 1.240 101.334 131.465

H-CR2COO-H-bond

HO…H…CHClCOO-

HO…H…CH2COO-

Abstracted H-atom
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4.4.3.3 Linear Free Energy Relationships   
 As was previously observed for neutral compounds (Minakata and Crittenden, 

2010), we obtained a linear correlation: log kI – log kR = -0.272 (∆Gact
I - ∆Gact

R) + 0.062 

(N=8, r2=0.817).  The reaction of HO• with acetate was used for the reference reaction.  

The LFER includes the literature-reported HO• reaction rate constants including formate, 

acetate, propionate, malonate, succinate and lactate as well as our experimentally 

obtained rate constants for a series of halogenated acetates (i.e., chloroacetate, 

difluoroacetate, dibromoacetate).  All free energies of activation for these acetates are 

quantum mechanically calculated in this study and summarized in Table 4.1.  Transition 

state for dichloroacetate could not be located.  It is anticipated that quantum mechanically 

calculated free energy of activation for pyruvate and the reported rate constants might 

have been overestimated.  We are able to identify three transition states for the reaction of 

HO• with pyruvate and all free energies of activation are similar (i.e., 9.7 kcal/mol, 12.0 

kcal/mol, and 12.1 kcal/mol).  These calculated values seem to be reasonable if compared 

to the structurally-similar compounds.  In contrast, Ervens et al (2003) reported five 

temperature-dependent HO• reaction rate from 288K to 328 K using a laser photolysis 

technique.  It is not clear whether the different techniques produce different rate 

constants.  Yet, we did not include the pyruvic acetate for the correlation.                    

 Our quantum mechanically obtained free energies of activation for various 

carboxylic acetates turn to be acceptable.  Eight out of 10 compounds indicate that the  

calculated aqueous phase free energies of activation are within ±2.0 kcal/mol as 

compared to those that are obtained from the experiments, while the calculated aqueous 

phase free energy of activation for formate and propionate show 2.23 kcal/mol and 2.19 

kcal/mol of difference from the experimental values.  Considering the general error 



 

 165

arising from the G4 gaseous phase calculations (i.e., 0.83 kcal/mol, Curtiss et al., 2007) 

and uncertainty for calculating free energy of transition state, these results should be 

within the reasonable range.  Sample deviation (SD) that is obtained from equation (4.44) 

is 0.27 for 10 ionic compounds (N=10).  

( ) 2act, ,
rxn rxn,aq extra

act,
1 rxn

1SD
1

i i iN

i
i

G G G
N G

≠

=

⎛ ⎞Δ − Δ + Δ
⎜ ⎟=
⎜ ⎟− Δ⎝ ⎠

∑      (4.44) 

 We have shown that G4 with the SMD model calculates the acceptable aqueous 

phase free energy of solvation.  From next sections, we will examine significant 

contribution of the free energy of solvation, in particular for the ionized compounds: 1) 

entropic contribution and 2) electrostatic contribution.  

4.4.3.4 Entropy Contribution   
  The entropic contribution to the free energy of activation is significant for ionic 

compounds because solvent is re-organized after significant change in the interactions 

(i.e., hydrogen-bonding) between ionized compounds and implicitly expressed water 

molecules.  Nonelectrostatic interactions represent cavity formation, dispersion 

interactions, and changes in solvent structure (Marenich et al., 2009) between solute and 

water molecules.  The nonelectrostatic energies of activation ( act
non-ESEΔ ) that are calculated 

at G4 with the SMD model for the reactions of HO• with halogenated acetates range 

from -0.84 to -0.14 kcal/mol (Table 4.8).  Although these interactions are smaller 

contribution to free energies of activation, this is due to significant cancellation between 

enthalpic and entropic contributions (Ashcraft et al., 2007).  As Ashcraft et al. (2007) 

addressed, for example, neglecting nonelectrostatic energies would introduce 4.45 

kcal/mol of entropic term (i.e., entropy of cavitation) of water.  Accordingly, the entropic 
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contribution should be considered independently by assuming that the dispersion 

interaction is enthalpic, and the cavity formation and the changes in solvent structure are 

completely entropic.  It is noted that the nonelectrostatic enrgy of activation as well as the 

change in cavity volume weakly correlated with the experimentally obtained entropy of 

activation (see Figure 4.12).  

 The entropic contribution that arises from the cavity formation examines the 

effect of confining the solute in the accessible free volume of the solution and can be 

estimated using a methodology outlined by Pierotti (Pierotti, 1963; Hofinger and 

Zerbetto, 2003) as shown in equation (4.45).  This approach has been shown to work for 

calculating cavitation entropy by Ashcraft et al. (2007).  

2 3
cav 0 1 cav 2 cav 3 cavG K K r K r K rΔ = + + +        (4.45) 

2 3
water

0
49ln(1 )

2 1 3
r PyK RT y

y
π⎡ ⎤⎛ ⎞

= − − + −⎢ ⎥⎜ ⎟−⎢ ⎥⎝ ⎠⎣ ⎦
 

2
2

1 water
water

6 18 4
2 1 1
RT y yK r P
r y y

π
⎡ ⎤⎛ ⎞ ⎛ ⎞

=− + +⎢ ⎥⎜ ⎟ ⎜ ⎟− −⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
 

2

2 water2
water

12 18 4
4 1 1

RT y yK r P
r y y

π
⎡ ⎤⎛ ⎞ ⎛ ⎞

= + +⎢ ⎥⎜ ⎟ ⎜ ⎟− −⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
 

3
4

3
PK π

=  

3
water4

3
ry πρ

=  

where rwater is the hard-sphere radius of a water molecule and taken to be 1.35 Å that is 

approximately half the distance to the first peak in the experimental oxygen-oxygen 

radial distribution function for water (Ashcraft et al., 2007; Narten and Levy, 1971), ρ is 
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the number density of the solvent, molecules/Å3, P is the pressure (1 atm = 0.01458 

cal/mol∙Å3), R is the gas constant, and T is the temperature.  The cavity radius is 

estimated from the volume of cavity that is calculated at G4 with SMD.  The entropy of 

cavitation can relate to the free energy through a temperature derivative as shown in 

equation (4.46):  

cav
cav

P

GS
T

∂Δ⎛ ⎞Δ =− ⎜ ⎟∂⎝ ⎠
         (4.46) 

  

Table 4.8: Calculated cavitation entropy of activation, change in cavity volume, 
nonelectrostatic energy of activation and experimentally obtained entropy of activation 

 

                 a: Ervens et al., 2003 

 

 Table 4.8 summarizes the calculated cavitation entropy of activation, the change 

in cavity volume, and nonelectstatic energy of activation and experimentally obtained 

entropy of activation.  The calculated cavitation entropy is consistent with the values that 

were obtained by Ashcraft et al. (2007).  Aqueous phase entropy contains solvent 

ordering entropy (Leung et al., 2004) in addition to the cavity entropy.  Ashcraft et al. 

(2007) estimated the typical solvent ordering entropy of ground sate molecules from -2 to 

∆S≠
cav ∆V≠ ∆E act

non-ES ∆S act
rxn

cal/mol K Å3 kcal/mol cal/mol K
HCOO- -17.38 -2.38 -0.80 -10.7±0.96a

CH3COO- -14.32 -4.03 -0.71 -12.7a

CH3CH2COO- -8.58 -4.72 -0.78 -7.88±0.48a

HOOCCH2COO- -5.61 -2.53 -0.45 -17.2±2.15a

-OOC(CH2)2COO- 6.57 -3.82 -0.76 -11.5±0.96a

CH3COCOO- -7.92 -4.18 -0.84 -5.02±0.48a

CH2ClCOO- 3.33 -4.31 -0.74 -11.50
CHCl2COO- 9.45 -7.00±0.15
F2HCCOO- -9.30 -3.72 -0.69 16.9±0.92
Br2HCCOO- n.a. -5.43 -0.69 -3.51±0.10

n.a.
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+5 cal/mol K that were obtained by fitting empirical parameters with a few available 

experimental entropy data.  However, this approch is not feasible for transition state due 

to the lack of experimental values.  Nevertheless, the cavitation entropy of activation 

turns out to be dominant in the entropy of activation.    
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Figure 4.12: Experimentally obtained free energies of entropies versus quantum 
mechanically calculated change in cavity, ∆Vcav, Å3 (top), and non-electrostatic energy of 
activation (bottom) at G4 with the SMD model for series of acetate 
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4.4.3.5 Charge Distribution and Reaction Mechanisms     
 The analysis of atomic charge distributions on each element enables one to 

understand the effects of different functional groups to the molecular reactivity in 

progression from reactants → transition state → products.  In Figures 4.13 and 4.14, the 

charges obtained from a natural population analysis (NPA) (Foster and Weinhold, 1980) 

at MP2/aug-cc-pVTZ//B3LYP/6-31G(2df,p) with the SMD model for the reactions of 

HO• with CH3COO- in the gaseous and aqueous phases and a series of halogenated 

acetates in the aqueous phase, respectively.   

 For the reactions of HO• with CH3COO-, the analysis confirms that as the 

abstracted hydrogen of acetate becomes more positive at the transition state and the 

oxygen of HO• becomes more negative at the transition state.  The negative charge on the 

oxygen of hydroxyl radical indicates that this oxygen can be a hydrogen bond acceptor.  

This development of negative charge on the oxygen of the HO• affords the opportunity 

for the solvent to stabilize the transition state through its polarity and/or ability to 

participate in hydrogen bonding.  In contrast, the hydrogen on the hydroxyl radical (not 

involved in the reaction) bears substantial positive charge in the reactant, transition state, 

and product.  Although this hydrogen can also participate in hydrogen bonding, this 

interaction does not affect the relative energies because the charge on this hydrogen 

remains almost constant in the progression from reactant to transition state to product.  In 

the aqueous phase, the degree of the polarizability at the transition state is less 

substantial, which implies that smaller barrier height and faster reactions.  The carboxylic 

functional group is known to manifest the inductive effects of electrons from the C-H 

bond due to electron-withdrawing properties of oxygen, although the resonance 

stabilization afforded by the lone pair of electrons offset this inductive effect.  Because 
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oxygen is more electronegative than carbon and hydrogen, in the transition state for 

hydrogen abstraction, electron density is pulled toward the oxygen of the hydroxyl 

radical, giving it a partial negative charge and a partial positive charge on the alkyl 

portion of the transition state.  The carboxylic functional group in the aqueous phase 

becomes less negative due to the impact of surrounding continuum water molecules, 

whereas little change in charge distribution of carboxylic functional group in the gaseous 

phase is observed.   

 

 

vacuo: 

N N N N
- - -

2 2H O H - C H H COO H O H C H COO C H COO H O H
0.399 -0.399 0.157 -0.639 0.157 0.162 0.494 -0.627 0.193 -0.556 0.168 -0.306 0.115 0.461 -0.922 0.461

0.000 -0.838 -0.84 -0.924 0.000

≠
⎡ ⎤ ⎡ ⎤+ → ⋅⋅⋅ ⋅⋅ ⋅ → +⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

i i ��	�
  

SMD: 

N N N N
- - -

2 2H O H - C H H COO H O H C H COO C H COO H O H
0.449 -0.449 0.192 -0.653 0.192 0.206 0.498 -0.614 0.199 -0.580 0.207 -0.289 0.160 0.498 -0.996 0.498

0.000 -0.935 -0.917 -1.03 0.000

≠
⎡ ⎤ ⎡ ⎤+ → ⋅⋅⋅ ⋅⋅ ⋅ → +⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

i i ��	�
  

Figure 4.13: Charge distributions of reactants, transition states and products for the 
gaseous and aqueous phases HO• reactions with acetate   
 

 

 Figure 4.14 compares the charge distributions of halogenated acetates in the 

aqueous phase.  Halogenated atoms (i.e., F, Cl, and Br) significantly affect the charge 

distributions and hence the activation energies and reaction rates.  When the electron-

negative halogenated functional groups are accommodated besides carboxylic functional 

groups, the transition state is less polarized because the functional group competes for 

electron density; there is less transfer of negative charge to the oxygen of the hydroxyl 
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radical and hydrogen bonding interactions are expected to be weaker.  Fluorine atom that 

has more negative charge produces the least positive charge on the abstracted hydrogen, 

and the largest barrier height and smallest rate constant is obtained. Bromine affects the 

charge distribution in the process from reactant to transition state to product in the same 

manner as is observed for acetate.  The abstracted hydrogen becomes slightly positive 

and the oxygen of hydroxyl radical becomes more negative than the reactants that have 

chlorine and fluorine.  Nevertheless, the significant large rate constants for 

dibromoacetate suggest the electron-transfer reaction between the bromine atom and 

hydroxyl radical to produce a 2σ/1σ* two-center–three-electron (2c-3e) adduct containing 

two bonding σ and one antibonding σ* electrons (Asmus and Bonifačič, 1999)     
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Figure 4.14: Charge distributions of reactants, transition states and products for the 
aqueous phases HO• reactions with halogenated acetate   
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 To investigate the dominant reaction mechanisms, we examine spin populations 

from the natural population analysis (NPA) at MP2/aug-cc-pVTZ//B3LYP/6-31G(2df,p) 

with the SMD model.  For the H-atom abstraction, the spin populations that are shown in 

the parentheses at the transition state are concentrated on the two atoms which undergo 

the H exchange, while the transition states of Cl3CCOO- and Br3CCOO- locate the spin 

populations mainly on one of the garments.  The former indicates the three-center three-

electron bond and corresponds to H-atom abstraction.  The latter indicates the electron 

transfer as was observed by for iodine and bromine-atom-containing compounds.  Such 

electron transfer interaction may take place both by inter- and intra-molecular 

coordination through overlap of p-orbitals.  In general, fully halogenated compounds are 

practically inert toward the HO• (Lal et al., 1988).  Nevertheless, we observe significant 

temperature-dependent reactivity for perhalocarbons such as Cl3CCOO- and Br3CCOO-.  

These perhalocarbons are good halogen donors to chlorine and bromine radical under the 

abstraction of halogen atom (Kerr, 1973).  Fliount et al (1997) concluded that HO• at 

least indirectly particulate in the degradation mechanism (equation (4.47)), which is 

induced by the reaction with bromide liberated in the H• and eaq
- induced processes.         

HO• + 2Br- → Br2•- + OH-         (4.47) 

The Br2•- compounds are in equilibrium state with bromine radical in equation (4.48) 

Br2•- ↔ Br• + Br-          (4.48) 

Accordingly, Br• induces either Br- atom abstraction from the Br3CCOO- or oxidize the 

carboxyl function in a one-electron transfer process (Fliount et al., 1997).  

Br• + Br3CCOO- → Br2 + •Br2CCOO      (4.49) 

Br• + Br3CCOO- → Br- + Br3CCOO•      (4.49) 
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However, at neutral pH and in the N2O saturated solution, all e-
aq is supposed to be 

converted into hydroxyl radicals according to the following equation and the reaction 

forming H• in equation is not present at neutral pH but in very acidic condition.  

eaq
- + N2O + H2O → HO• + OH- + N2      (4.50) 

H+ + eaq
- → H•         (4.51)  

Therefore, we exclude the possibility of the reactions involving Br- substitutions.  

Accordingly, it is very likely that HO• reacts with one of the halogenated atoms in 

perhalocarbons via electron-transfer. 

4.4.3.6 Addition of Explicit Water Molecules  
  It is reported that water molecule is able to stabilize the developing negative 

charge on the hydroxyl radical in the transition state by acting as a hydrogen bond donor 

(Mitroka et al., 2010; Vöhringer-Martinez et al, 2007).  An addition of explicit water 

molecules to the implicit polarizable continuum model has been reported to predict the 

absolute solvation free energies more accurately for a series of charged ions by 

considering short-range interactions between solvent and solute (Kim et al., 2009; Jaque 

et al., 2007; Pliego and Riveros, 2001).  The SMD model that is used for this study 

includes the short-range interaction.  However, the SMD does not include the explicit 

nonbulk electrostatic contribution that represents the deviation of short-range 

electrostatics from bulk electrostatics (Liu et al., 2010).  Accordingly, we included a 

limited number of explicit water molecules (n=1~3) upon the transition state search and 

see differences in calculating the free energies of activations.   As Mitroka et al. (2010) 

observed for the barriers of reaction of HO• with CH4, addition of explicit water 

molecule(s) significantly decreases the barrier height of the reactions of HO• with a 
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series of halogenated acetates (Figure 4.15).  The effect of individual water molecules 

appear to be additive.  Three conformations of explicit one water molecule are found 

(Figure 4.16).  Hydrogen of all explicit water molecules forms a hydrogen-bond with 

either oxygen of hydroxyl radical or carboxylic functional group.  A total of two 

hydrogen bonds are observed for each configuration.  When two and three explicit water 

molecules are added, carboxylic functional groups produce two and three hydrogen 

bonds, respectively, with hydrogen of hydroxyl radical and hydrogen of water molecules.     

 

 

Figure 4.15: Comparison of observed barrier height for the reactions of HO• with a series 
of halogenated acetates in the absence of presence of explicit water molecule(s).  Note 
that the transition state of the reaction of HO• with CHCl2COO- could not be located.   
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Figure 4.16: Optimized transition state for the reaction of HO• with chloroacetate in the 
presence of explicit water molecule(s).  The dotted line represents hydrogen bond.  
  

 

 Addition(s) of explicit water molecules significantly change the charge 

distributions when compared to the case obtained from the absence of water molecules.  

Regardless several configurations of explicit water molecule(s), the charge distributions 

(Figure 4.17) revealed that the abstracted hydrogen-atom becomes less positive as 
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increasing explicit water molecules and the transition state becomes less polarized.  As a 

result of this, the barrier heights become smaller with an increase of explicit water 

molecules.  The presence of an explicit water molecule decreases the negative charges of 

a carboxylic functional group as well as a chlorine atom by almost half due to a hydrogen 

bond.  When two or three water molecules are added, the degree of polarizability of 

transition state does not appear to be as much distinctive as the degree where one implicit 

water molecule is employed.     

 We establish the LFER using the calculated free energy of activation that is 

obtained by including explicit water molecules (Figure 4.1).  The clear linear relation 

becomes closer to the LFER that is obtained from the experimental investigation.  This 

observation suggests that the inclusion of explicit water molecule in addition to the SMD 

solvation model provides the actual solvation phenomena and the calculated free energies 

of activation that is a driving force can be quantum mechanically calculated.  This 

approach may be used for the other reaction mechanisms to establish a library of reaction 

rate constants for a mechanistic modeling in AOPs.    
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Figure 4.17: Charge distributions of reactants, transition states and products for the 
aqueous phases HO• reactions with chloroacetate in the absence and presence of explicit 
water molecule(s).  The transition state in the presence of one explicit water molecule 
shows three conformations 
 

4.5 Conclusions  
 
Temperature-dependent aqueous phase HO• reaction rate constants enables us to obtain 

Arrhenius parameters and calculate thermochemical properties of activation.  With the 

experimentally obtained free energies of activation and logarithms of the reaction rate 

constants, we established linear free energy relationships (LFERs) for a series of 

halogenated acetates.  The experimentally obtained free energies of activation are 

compared with quantum mechanical calculations that utilize Ab initio quantum 

mechanical approaches and the SMD solvation model.  Quantum mechanical calculations 

revealed that effects that arise from halogenated functional groups and hydrogen bonding 

in process of solvation.  We found that an addition of explicit water molecule(s) to 
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implicit SMD solvation model provides the LFER that is consistent with that is 

established from the experiments. 
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Appendic F contains all optimized structures for reactants, transition states, 

complex and products at G4 with SMD.   
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CHAPTER 5 

Implications and Future Studies 

   

 The GCM is innovative because it is the first comprehensive tool to predict the 

aqueous phase HO• reaction rate constant and it includes a wide range of functional 

groups and four reaction mechanisms: 1) H-atom abstraction by HO•, 2) HO• addition to 

alkenes, 3) HO• addition to aromatic compounds, and 4) HO• interactions with S-, N-, or 

P-atom-containing compounds.  The GCM’s predictability (i.e., 0.5 ≤ kcal/kexp ≤ 2.0) is an 

acceptable range in terms of predicting reaction rate constants.  The GCM provides a 

user-friendly Microsoft excel spread sheet and an executed FORTRAN program named 

GCM Identifier.f90.  These tools enable one to calculate the aqueous phase HO• reaction 

rate constants with a minimum input of structural information of a compound of interest.  

This will help researchers and water treatment engineers estimate the “reactivity” when 

coming across a new chemical compound in application of AOPs.  With newly obtained 

HO• reaction rate constants, we should be able to update the GCM to include missing 

functional groups that have not been employed in the original GCM.     

 The LFERs that have been developed using sophisticated quantum mechanical 

approaches bridge kinetic information that is obtained from experiments with 

theoretically calculated thermochemical properties (i.e., free energy of activation).  The 

application of the LFERs to chemical reactivity is a new concept.  The theoretically 

calculated free energy of activation was validated with those that were obtained from the 

experimental investigations.  Aqueous phase molecular modeling using quantum 

mechanical approaches is a challenging task due to water molecules.  Nevertheless, our 
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methodologies that utilize combinations of gaseous phase Ab initio quantum mechanical 

calculations with implicit solvation model have been shown to calculate aqueous phase 

free energy of activation with acceptable errors as compared to those that were obtained 

from experiments.  This proof of concept study should be applied to other reaction 

mechanisms where few experimental reaction rate constants are available.  Figures 5.1-

5.3 demonstrate the aqueous phase free energy profiles that are calculated at G3 and 

COSMO-RS for the HO• induced reactions with methane.  Figure 5.1 includes the 

hydrogen-atom abstraction by HO•, oxygen addition followed by peroxy radical reaction 

mechanisms that are predicted by the reaction pathway generator.  Figure 5.2 shows 1.2-

H shift of oxyl radical in the absence and presence of a water molecule.  Figure 5.3 shows 

the hydrolysis reactions of formaldehyde with one and two water molecules assisted.  

These energy profiles are in good agreement with the gaseous phase potential energy 

profiles for the reaction of HO• with methane (Green, 1994), although he did not locate 

transition states for any reactions.  For example, Green (1994) obtained approximately 30 

kcal/mol of gaseous phase reaction energy for CH3 + O2 → CH3OO• while we obtained 

30.0 kcal/mol of aqueous phase free energy of reaction for this exorthermic reaction.  

Furthermore, he calculated approximately 60 kcal/mol of reaction energy for the gaseous 

phase uni-molecular reaction of CH3OO• → CH3O• + O, whereas we obtained 53.7 

kcal/mol of aqueous phase free energy of reaction.  The similar agreements were 

observed for other reactions for CH3OO• → H2C•OOH and H2C•OOH → CH2O + HO.  

Although these free energy profiles are limited to the HO• induced reactions with 

methane, same procedures should be applied for other reactions to build LFERs and 

establish a library of rate constant predictions for the reactions that take place in AOPs.         
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Figure 5.2: Aqueous phase free energy change profiles for 1,2-H shift reaction of oxyl 
radical in the absence or presence of a water molecule  
 
 

 

Figure 5.3: Aqueous phase free energy change profiles for hydrolysis reaction of 
formaldehyde with one and two water molecules assisted    
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 There are significant differences in basic principle, theory, approach, and reaction 

mechanism that are applied between the GCM and LFERs.  While the GCM shows the 

predicatability: 0.5 ≤ kcal/kexp ≤ 2.0 (i.e., difference of factor 2), the LFER indicates: 0.2 ≤ 

kcal/kexp ≤ 5.0 (i.e., difference of factor 5).  The GCM includes a wide range of functional 

groups and four HO• reaction mechanisms (i.e., H-atom abstraction, HO• adition to 

alkenes and aromatic compounds, and HO• interaction with S-, N-, or P-atom-containing 

compounds).  The LFERs include aliphatic hydrocarbons, oxygenated and halogenated 

compounds for H-atom abstraction from C-H bond and HO• addition to alkenes.  While 

the GCM utilizes overall reaction rate constant using Benson’s thermochemical and rate 

constant additivity, the LFERs consider the lowest energy point of aqueous phase free 

energy of activation among different transition states and conformers.  The GCM does 

not include electron-electron interactions in the process from reactants to transition state, 

whereas the LFERs consider transition state energy based on Ab initio quantum 

mechanical calculations.  Both the GCM and LFERs used single-functional-group 

compounds for calibration and multi-functional-group compounds for prediction.  The 

GCM shows applicability of predicting rate constant for a limited number of emerging 

contaminants, whereas the LFERs do not because of many possible transition states and 

conformers.  The largest molecules that the LFERs include are HOOCCH2COOH for 

neutral, and Br2HCCOO- and -OOC(CH2)2COO- for ionized compounds.  These aliphatic 

saturated compounds would be comprised of 8 equivalent carbon-atoms if all elements 

are carbons and hydrogens.  Considerable efforts have to be made to deal with emerging 

contaminant using the LFERs.  Although the GCM shows better predicatability of 

aqueous phase HO• reaction rate constants for compounds with multi-functional-groups 
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than the LFERs, the LFERs can be applied to other reaction mechanisms based on Ab 

initio reaction rate constant predictions.  As a consequence, the LFERs approach should 

be used for the reaction rate constant predictors of mechanistic modeling in aqueous 

phase AOPs. 

 Application of computational chemistry using quantum mechanical approaches to 

water treatment engineering is not common.  With recent improvement in high 

performance computing resources, aqueous phase molecular simulations in relatively 

larger molecules become feasible.  The proof of concept approach using the LFERs 

implicates the validity of application of computational chemistry to chemical reactivity 

that is observed in water treatment engineering.  The LFERs may be applied not only 

AOPs technology but also other oxidation and disinfection processes (e.g., chlorination, 

ozonation, manganese).      

 To apply water treatment, mechanics modeling must include the effect of natural 

organic matter (NOM).  Our modeling only represents a starting point by developing the 

theoretical approach and modeling framework in water containing only the target 

compound. NOM reactions with radical species are complex (Westerhoff et al., 1999; 

von Gunten, 2003) and they could be added in the future, if the knowledge-base on the 

structural and chemical characteristics of NOM become available.  To date, the impact of 

NOM on target compound destruction has been considered by accounting for NOM 

quenching of hydroxyl radical (Westerhoff et al., 2007; 1999; Elovitz et al., 2000) and 

UV light absorption (Li et al., 2008; Weishaar et al., 2003).  This approach could also be 

applied to the by-products that are formed.  However, a considerable amount of effort 
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remains to understand the byproduct formation of target compounds in the presence of 

NOM (Weber et al., 2005).   

 A contribution of this dissertation to engineering field is significant. This 

dissertation shows an application of existing scientific disciplines to water treatment 

engineering field by shedding light on developing tools to predict aqueous phase HO• 

reaction rate constants for aqueous phase AOPs.  In general, when a ciritical chemical 

contaminant is identified, it is typical to measure the rate constant with chemical oxidant 

experimentally or estimate the rate constant on the basis of structurally similar 

compounds.  For engineering design, an over-design is a typical strategy using a safety 

factor.  This approach is also applied for intermediates and byproducts by extending 

retention time and scaling reactor volume.  However, considering a number of chemical 

contaminants that emerge in industries, this approach is not practical in particular for fate 

of intermediate and byproducts.  The reaction rate constant predictors that have been 

developed in this study enable water treatment engineers to screen reactivity of a new 

contaminant in the application of AOPs.  Once the mechanistic model is developed based 

on a library of reaction rate constant predictors, it will be used to help engineers assess 

the treatment efficiency of a parent contaminant and evaluate the fate of intermediate and 

byproducts in aqueous phase AOPs.     

Literature Cited  
 
Elovitz, M. S.; von Gunten, U; Kaiser H-P. Hydroxyl radical/ozone ratios during 
ozonationprocesses. II. The effect of temperature, pH, alkalinity, and DOM properties. 
Ozone. Sci. Eng. 2000, 22, 123-150. 
 
Li, K.; Hokanson, D.R.; Crittenden, J.C.; Trussell, R.R.; Minakata, D. Evaluating 
UV/H2O2 processes for methyl tert-butyl ether and tertiary butyl alcohol removal: Effect 
of pretreatment options and light sources. Wat. Res. 2008, 42, 5045-5053. 



 

 195

von Gunten, U. Ozonation of drinking water: Part I. Oxidation kinetics and product 
formation. Wat. Res. 2003, 37, 1443-1467. 
 
Weber, J.R. W.; Huang, Q.; Pinto, A. Reduction of disinfection byproduct formation by 
molecular reconfiguration of the fulvic constituents of natural background organic mater. 
Environ. Sci. Technol. 2005, 39, 6446-6452. 
 
Weishaar, J. L.; Aiken, G. R.; Bergamaschi, B. A.; Fram, M. S.; Fujii, R.; Mopper, K. 
Evaluation of specific ultraviolet absorbance as an indicator of the chemical composition 
and reactivity of dissolved organic carbon. Environ. Sci. Technol. 2003, 37, 4702-4708. 
 
Westerhoff, P.; Aiken, G.; Amy, G.; Debroux, J. Relationships between the structure of 
natural organic matter and its reactivity towards molecular ozone and hydroxyl radicals. 
Wat. Res. 1999, 33 (10), 2265-2276. 
 
Westerhoff, P.; Mezyk, S.P.; Cooper, W.J.; Minakata, D. Electron pulse radiolysis 
determination of hydroxyl radical rate constants with Suwannee river fulvic acid and 
other dissolved organic matter isolates. Environ. Sci. & Technol. 2007, 41, 4610-4646. 

 

  



 

 196

APPENDIX A: GENETIC ALGORITHM 

 
MODULE Genetic_Algorithm 
IMPLICIT NONE 
 
!     Common block to make iseed visible to rninit (and to save 
!     it between calls) 
! COMMON /rnseed/ iseed 
INTEGER, SAVE  :: iseed 
 
 
CONTAINS 
 
 
SUBROUTINE pikaia(ff,n,ctrl,x,f,STATUS) 
  
! Code converted using TO_F90 by Alan Miller 
! Date: 2001-07-09  Time: 15:54:13 
  
!=========================================================
=========== 
!  Optimization (maximization) of user-supplied "fitness" function ff 
!  over n-dimensional parameter space  x  using a basic genetic algorithm 
!  method. 
 
!  Paul Charbonneau & Barry Knapp 
!  High Altitude Observatory 
!  National Center for Atmospheric Research 
!  Boulder CO 80307-3000 
!  USA 
!  <paulchar@hao.ucar.edu> 
!  <knapp@hao.ucar.edu> 
 
!  Web site: 
!  http://www.hao.ucar.edu/public/research/si/pikaia/pikaia.html 
 
!  Version 1.0   [ 1995 December 01 ] 
 
!  Genetic algorithms are heuristic search techniques that incorporate in a 
!  computational setting, the biological notion of evolution by means of 
!  natural selection.  This subroutine implements the three basic operations 
!  of selection, crossover, and mutation, operating on "genotypes" encoded as 
!  strings. 
 
!  References: 
 
!     Charbonneau, Paul.  "Genetic Algorithms in Astronomy and Astrophysics." 
!        Astrophysical J. (Supplement), vol 101, in press (December 1995). 
 
!     Goldberg, David E.  Genetic Algorithms in Search, Optimization, 
!        & Machine Learning.  Addison-Wesley, 1989. 
 
!     Davis, Lawrence, ed.  Handbook of Genetic Algorithms. 
!        Van Nostrand Reinhold, 1991. 
!=========================================================
=========== 
!  USES: ff, urand, setctl, report, rnkpop, select, encode, decode, 
!        cross, mutate, genrep, stdrep, newpop, adjmut 
 
INTEGER, INTENT(IN)   :: n 
REAL, INTENT(IN OUT)  :: ctrl(12) 
REAL, INTENT(OUT)     :: x(n) 
REAL, INTENT(OUT)     :: f 
INTEGER, INTENT(OUT)  :: STATUS 
 
INTERFACE 
  FUNCTION ff(n, x) RESULT(fn_val) 
    IMPLICIT NONE 
    INTEGER, INTENT(IN)  :: n 
    REAL, INTENT(IN)     :: x(:) 
    REAL                 :: fn_val 
  END FUNCTION ff 
END INTERFACE 
 
! EXTERNAL ff 
 
!  Input: 
!  o Integer  n  is the parameter space dimension, i.e., the number 
!    of adjustable parameters. 
 
!  o Function  ff  is a user-supplied scalar function of n variables, which 
!    must have the calling sequence f = ff(n,x), where x is a real parameter 
!    array of length n.  This function must be written so as to bound all 
!    parameters to the interval [0,1]; that is, the user must determine 
!    a priori bounds for the parameter space, and ff must use these bounds 
!    to perform the appropriate scalings to recover true parameter values in 
!    the a priori ranges. 
 
!    By convention, ff should return higher values for more optimal 
!    parameter values (i.e., individuals which are more "fit"). 

!    For example, in fitting a function through data points, ff 
!    could return the inverse of chi**2. 
 
!    In most cases initialization code will have to be written 
!    (either in a driver or in a separate subroutine) which loads 
!    in data values and communicates with ff via one or more labeled 
!    common blocks.  An example exercise driver and fitness function 
!    are provided in the accompanying file, xpkaia.f. 
 
 
!  Input/Output: 
 
 
!  o Array  ctrl  is an array of control flags and parameters, to 
!    control the genetic behavior of the algorithm, and also printed 
!    output.  A default value will be used for any control variable 
!    which is supplied with a value less than zero.  On exit, ctrl 
!    contains the actual values used as control variables.  The 
!    elements of ctrl and their defaults are: 
 
!       ctrl( 1) - number of individuals in a population (default 
!                  is 100) 
!       ctrl( 2) - number of generations over which solution is 
!                  to evolve (default is 500) 
!       ctrl( 3) - number of significant digits (i.e., number of 
!                  genes) retained in chromosomal encoding (default 
!                  is 6)  (Note: This number is limited by the 
!                  machine floating point precision.  Most 32-bit 
!                  floating point representations have only 6 full 
!                  digits of precision.  To achieve greater preci- 
!                  sion this routine could be converted to double 
!                  precision, but note that this would also require 
!                  a double precision random number generator, which 
!                  likely would not have more than 9 digits of 
!                  precision if it used 4-byte integers internally.) 
!       ctrl( 4) - crossover probability; must be  <= 1.0 (default is 0.85) 
!       ctrl( 5) - mutation mode; 1/2=steady/variable (default is 2) 
!       ctrl( 6) - initial mutation rate; should be small (default is 0.005) 
!                  (Note: the mutation rate is the probability that any one 
!                  gene locus will mutate in any one generation.) 
!       ctrl( 7) - minimum mutation rate; must be >= 0.0 (default is 0.0005) 
!       ctrl( 8) - maximum mutation rate; must be <= 1.0 (default is 0.25) 
!       ctrl( 9) - relative fitness differential; range from 0 
!                  (none) to 1 (maximum).  (default is 1.) 
!       ctrl(10) - reproduction plan; 1/2/3=Full generational 
!                  replacement/Steady-state-replace-random/Steady- 
!                  state-replace-worst (default is 3) 
!       ctrl(11) - elitism flag; 0/1=off/on (default is 0) 
!                  (Applies only to reproduction plans 1 and 2) 
!       ctrl(12) - printed output 0/1/2=None/Minimal/Verbose (default is 0) 
 
 
! Output: 
 
 
!  o Array  x(1:n)  is the "fittest" (optimal) solution found, 
!     i.e., the solution which maximizes fitness function ff 
 
!  o Scalar  f  is the value of the fitness function at x 
 
!  o Integer  status  is an indicator of the success or failure 
!     of the call to pikaia (0=success; non-zero=failure) 
 
 
! Constants 
 
INTEGER, PARAMETER :: nmax = 200, pmax = 128, dmax = 6 
 
!  o NMAX is the maximum number of adjustable parameters (n <= NMAX) 
 
!  o PMAX is the maximum population (ctrl(1) <= PMAX) 
 
!  o DMAX is the maximum number of Genes (digits) per Chromosome 
!        segement (parameter) (ctrl(3) <= DMAX) 
 
 
!     Local variables 
INTEGER :: np, nd, ngen, imut, irep, ielite, ivrb, k, ip, ig, ip1,  & 
           ip2, NEW, newtot 
REAL :: pcross, pmut, pmutmn, pmutmx, fdif 
 
REAL :: ph(nmax,2), oldph(nmax,pmax), newph(nmax,pmax) 
 
INTEGER :: gn1(nmax*dmax), gn2(nmax*dmax) 
INTEGER :: ifit(pmax), jfit(pmax) 
REAL :: fitns(pmax) 
 
!     User-supplied uniform random number generator 
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! REAL :: urand 
! EXTERNAL urand 
 
! Function urand should not take any arguments.  If the user wishes to be able 
! to initialize urand, so that the same sequence of random numbers can be 
! repeated, this capability could be implemented with a separate subroutine, 
! and called from the user's driver program.  An example urand function 
! (and initialization subroutine) which uses the function ran0 (the "minimal 
! standard" random number generator of Park and Miller [Comm. ACM 31, 1192- 
! 1201, Oct 1988; Comm. ACM 36 No. 7, 105-110, July 1993]) is provided. 
 
 
!     Set control variables from input and defaults 
CALL setctl(ctrl, n, np, ngen, nd, pcross, pmutmn, pmutmx, pmut, imut, fdif, & 
            irep, ielite, ivrb, STATUS) 
IF (STATUS /= 0) THEN 
  WRITE (*, *) ' Control vector (ctrl) argument(s) invalid' 
  RETURN 
END IF 
 
!     Make sure locally-dimensioned arrays are big enough 
IF (n > nmax .OR. np > pmax .OR. nd > dmax) THEN 
  WRITE (*, *) ' Number of parameters, population, or genes too large' 
  STATUS = -1 
  RETURN 
END IF 
 
!     Compute initial (random but bounded) phenotypes 
DO  ip = 1, np 
  DO  k = 1, n 
    oldph(k,ip) = urand() 
  END DO 
  fitns(ip) = ff(n, oldph(:,ip)) 
END DO 
 
!     Rank initial population by fitness order 
CALL rnkpop(np,fitns,ifit,jfit) 
 
!     Main Generation Loop 
DO  ig = 1, ngen 
   
!        Main Population Loop 
  newtot = 0 
  DO  ip = 1, np / 2 
     
!           1. pick two parents 
    CALL select(np,jfit,fdif,ip1) 
    30 CALL select(np,jfit,fdif,ip2) 
    IF (ip1 == ip2) GO TO 30 
     
!           2. encode parent phenotypes 
    CALL encode(n,nd,oldph(1,ip1),gn1) 
    CALL encode(n,nd,oldph(1,ip2),gn2) 
     
!           3. breed 
    CALL cross(n,nd,pcross,gn1,gn2) 
    CALL mutate(n,nd,pmut,gn1) 
    CALL mutate(n,nd,pmut,gn2) 
     
!           4. decode offspring genotypes 
    CALL decode(n,nd,gn1,ph(1,1)) 
    CALL decode(n,nd,gn2,ph(1,2)) 
     
!           5. insert into population 
    IF (irep == 1) THEN 
      CALL genrep(nmax,n,np,ip,ph,newph) 
    ELSE 
      CALL stdrep(ff,nmax,n,np,irep,ielite,ph,oldph,fitns,ifit, jfit,NEW) 
      newtot = newtot + NEW 
    END IF 
     
!        End of Main Population Loop 
  END DO 
   
!        if running full generational replacement: swap populations 
  IF (irep == 1) CALL newpop(ff,ielite,nmax,n,np,oldph,newph,ifit,  & 
      jfit,fitns,newtot) 
   
!        adjust mutation rate? 
  IF (imut == 2) CALL adjmut(np,fitns,ifit,pmutmn,pmutmx,pmut) 
   
!        print generation report to standard output? 
  IF (ivrb > 0) CALL report(ivrb,nmax,n,np,nd,oldph,fitns,ifit,pmut,ig,newtot) 
   
!     End of Main Generation Loop 
END DO 
 
!     Return best phenotype and its fitness 
DO  k = 1, n 
  x(k) = oldph(k,ifit(np)) 
END DO 
f = fitns(ifit(np)) 
 

RETURN 
END SUBROUTINE pikaia 
 
!*****************************************************************
*** 
 
SUBROUTINE setctl(ctrl,n,np,ngen,nd,pcross,pmutmn,pmutmx,pmut,  & 
                  imut,fdif,irep,ielite,ivrb,STATUS) 
!=========================================================
========== 
!     Set control variables and flags from input and defaults 
!=========================================================
========== 
 
!     Input 
!     Input/Output 
REAL, INTENT(IN OUT)  :: ctrl(12) 
INTEGER, INTENT(IN)   :: n 
 
!     Output 
INTEGER, INTENT(OUT)  :: np 
INTEGER, INTENT(OUT)  :: ngen 
INTEGER, INTENT(OUT)  :: nd 
REAL, INTENT(OUT)     :: pcross 
REAL, INTENT(OUT)     :: pmutmn 
REAL, INTENT(OUT)     :: pmutmx 
REAL, INTENT(OUT)     :: pmut 
INTEGER, INTENT(OUT)  :: imut 
REAL, INTENT(OUT)     :: fdif 
INTEGER, INTENT(OUT)  :: irep 
INTEGER, INTENT(OUT)  :: ielite 
INTEGER, INTENT(OUT)  :: ivrb 
INTEGER, INTENT(OUT)  :: STATUS 
 
 
!     Local 
INTEGER :: i 
REAL, SAVE  :: dfault(12) = (/ 100., 500., 5., .85, 2., .005, .0005, .25,  & 
                               1., 1., 1., 0. /) 
 
DO  i = 1, 12 
  IF (ctrl(i) < 0.) ctrl(i) = dfault(i) 
END DO 
 
np = ctrl(1) 
ngen = ctrl(2) 
nd = ctrl(3) 
pcross = ctrl(4) 
imut = ctrl(5) 
pmut = ctrl(6) 
pmutmn = ctrl(7) 
pmutmx = ctrl(8) 
fdif = ctrl(9) 
irep = ctrl(10) 
ielite = ctrl(11) 
ivrb = ctrl(12) 
STATUS = 0 
 
!     Print a header 
IF (ivrb > 0) THEN 
   
  WRITE (*,5000) ngen, np, n, nd, pcross, pmut, pmutmn, pmutmx, fdif 
  IF (imut == 1) WRITE (*,5100) 'Constant' 
  IF (imut == 2) WRITE (*,5100) 'Variable' 
  IF (irep == 1) WRITE (*,5200) 'Full generational replacement' 
  IF (irep == 2) WRITE (*,5200) 'Steady-state-replace-random' 
  IF (irep == 3) WRITE (*,5200) 'Steady-state-replace-worst' 
END IF 
 
!     Check some control values 
IF (imut /= 1 .AND. imut /= 2) THEN 
  WRITE (*,5300) 
  STATUS = 5 
END IF 
 
IF (fdif > 1.) THEN 
  WRITE (*,5400) 
  STATUS = 9 
END IF 
 
IF (irep /= 1 .AND. irep /= 2 .AND. irep /= 3) THEN 
  WRITE (*,5500) 
  STATUS = 10 
END IF 
 
IF (pcross > 1.0 .OR. pcross < 0.) THEN 
  WRITE (*,5600) 
  STATUS = 4 
END IF 
 
IF (ielite /= 0 .AND. ielite /= 1) THEN 
  WRITE (*,5700) 
  STATUS = 11 
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END IF 
 
IF (irep == 1 .AND. imut == 1 .AND. pmut > 0.5 .AND. ielite == 0) THEN 
  WRITE (*,5800) 
END IF 
 
IF (irep == 1 .AND. imut == 2 .AND. pmutmx > 0.5 .AND. ielite == 0) THEN 
  WRITE (*,5900) 
END IF 
 
IF (fdif < 0.33 .AND. irep /= 3) THEN 
  WRITE (*,6000) 
END IF 
 
IF (MOD(np,2) > 0) THEN 
  np = np - 1 
  WRITE (*,6100) np 
END IF 
 
RETURN 
5000 FORMAT (/' ', 60('*') /   & 
    ' *', t16, 'PIKAIA Genetic Algorithm Report ', t60, '*' / & 
    ' ', 60('*') //  & 
    '   Number of Generations evolving: ', i4 /  & 
    '       Individuals per generation: ', i4 /  & 
    '    Number of Chromosome segments: ', i4 /  & 
    '    Length of Chromosome segments: ', i4 /  & 
    '            Crossover probability: ', f9.4 /   & 
    '            Initial mutation rate: ', f9.4 /   & 
    '            Minimum mutation rate: ', f9.4 /   & 
    '            Maximum mutation rate: ', f9.4 /   & 
    '    Relative fitness differential: ', f9.4) 
5100 FORMAT ('                    Mutation Mode: '/ a) 
5200 FORMAT ('                Reproduction Plan: '/ a) 
5300 FORMAT (' ERROR: illegal value for imut (ctrl(5))') 
5400 FORMAT (' ERROR: illegal value for fdif (ctrl(9))') 
5500 FORMAT (' ERROR: illegal value for irep (ctrl(10))') 
5600 FORMAT (' ERROR: illegal value for pcross (ctrl(4))') 
5700 FORMAT (' ERROR: illegal value for ielite (ctrl(11))') 
5800 FORMAT (' WARNING: dangerously high value for pmut (ctrl(6));' /  & 
    ' (Should enforce elitism with ctrl(11)=1.)') 
5900 FORMAT (' WARNING: dangerously high value for pmutmx (ctrl(8));' /  
& 
    ' (Should enforce elitism with ctrl(11)=1.)') 
6000 FORMAT (' WARNING: dangerously low value of fdif (ctrl(9))') 
6100 FORMAT (' WARNING: decreasing population size (ctrl(1)) to np='/ i4 ) 
END SUBROUTINE setctl 
 
!*****************************************************************
*** 
 
SUBROUTINE report(ivrb, ndim, n, np, nd, oldph, fitns, ifit, pmut, ig, nnew) 
 
!     Write generation report to standard output 
 
!     Input: 
INTEGER,  INTENT(IN)  :: ivrb 
INTEGER,  INTENT(IN)  :: ndim 
INTEGER,  INTENT(IN)  :: n 
INTEGER,  INTENT(IN)  :: np 
INTEGER,  INTENT(IN)  :: nd 
REAL, INTENT(IN)      :: oldph(ndim, np) 
REAL, INTENT(IN)      :: fitns(np) 
INTEGER, INTENT(IN)   :: ifit(np) 
REAL, INTENT(IN)      :: pmut 
INTEGER, INTENT(IN)   :: ig 
INTEGER, INTENT(IN)   :: nnew 
 
!     Output: none 
 
!     Local 
REAL, SAVE  :: bestft = 0.0, pmutpv = 0.0 
INTEGER  :: ndpwr, k 
LOGICAL  :: rpt 
 
rpt = .false. 
 
IF (pmut /= pmutpv) THEN 
  pmutpv = pmut 
  rpt = .true. 
END IF 
 
IF (fitns(ifit(np)) /= bestft) THEN 
  bestft = fitns(ifit(np)) 
  rpt = .true. 
END IF 
 
IF (rpt .OR. ivrb >= 2) THEN 
   
!        Power of 10 to make integer genotypes for display 
  ndpwr = nint(10.**nd) 
   
  WRITE (*, '(/i6, i6, f10.6, 4f10.6)') ig, nnew, pmut,  & 

      fitns(ifit(np)), fitns(ifit(np-1)), fitns(ifit(np/2)) 
  DO  k = 1, n 
    WRITE (*, '(22x, 3i10)') nint(ndpwr*oldph(k, ifit(np))),  & 
        nint(ndpwr*oldph(k, ifit(np-1))), nint(ndpwr*oldph(k, ifit(np/2))) 
  END DO 
   
END IF 
RETURN 
END SUBROUTINE report 
 
!*****************************************************************
***** 
!                         GENETICS MODULE 
!*****************************************************************
***** 
 
!     ENCODE:    encodes phenotype into genotype 
!                called by: PIKAIA 
 
!     DECODE:    decodes genotype into phenotype 
!                called by: PIKAIA 
 
!     CROSS:     Breeds two offspring from two parents 
!                called by: PIKAIA 
 
!     MUTATE:    Introduces random mutation in a genotype 
!                called by: PIKAIA 
 
!     ADJMUT:    Implements variable mutation rate 
!                called by: PIKAIA 
 
!*****************************************************************
***** 
 
SUBROUTINE encode(n, nd, ph, gn) 
!=========================================================
============= 
!     encode phenotype parameters into integer genotype 
!     ph(k) are x, y coordinates [ 0 < x, y < 1 ] 
!=========================================================
============= 
 
 
INTEGER, INTENT(IN)   :: n 
INTEGER, INTENT(IN)   :: nd 
REAL, INTENT(IN OUT)  :: ph(n) 
INTEGER, INTENT(OUT)  :: gn(n*nd) 
 
!     Inputs: 
 
 
 
!     Output: 
 
 
!     Local: 
INTEGER :: ip, i, j, ii 
REAL :: z 
 
z = 10. ** nd 
ii = 0 
DO  i = 1, n 
  ip = INT(ph(i)*z) 
  DO  j = nd, 1, -1 
    gn(ii+j) = MOD(ip, 10) 
    ip = ip / 10 
  END DO 
  ii = ii + nd 
END DO 
 
RETURN 
END SUBROUTINE encode 
 
!*****************************************************************
***** 
 
SUBROUTINE decode(n, nd, gn, ph) 
!=========================================================
============= 
!     decode genotype into phenotype parameters 
!     ph(k) are x, y coordinates [ 0 < x, y < 1 ] 
!=========================================================
============= 
 
 
INTEGER, INTENT(IN)  :: n 
INTEGER, INTENT(IN)  :: nd 
INTEGER, INTENT(IN)  :: gn(n*nd) 
REAL, INTENT(OUT)    :: ph(n) 
 
!     Inputs: 
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!     Output: 
 
 
!     Local: 
INTEGER :: ip, i, j, ii 
REAL :: z 
 
z = 10. ** (-nd) 
ii = 0 
DO  i = 1, n 
  ip = 0 
  DO  j = 1, nd 
    ip = 10 * ip + gn(ii+j) 
  END DO 
  ph(i) = ip * z 
  ii = ii + nd 
END DO 
 
RETURN 
END SUBROUTINE decode 
 
!*****************************************************************
***** 
 
SUBROUTINE cross(n, nd, pcross, gn1, gn2) 
!=========================================================
============= 
!     breeds two parent chromosomes into two offspring chromosomes 
!     breeding occurs through crossover starting at position ispl 
!=========================================================
============= 
!     USES: urand 
 
!     Inputs: 
INTEGER, INTENT(IN)      :: n 
INTEGER, INTENT(IN)      :: nd 
REAL, INTENT(IN)         :: pcross 
 
!     Input/Output: 
INTEGER, INTENT(IN OUT)  :: gn1(n*nd) 
INTEGER, INTENT(IN OUT)  :: gn2(n*nd) 
 
!     Local: 
INTEGER :: i, ispl, t 
 
!     Function 
! REAL :: urand 
! EXTERNAL urand 
 
 
!     Use crossover probability to decide whether a crossover occurs 
IF (urand() < pcross) THEN 
   
!        Compute crossover point 
  ispl = INT(urand()*n*nd) + 1 
   
!        Swap genes at ispl and above 
  DO  i = ispl, n * nd 
    t = gn2(i) 
    gn2(i) = gn1(i) 
    gn1(i) = t 
  END DO 
END IF 
 
RETURN 
END SUBROUTINE cross 
 
 
!*****************************************************************
***** 
 
SUBROUTINE mutate(n, nd, pmut, gn) 
!=========================================================
============= 
!     Mutations occur at rate pmut at all gene loci 
!=========================================================
============= 
!     USES: urand 
 
!     Input: 
INTEGER, INTENT(IN)      :: n 
INTEGER, INTENT(IN)      :: nd 
REAL, INTENT(IN)         :: pmut 
 
!     Input/Output: 
INTEGER, INTENT(IN OUT)  :: gn(n*nd) 
 
 
!     Local: 
INTEGER :: i 
 
!     Function: 
! REAL :: urand 

! EXTERNAL urand 
 
!     Subject each locus to mutation at the rate pmut 
DO  i = 1, n * nd 
  IF (urand() < pmut) THEN 
    gn(i) = INT(urand()*10.) 
  END IF 
END DO 
 
RETURN 
END SUBROUTINE mutate 
 
!*****************************************************************
***** 
 
SUBROUTINE adjmut(np, fitns, ifit, pmutmn, pmutmx, pmut) 
!=========================================================
============= 
!     dynamical adjustment of mutation rate; criterion is relative 
!     difference in absolute fitnesses of best and median individuals 
!=========================================================
============= 
 
!     Input: 
INTEGER, INTENT(IN)   :: np 
REAL, INTENT(IN)      :: fitns(:) 
INTEGER, INTENT(IN)   :: ifit(:) 
REAL, INTENT(IN)      :: pmutmn 
REAL, INTENT(IN)      :: pmutmx 
 
!     Input/Output: 
REAL, INTENT(IN OUT)  :: pmut 
 
!     Local: 
REAL  :: rdif 
REAL, PARAMETER  :: rdiflo = 0.05, rdifhi = 0.25, delta = 1.5 
 
rdif = ABS(fitns(ifit(np)) - fitns(ifit(np/2))) / (fitns(ifit(np)) +  & 
       fitns(ifit(np/2))) 
IF (rdif <= rdiflo) THEN 
  pmut = MIN(pmutmx, pmut*delta) 
ELSE IF (rdif >= rdifhi) THEN 
  pmut = MAX(pmutmn, pmut/delta) 
END IF 
 
RETURN 
END SUBROUTINE adjmut 
 
!*****************************************************************
***** 
!                       REPRODUCTION MODULE 
!*****************************************************************
***** 
 
!  SELECT:   Parent selection by roulette wheel algorithm 
!            called by: PIKAIA 
 
!  RNKPOP:   Ranks initial population 
!            called by: PIKAIA, NEWPOP 
 
!  GENREP:   Inserts offspring into population, for full 
!            generational replacement 
!            called by: PIKAIA 
 
!  STDREP:   Inserts offspring into population, for steady-state 
!            reproduction 
!            called by: PIKAIA 
!            calls:     FF 
 
!  NEWPOP:   Replaces old generation with new generation 
!            called by: PIKAIA 
!            calls:     FF, RNKPOP 
 
!*****************************************************************
***** 
 
SUBROUTINE select(np, jfit, fdif, idad) 
!=========================================================
============= 
!     Selects a parent from the population, using roulette wheel 
!     algorithm with the relative fitnesses of the phenotypes as 
!     the "hit" probabilities [see Davis 1991, chap. 1]. 
!=========================================================
============= 
!     USES: urand 
 
!     Input: 
INTEGER, INTENT(IN)   :: np 
INTEGER, INTENT(IN)   :: jfit(np) 
REAL, INTENT(IN)      :: fdif 
 
!     Output: 
INTEGER, INTENT(OUT)  :: idad 
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!     Local: 
INTEGER :: np1, i 
REAL :: dice, rtfit 
 
!     Function: 
! REAL :: urand 
! EXTERNAL urand 
 
 
np1 = np + 1 
dice = urand() * np * np1 
rtfit = 0. 
DO  i = 1, np 
  rtfit = rtfit + np1 + fdif * (np1-2*jfit(i)) 
  IF (rtfit >= dice) THEN 
    idad = i 
    GO TO 20 
  END IF 
END DO 
!     Assert: loop will never exit by falling through 
 
20 RETURN 
END SUBROUTINE select 
 
!*****************************************************************
***** 
 
SUBROUTINE rnkpop(n, arrin, indx, rank) 
!=========================================================
============= 
!     Calls external sort routine to produce key index and rank order 
!     of input array arrin (which is not altered). 
!=========================================================
============= 
!     USES: rqsort 
 
!     Input 
INTEGER, INTENT(IN)   :: n 
REAL, INTENT(IN)      :: arrin(:) 
 
!     Output 
INTEGER, INTENT(OUT)  :: indx(:) 
INTEGER, INTENT(OUT)  :: rank(:) 
 
 
!     Local 
INTEGER :: i 
 
!     External sort subroutine 
! EXTERNAL rqsort 
 
 
!     Compute the key index 
CALL rqsort(n, arrin, indx) 
 
!     ...and the rank order 
DO  i = 1, n 
  rank(indx(i)) = n - i + 1 
END DO 
RETURN 
END SUBROUTINE rnkpop 
 
!*****************************************************************
****** 
 
SUBROUTINE genrep(ndim, n, np, ip, ph, newph) 
!=========================================================
============== 
!     full generational replacement: accumulate offspring into new 
!     population array 
!=========================================================
============== 
 
!     Input: 
INTEGER, INTENT(IN)  :: ndim 
INTEGER, INTENT(IN)  :: n 
INTEGER, INTENT(IN)  :: np 
INTEGER, INTENT(IN)  :: ip 
REAL, INTENT(IN)     :: ph(ndim, 2) 
 
!     Output: 
REAL, INTENT(OUT)    :: newph(ndim, np) 
 
 
!     Local: 
INTEGER :: i1, i2, k 
 
 
!     Insert one offspring pair into new population 
i1 = 2 * ip - 1 
i2 = i1 + 1 
DO  k = 1, n 

  newph(k, i1) = ph(k, 1) 
  newph(k, i2) = ph(k, 2) 
END DO 
 
RETURN 
END SUBROUTINE genrep 
 
!*****************************************************************
***** 
 
SUBROUTINE stdrep(ff, ndim, n, np, irep, ielite, ph, oldph, fitns, ifit, jfit, nnew) 
!=========================================================
============= 
!     steady-state reproduction: insert offspring pair into population 
!     only if they are fit enough (replace-random if irep=2 or 
!     replace-worst if irep=3). 
!=========================================================
============= 
!     USES: ff, urand 
 
!     Input: 
INTEGER, INTENT(IN)      :: ndim 
INTEGER, INTENT(IN)      :: n 
INTEGER, INTENT(IN)      :: np 
INTEGER, INTENT(IN)      :: irep 
INTEGER, INTENT(IN)      :: ielite 
REAL, INTENT(IN)         :: ph(ndim, 2) 
 
!     Input/Output: 
REAL, INTENT(IN OUT)     :: oldph(ndim, np) 
REAL, INTENT(IN OUT)     :: fitns(np) 
INTEGER, INTENT(IN OUT)  :: ifit(np) 
INTEGER, INTENT(IN OUT)  :: jfit(np) 
 
!     Output: 
INTEGER, INTENT(OUT)     :: nnew 
 
INTERFACE 
  FUNCTION ff(n, x) RESULT(fn_val) 
    IMPLICIT NONE 
    INTEGER, INTENT(IN)  :: n 
    REAL, INTENT(IN)     :: x(:) 
    REAL                 :: fn_val 
  END FUNCTION ff 
END INTERFACE 
 
! EXTERNAL ff 
 
!     Local: 
INTEGER :: i, j, k, i1, if1 
REAL :: fit 
 
!     External function 
! REAL :: urand 
! EXTERNAL urand 
 
 
nnew = 0 
loop70:  DO  j = 1, 2 
   
!        1. compute offspring fitness (with caller's fitness function) 
  fit = ff(n, ph(:, j)) 
   
!        2. if fit enough, insert in population 
  DO  i = np, 1, -1 
    IF (fit > fitns(ifit(i))) THEN 
       
!              make sure the phenotype is not already in the population 
      IF (i < np) THEN 
        DO  k = 1, n 
          IF (oldph(k, ifit(i+1)) /= ph(k, j)) GO TO 20 
        END DO 
        CYCLE loop70 
      END IF 
       
!              offspring is fit enough for insertion, and is unique 
       
!              (i) insert phenotype at appropriate place in population 
      20 IF (irep == 3) THEN 
        i1 = 1 
      ELSE IF (ielite == 0 .OR. i == np) THEN 
        i1 = INT(urand()*np) + 1 
      ELSE 
        i1 = INT(urand()*(np-1)) + 1 
      END IF 
      if1 = ifit(i1) 
      fitns(if1) = fit 
      DO  k = 1, n 
        oldph(k, if1) = ph(k, j) 
      END DO 
       
!              (ii) shift and update ranking arrays 
      IF (i < i1) THEN 
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!                 shift up 
        jfit(if1) = np - i 
        DO  k = i1 - 1, i + 1, -1 
          jfit(ifit(k)) = jfit(ifit(k)) - 1 
          ifit(k+1) = ifit(k) 
        END DO 
        ifit(i+1) = if1 
      ELSE 
         
!                 shift down 
        jfit(if1) = np - i + 1 
        DO  k = i1 + 1, i 
          jfit(ifit(k)) = jfit(ifit(k)) + 1 
          ifit(k-1) = ifit(k) 
        END DO 
        ifit(i) = if1 
      END IF 
      nnew = nnew + 1 
      CYCLE loop70 
    END IF 
  END DO 
   
END DO loop70 
 
RETURN 
END SUBROUTINE stdrep 
 
!*****************************************************************
***** 
 
SUBROUTINE newpop(ff, ielite, ndim, n, np, oldph, newph, ifit, jfit, fitns, 
nnew) 
!=========================================================
============= 
!     replaces old population by new; recomputes fitnesses & ranks 
!=========================================================
============= 
!     USES: ff, rnkpop 
 
!     Input: 
INTEGER, INTENT(IN)   :: ielite 
INTEGER, INTENT(IN)   :: ndim 
INTEGER, INTENT(IN)   :: n 
INTEGER, INTENT(IN)   :: np 
 
!     Input/Output: 
REAL, INTENT(IN OUT)  :: oldph(ndim, np) 
REAL, INTENT(IN OUT)  :: newph(ndim, np) 
 
!     Output: 
INTEGER, INTENT(OUT)  :: ifit(np) 
INTEGER, INTENT(OUT)  :: jfit(np) 
REAL, INTENT(OUT)     :: fitns(np) 
INTEGER, INTENT(OUT)  :: nnew 
 
INTERFACE 
  FUNCTION ff(n, x) RESULT(fn_val) 
    IMPLICIT NONE 
    INTEGER, INTENT(IN)  :: n 
    REAL, INTENT(IN)     :: x(:) 
    REAL                 :: fn_val 
  END FUNCTION ff 
END INTERFACE 
 
! EXTERNAL ff 
 
!     Local: 
INTEGER :: i, k 
 
nnew = np 
 
!     if using elitism, introduce in new population fittest of old 
!     population (if greater than fitness of the individual it is 
!     to replace) 
IF (ielite == 1 .AND. ff(n, newph(:, 1)) < fitns(ifit(np))) THEN 
  DO  k = 1, n 
    newph(k, 1) = oldph(k, ifit(np)) 
  END DO 
  nnew = nnew - 1 
END IF 
 
!     replace population 
DO  i = 1, np 
  DO  k = 1, n 
    oldph(k, i) = newph(k, i) 
  END DO 
   
!        get fitness using caller's fitness function 
  fitns(i) = ff(n, oldph(:, i)) 
END DO 
 
!     compute new population fitness rank order 

CALL rnkpop(np, fitns, ifit, jfit) 
 
RETURN 
END SUBROUTINE newpop 
 
!*****************************************************************
**** 
 
FUNCTION urand() RESULT(fn_val) 
!=========================================================
============ 
!  Return the next pseudo-random deviate from a sequence which is 
!  uniformly distributed in the interval [0, 1] 
 
!  Uses the function ran0, the "minimal standard" random number 
!  generator of Park and Miller (Comm. ACM 31, 1192-1201, Oct 1988; 
!  Comm. ACM 36 No. 7, 105-110, July 1993). 
!=========================================================
============ 
 
!     Input - none 
 
!     Output 
REAL  :: fn_val 
 
!     Local 
! INTEGER :: iseed 
! REAL :: ran0 
! EXTERNAL ran0 
 
!     Common block to make iseed visible to rninit (and to save 
!     it between calls) 
! COMMON /rnseed/ iseed 
 
fn_val = ran0() 
RETURN 
END FUNCTION urand 
 
!*****************************************************************
**** 
 
SUBROUTINE rninit(seed) 
!=========================================================
============ 
!     Initialize random number generator urand with given seed 
!=========================================================
============ 
 
!     Input 
INTEGER, INTENT(IN)  :: seed 
 
!     Output - none 
 
!     Local 
! INTEGER  :: iseed 
 
!     Common block to communicate with urand 
! COMMON /rnseed/ iseed 
 
!     Set the seed value 
iseed = seed 
IF (iseed <= 0) iseed = 123456 
RETURN 
END SUBROUTINE rninit 
 
!*****************************************************************
**** 
 
FUNCTION ran0() RESULT(fn_val) 
!=========================================================
============ 
!  "Minimal standard" pseudo-random number generator of Park and Miller. 
!  Returns a uniform random deviate r s.t. 0 < r < 1.0. 
!  Set seed to any non-zero integer value to initialize a sequence, then do 
!  not change seed between calls for successive deviates in the sequence. 
 
!  References: 
!     Park, S. and Miller, K., "Random Number Generators: Good Ones 
!        are Hard to Find", Comm. ACM 31, 1192-1201 (Oct. 1988) 
!     Park, S. and Miller, K., in "Remarks on Choosing and Implementing 
!        Random Number Generators", Comm. ACM 36 No. 7, 105-110 (July 1993) 
!=========================================================
============ 
! *** Declaration section *** 
 
!     Output: 
REAL  :: fn_val 
 
!     Constants: 
 
INTEGER, PARAMETER  :: a = 48271, m = 2147483647, q = 44488, r = 3399 
 
REAL, PARAMETER :: scale = 1./m, eps = 1.2E-7, rnmx = 1. - eps 
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!     Local: 
INTEGER  :: j 
 
! *** Executable section *** 
 
j = iseed / q 
iseed = a * (iseed - j*q) - r * j 
IF (iseed < 0) iseed = iseed + m 
fn_val = MIN(iseed*scale, rnmx) 
 
RETURN 
END FUNCTION ran0 
 
!*****************************************************************
***** 
 
SUBROUTINE rqsort(n, a, p) 
!=========================================================
============= 
!  Return integer array p which indexes array a in increasing order. 
!  Array a is not disturbed.  The Quicksort algorithm is used. 
 
!  B. G. Knapp, 86/12/23 
 
!  Reference: N. Wirth, Algorithms and Data Structures/ 
!  Prentice-Hall, 1986 
!=========================================================
============= 
 
INTEGER, INTENT(IN)   :: n 
REAL, INTENT(IN)      :: a(:) 
INTEGER, INTENT(OUT)  :: p(:) 
 
!     Constants 
 
INTEGER, PARAMETER :: lgn = 32, q = 11 
!        (LGN = log base 2 of maximum n; 
!         Q = smallest subfile to use quicksort on) 
 
!     Local: 
REAL :: x 
INTEGER :: stackl(lgn), stackr(lgn), s, t, l, m, r, i, j 
 
!     Initialize the stack 
stackl(1) = 1 
stackr(1) = n 
s = 1 
 
!     Initialize the pointer array 
DO  i = 1, n 
  p(i) = i 
END DO 
 
20 IF (s > 0) THEN 
  l = stackl(s) 
  r = stackr(s) 
  s = s - 1 
   
  30 IF ((r-l) < q) THEN 
     
!           Use straight insertion 
    DO  i = l + 1, r 
      t = p(i) 
      x = a(t) 
      DO  j = i - 1, l, -1 
        IF (a(p(j)) <= x) GO TO 50 
        p(j+1) = p(j) 

      END DO 
      j = l - 1 
      50 p(j+1) = t 
    END DO 
  ELSE 
     
!           Use quicksort, with pivot as median of a(l), a(m), a(r) 
    m = (l+r) / 2 
    t = p(m) 
    IF (a(t) < a(p(l))) THEN 
      p(m) = p(l) 
      p(l) = t 
      t = p(m) 
    END IF 
    IF (a(t) > a(p(r))) THEN 
      p(m) = p(r) 
      p(r) = t 
      t = p(m) 
      IF (a(t) < a(p(l))) THEN 
        p(m) = p(l) 
        p(l) = t 
        t = p(m) 
      END IF 
    END IF 
     
!           Partition 
    x = a(t) 
    i = l + 1 
    j = r - 1 
    70 IF (i <= j) THEN 
      80 IF (a(p(i)) < x) THEN 
        i = i + 1 
        GO TO 80 
      END IF 
      90 IF (x < a(p(j))) THEN 
        j = j - 1 
        GO TO 90 
      END IF 
      IF (i <= j) THEN 
        t = p(i) 
        p(i) = p(j) 
        p(j) = t 
        i = i + 1 
        j = j - 1 
      END IF 
      GO TO 70 
    END IF 
     
!           Stack the larger subfile 
    s = s + 1 
    IF (j-l > r-i) THEN 
      stackl(s) = l 
      stackr(s) = j 
      l = i 
    ELSE 
      stackl(s) = i 
      stackr(s) = r 
      r = j 
    END IF 
    GO TO 30 
  END IF 
  GO TO 20 
END IF 
RETURN 
END SUBROUTINE rqsort 
 
END MODULE Genetic_Algorithm 
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APPENDIX B: SURVEY OF LITERATURE-REPORTED 

EXPERIMENTAL AQUEOUS PHASE HYDROXYL RADICAL 

REACTION RATE CONSTANTS 

During the past three decades, the HO• rate constants with a number of organic 
compounds were experimentally investigated.  There is currently one critical review 
available on the HO• rate constants (Buxton et al., 1988).  However, there is no 
comprehensive report available to cover the experimental data which have been reported 
since 1988.  One of the main objectives for this survey of the experimentally reported 
HO• rate constants is for the group contribution method to predict HO• rate constant with 
emerging contaminants.  For the accurate parameter calibration, selection and critical 
review of the original data is inevitable.  The data used here were referred to Buxton et al 
(1988), University Notre Dame, The Radiation Chemistry Data Center (RCDC) 
(http://www.rad.nd.edu/rcdc/index.html), and each literature on the peer-reviewed paper.         
 
Table A-B1: Survey of HO• rate constants with alkane  

 
 
Table A-B2: Survey of HO• rate constants with alcohol 
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Table A-B3: Survey of HO• rate constants with poly-alcohol  

 
 

 
Table A-B4: Survey of HO• rate constants with ether 
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Table A-B5: Survey of HO• rate constants with ester  

 
 
Table A-B6: Survey of HO• rate constants with aldehyde  
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Table A-B7: Survey of HO• rate constants with carbonyl   
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Table A-B8: Survey of HO• rate constants with carboxylic acid  
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Table A-B9: Survey of HO• rate constants with poly-carboxylic acid  
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Table A-B10: Survey of HO• rate constants with alkyl halides  
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Table A-B11: Survey of HO• rate constants with nitro compounds  

 
 
Table A-B12: Survey of HO• rate constants with nitrile  
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Table A-B13: Survey of HO• rate constants with amine  
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Table A-B14: Survey of HO• rate constants with NDMA and related compounds   

 
 
Table A-B15: Survey of HO• rate constants with amide  
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Table A-B16: Survey of HO• rate constants with sulphide  

 
 
Table A-B17: Survey of HO• rate constants with sulfoxide  

 
 
Table A-B18: Survey of HO• rate constants with thiol 
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Table A-B19: Survey of HO• rate constants with urea 

 
 
Table A-B20: Survey of HO• rate constants with phosphate-containing compounds  
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Table A-B21: Survey of HO• rate constants with unsaturated alkene   
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Table A-B22: Survey of HO• rate constants with benzene and benzene derivatives  
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Table A-B23: Survey of HO• rate constants with pyridine and pyridine derivatives  
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Table A-B24: Survey of HO• rate constants with cyclo-compounds  

 
 
Table A-B25: Survey of HO• rate constants with furan and related compounds   
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Table A-B26: Survey of HO• rate constants with indole and indole derivatives  
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Table A-B27: Survey of HO• rate constants with uracil   
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Table A-B28: Survey of HO• rate constants with imidazole  
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Table A-B29: Survey of HO• rate constants with thiophene 

 
 
Table A-B30: Survey of HO• rate constants with triazine  
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-The end of HO• rate constant survey 
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APPENDIX C: FORTRAN 90 PROGRAM SOURCE CODE OF 

GROUP CONTRIBUTION METHOD IDENTIFIER 

!*********************************************************************************** 
!  GCM Identifier.f90  
! 
!  FUNCTIONS: GCMIdentifier    
! 
!******************************************************************************************************** 
!                                                                                                       *     
!  PROGRAM: GCM Identifier  ver.1.0 (June, 2009)                                                        * 
!                                                                                                       * 
!  by Daisuke Minakata and John C. Crittenden                                                           * 
!  Department of Civil and Environmental Engineering, Georgia Institute of Technology                   *     
!                                                                                                       *!  
This program enables you to calculate an aqueous phase HO radical reaction rate                      * 
!  constant that includes:                                                                              * 
!   1)H-atom abstraction from a C-H bond of saturated aliphatic or cyclic compounds                     * 
!   2)HO radical addition to unsaturated alkenes                                                        * 
!   3)HO radical addition to aromatic compounds                                                         * 
!   4)HO interaction with S,N,or P-atom containing compounds                                            * 
!  based on a group contribution method (GCM) that is described in a paper:                             * 
!                                                                                                       * 
!  Daisuke,M.;Li,K.;Westerhoff,P.;Crittenden,J.C.                                                       * 
!  Development of a Group Contribution Method (GCM) to Predict Aqueous Phase Hydroxyl                   * 
!  Radical (HO*) Reaction Rate Constants. Environ.Sci.Technol. 2009                                     *               
!                                                                                                       * 
!  If you have any difficulties in running this program or come across technical                        * 
!  issues, please email to Daisuke Minakata:                                                            * 
!  Daisuke.Minakata@gatech.edu                                                                          * 
!                                                                                                       * 
!  Nomenclature:                                                                                        * 
!                                                                                                       * 
!  NPRIMCH,NSECNCH,NTERTCH  : # of primary,secondary,tertiary C-H bond(s)                               * 
!  NALCOL,NCABXL            : # of alcohol and carboxylic functional group(s)                           * 
!  NS,NSS,NSH               : # of -S-,-S-S-,-SH- functional group(s)                                   * 
!  NCN,NNO2                 : # of -CN and -NO2 functional group(s)                                     * 
!  NCONH2,NCONH,NCON        : # of -CO-NH2, -CO-NH-, -CO-N< functional group(s)                         * 
!  NNH2,NNH,NN              : # of -NH2,_>NH-, >N- functional group(s)                                  * 
!  NNCON                    : # of -N-CO-N- functional group(s)                                         * 
!  NP                       : # of ->P- functional group(s)                                             * 
!  X1(I)              : group contribution factor of functional group R1 for primary C-H bond           * 
!  X2(J),X3(J)        : group contribution factor of functional group R1 and R2 for secondary C-H bond  * 
!  X4(K),X5(K),X6(K)  : group contribution factor of functional group R1,R2,and R3 for tertiary C-H bond* 
!  NADDALK1           : # of basic structure of HH>C=C<H                                                * 
!  NADDALK2           : # of basic structure of HH>C=C<                                                 * 
!  NADDALK3           : # of basic structure of H>C=C<H(cis)                                            * 
!  NADDALK4           : # of basic structure of H>C=C<H(trans)                                          * 
!  NADDALK5           : # of basic structure of H>C=C<                                                  * 
!  NADDALK6           : # of basic structure of >C=C<                                                   *  
!  NBEBC6H5           : # of -C6H5 structure (benzene ring with one functional group)                   * 
!  BENC6H4O           : # of -C6H4 structure (benzene ring with 2 functional groups at ortho-position)  * 
!  BENC6H4M           : # of -C6H4 structure (benzene ring with 2 functional groups at meta-position)   * 
!  BENC6H4P           : # of -C6H4 structure (benzene ring with 2 functional groups at para-position)   * 
!  BENC6H3A           : # of -C6H3 structure (benzene ring with 3 functional groups at 1,2,3-positions) * 
!  BENC6H3B           : # of -C6H3 structure (benzene ring with 3 functional groups at 1,2,4-positions) * 
!  BENC6H3C           : # of -C6H3 structure (benzene ring with 3 functional groups at 1,3,5-positions) * 
!  BENC6H2A      : # of -C6H2 structure (benzene ring with 4 functional groups at 1,2,3,4-positions)    * 
!  BENC6H2B      : # of -C6H2 structure (benzene ring with 4 functional groups at 1,2,3,5-positions)    * 
!  BENC6H2C      : # of -C6H2 structure (benzene ring with 4 functional groups at 1,2,4,5-positions)    * 
!  BENC6HC       : # of -C6H  structure (benzene ring with 5 functional groups at 1,2,3,4,5-positions)  *  
!  BENC6         : # of -C6   structure (benzene ring with 6 functional groups at 1,2,3,4,5,6-positions)*                         
!  PYR1,PYR2,PYR3: # of pyridine structures with a fucntional group at 2-,3-,4-position,respectively    * 
!  PYR4,PYR5     : # of pyridine structures with two functional groups at 2,6- and 3,5-positions        * 
!  PYR6          : # of pyridine structures with three functional groups at 2,4,6-positions             * 
!  FUR1,FUR2     : # of furan structures with one and two functional groups at 2- and 2,5-positions     * 
!  IMI           : # of imidazole basic structure                                                       * 
!  TRI           : # of triazine basic structure                                                        *                         
!  OVALLRATE     : overall HO* reaction rate constant, M-1s-1                                           * 
!  HABSTRATE     : partial HO* rate constant for H-atom abstraction                                     *    
!  INTRATE       : partial HO* rate constant to interact with S-,N-,or P-atom containing compounds      *  
!  ADDALKRATE    : partial HO* rate constant for HO* to add alkene                                      * 
!  ADDARMRATE    : partial HO* rate constant for HO* to add aromatic compounds                          * 
!******************************************************************************************************** 
 
PROGRAM GCMIdentifier 
 
IMPLICIT NONE 
 
INTEGER         :: I, J, K 
INTEGER         :: L1,L2,L3,L4,L5,L6 
INTEGER         :: B1,B2,B3,B4,B5,B6 
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INTEGER         :: P1,P2,P3,P4,P5,P6 
INTEGER         :: F1,F2 
INTEGER         :: I1 
INTEGER         :: T1 
 
REAL            :: NPRIMCH, NSECNCH, NTERTCH, NALCOL, NCABXL 
REAL            :: NS,NSS,NSO,NSH,NCN,NNO2,NCONH2,NCONH,NCON,NNH2,NNH,NN,NNCON,NP 
REAL            :: NADDALK1,NADDALK2,NADDALK3,NADDALK4,NADDALK5,NADDALK6 
REAL            :: NBENC6H5 
REAL            :: BENC6H4,BENC6H4O,BENC6H4M,BENC6H4P 
REAL            :: BENC6H3,BENC6H3A,BENC6H3B,BENC6H3C 
REAL            :: BENC6H2,BENC6H2A,BENC6H2B,BENC6H2C,BENC6H,BENC6 
REAL            :: PYR1,PYR2,PYR3,PYR4,PYR5,PYR6 
REAL            :: FUR1,FUR2 
REAL            :: IMI 
REAL            :: TRZ 
 
REAL, PARAMETER            :: NMAXN =100 
REAL, PARAMETER            :: NMAXFUN = 197 
 
REAL, DIMENSION(0:NMAXFUN) :: z 
REAL, DIMENSION(0:NMAXFUN) :: y 
REAL, DIMENSION(0:NMAXFUN) :: X1,X2,X3,X4,X5,X6 
REAL, DIMENSION(0:NMAXFUN) :: Y1,Y2,Y3,Y4,Y5,Y6,Y7,Y8,Y9,Y10,Y11,Y12,Y13,Y14 
REAL, DIMENSION(0:NMAXFUN) :: Z1,Z2,Z3,Z4,Z5,Z6,Z7,Z8,Z9,Z10 
REAL, DIMENSION(0:NMAXFUN) :: Z11,Z12,Z13,Z14,Z15,Z16,Z17,Z18,Z19,Z20 
REAL, DIMENSION(0:NMAXFUN) :: Z21,Z22,Z23,Z24,Z25,Z26,Z27,Z28,Z29,Z30 
REAL, DIMENSION(0:NMAXFUN) :: Z31,Z32,Z33,Z34,Z35,Z36,Z37,Z38,Z39,Z40 
REAL, DIMENSION(0:NMAXFUN) :: Z41,Z42,Z43,Z44,Z45,Z46,Z47,Z48,Z49,Z50 
REAL, DIMENSION(0:NMAXFUN) :: Z51,Z52,Z53,Z54,Z55,Z56,Z57 
 
REAL, DIMENSION(0:NMAXN)   :: PRATEPRIM, PRATESECN, PRATETERT 
 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDALK1,PRATEADDALK2,PRATEADDALK3 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDALK4,PRATEADDALK5,PRATEADDALK6 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDBEN1 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDBEN2 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDBEN2ORTH,PRATEADDBEN2META,PRATEADDBEN2PARA 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDBEN3 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDBEN3A,PRATEADDBEN3B,PRATEADDBEN3C 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDBEN4 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDBEN4A,PRATEADDBEN4B,PRATEADDBEN4C 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDBEN5,PRATEADDBEN6 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDPYR1,PRATEADDPYR2,PRATEADDPYR3 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDPYR4,PRATEADDPYR5,PRATEADDPYR6 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDFUR1,PRATEADDFUR2 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDIMI1 
REAL, DIMENSION(0:NMAXN)   :: PRATEADDTRZ1 
 
REAL            :: OVALLRATE,HABSTRATE,ADDALKRATE,GRATEALCOL,GRATECABXL 
REAL            :: INTRATE 
REAL            :: GRATES,GRATESS,GRATESO,GRATESH,GRATECN,GRATENO2,GRATECONH2 
REAL            :: GRATECONH,GRATECON,GRATENH2,GRATENH,GRATEN,GRATENCON,GRATEP 
REAL            :: ADDARMRATE,PRATEADDBEN,PRATEADDPYR,PRATEADDFUR,PRATEADDIMI,PRATEADDTRZ 
  
  
CHARACTER*80  :: fn_output 
 
!**parameters** 
y(1)= 1.17401  !'-CH2- 
y(2)= 1.17401  !'-CH< 
y(3) = 1.17401  !'>C< 
y(4) = 0.57803  !'-OH 
y(5)= 1.17580E+08  !k prim 
y(6)= 5.10970E+08  !k sec 
y(7) = 1.99026E+09  !k tert 
y(8) = 9.99996E+07  !k OH 
y(9)= 1.12000  !'-CH3 
y(10)= 0.55103  !'-O- AND -C-O- 
y(11)= 0.15399  !'-CO 
y(12)= 0.15399  !'-CH2-CO-   
y(13)= 0.15399  !'-CH-CO- 
y(14)= 0.60162  !'-CHO 
y(15)= 0.04300  !'-COOR 
y(16)= 0.00000  !'-OCOR 
y(17)= 0.04300  !'-COOH 
y(18)= 7.00463E+05  !kCOOH 
y(19)= 0.00000  !'-F 
y(20)= 0.20319  !'-Cl 
y(21)= 0.37668  !'-Br 
y(22)= 0.10180  !'-CF3 
y(23)= 0.00000  !'-CF2- 
y(24)= 0.11225  !'-CCl3 
y(25)= 2.38950  !'-S 
y(26)= 2.38950  !'-S-S- 
y(27)= 2.36093E+09  !'k -S- 
y(28)= 3.67296E+09  !'k -S-S- 
y(29)= 0.44480  !'-SO- 
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y(30)= 1.91952E+09  !'k -SO- 
y(31) = 2.38950  !'-SH- 
y(32) = 9.93380E+08  !k-SH- 
y(33) = 0.00292  !'-CN 
y(34) = 5.54903E+06  !k-CN 
y(35)= 0.00000  !'-NO2 
y(36)= 1.32607E+08  !k-NO2 
y(37) = 0.15399  !'-CO-NH2 
y(38) = 0.15399  !'-CO-NH- 
y(39)= 0.15399  !'-CO-N< 
y(40)= 9.98120E+07  !k -CO-NH2 
y(41)= 5.00446E+08  !k -CO-NH- 
y(42)= 9.98491E+08  !k -CO-N< 
y(43)= 1.62857  !'-NH2 
y(44)= 3.99837E+09  !k-NH2 
y(45)= 1.62857  !'-NH 
y(46)= 1.62857  !'-N< 
y(47)= 0.01054  !'-N-NO 
y(48)= 0.17649  !'-N-NO2 
y(49)= 1.00820E+08  !k-NH- 
y(50)= 3.53248E+09  !k-N< 
y(51)= 0.00000E+00  !k-N-NO 
y(52)= 0.00000E+00  !k-N-NO2 
y(53)= 0.10281  !'-PO 
y(54)= 2.57962E+07  !k PO, PO3 
y(55)= 1.00000  !'-H 
y(56)= 0.36000  !'=O 
y(57)= 0.15399  !->C-CO- 
y(58)= 3.18576  !-N-CO- 
y(59)= 0.00004  !-P<- 
y(60)= 0.86006  !-RS5 
y(61)= 0.05199  !-RS3 
y(62)= 0.94498  !-O-second 
y(63)= 0.00000  !-O-fluorinated 
y(64)= 0.00000  !-O-C-C-fluorinated 
y(65)= 0.36708  !-CH2Br 
y(66)= 0.36708  !-CH2Cl 
y(67)= 0.36708  !-CHCl2 
y(68)= 0.36708  !-CHBr2 
y(69)= 0.36708  !-CHCl- 
y(70)= 0.00000  !-CH2CN 
y(71)= 0.00000  !-CH2-NO2 
y(72)= 0.00000  !-CH-NO2 
y(73)= 0.00000  !-CH2-O- 
y(74)= 9.99990E+09  !k HH>C=C<H-1 
y(75)= 1.01020E+08  !k HH>C=C<H-2 
y(76)= 9.78771E+10  !k HH>C=C< -1 
y(77)= 3.16106E+09  !k HH>C=C< -2 
y(78)= 3.01102E+10  !k H>C=C<H (cis) 
y(79)= 0.51475  !-CN(uns) 
y(80)= 0.38893  !-CH2-(uns) 
y(81)= 0.59969  !-CO-(uns) 
y(82)= 0.00000  !-OH(uns) 
y(83)= 0.59969  !-CHO(uns) 
y(84)= 0.23449  !-COOH(uns) 
y(85)= 0.23449  !-COOR(uns) 
y(86)= 0.21000  !-Cl(uns) 
y(87)= 0.17115  !-CH3(uns) 
y(88)= 0.59969  !-CO-NH2(uns) 
y(89)= 1.00000  !>C=C< 
y(90)= 1.00000  !-C6H5 
y(91)= 1.02285E+09  !k-C6H5-2,6 
y(92)= 1.29419E+09  !k-C6H5-3,5 
y(93)= 9.14417E+08  !k-C6H5-4 
y(94)= 1.00078  !-CH2-(Ar) 
y(95)= 1.26917  !-OH(Ar) 
y(96)= 0.97265  !-F(Ar) 
y(97)= 0.97811  !-Cl(Ar) 
y(98)= 0.87842  !-Br(Ar) 
y(99)= 0.82106  !'-I(Ar) 
y(100)= 0.41111  !'-CN(Ar) 
y(101)= 0.40518  !-NO2(Ar) 
y(102)= 0.67178  !-CHO(Ar) 
y(103)= 0.67967  !-COOH(Ar) 
y(104)= 0.98129  !-CO-(Ar) 
y(105)= 0.84219  !-CONH2 (Ar) 
y(106)= 0.65601  !-SO- (Ar) 
y(107)= 0.85532  !-NH-CO-(Ar) 
y(108)= 0.37331  !-SO3H (Ar) 
y(109)= 1.10547  !-NH- (Ar) 
y(110)= 1.00078  !-CH< (Ar) 
y(111)= 1.03424  !-O- (Ar) 
y(112)= 1.00078  !-CH3 (Ar) 
y(113)= 1.00078  !>C< (Ar) 
y(114)= 1.48110  !-NH2 (Ar) 
y(115)= 1.78102E+09  !k-C6H4 (o-Ar)-3,6 
y(116)= 7.05874E+08  !k-C6H4 (o-Ar)-4,5 
y(117)= 9.88668E+08  !k-C6H4 (m-Ar)-2 
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y(118)= 1.69648E+09  !k-C6H4 (m-Ar)-4,6 
y(119)= 1.90707E+09  !k-C6H4 (m-Ar)-5 
y(120)= 7.12780E+08  !k-C6H4 (p-Ar)-2,6 
y(121)= 1.92019E+09  !k-C6H4 (p-Ar)-2,6 
y(122)= 2.15116E+09  !k-C6H3 (1,2,3-Ar)-4,6 
y(123)= 1.63538E+09  !k-C6H3 (1,2,3-Ar)-5 
y(124)= 2.79648E+09  !k-C6H3 (1,2,4-Ar)-3 
y(125)= 3.06673E+08  !k-C6H3 (1,2,4-Ar)-5 
y(126)= 1.13033E+09  !k-C6H3 (1,2,4-Ar)-6 
y(127)= 1.67605E+09  !k-C6H3 (1,3,5-Ar) 
y(128)= 1.97249  !-OH  (Pyr) 
y(129)= 0.01078  !-COOH (Pyr) 
y(130)= 1.00000  !-pyr 
y(131)= 9.89963E+08  !k(2-pyr)-3,6 
y(132)= 2.92815E+08  !k(2-pyr)-4,5 
y(133)= 4.56050E+08  !k(3-pyr)-2 
y(134)= 8.22558E+08  !k(3-pyr)-4,6 
y(135)= 2.49180E+07  !k(3-pyr)-5 
y(136)= 7.90881E+08  !k(4-pyr)-2,6 
y(137)= 8.88526E+08  !k(4-pyr)-3,5 
y(138)= 1.02552E+09  !k(2,6-pyr)-3,5 
y(139)= 7.31676E+08  !k(2,6-pyr)-4 
y(140)= 3.70768E+09  !k(3,5-pyr)-2,6 
y(141)= 7.92572E+08  !k(3,5-pyr)-4 
y(142)= 7.61212E+08  !k(2,4,6-pyr)-3,5 
y(143)= 0.49841  !-CONH2(Pyr) 
y(144)= 0.96179  !-CH3 (Pyr) 
y(145)= 1.74733  !-NH2 (Pyr) 
y(146)= 0.60347  !-Br  (Pyr) 
y(147)= 0.81204  !-Cl  (Pyr) 
y(148)= 0.33275  !-CN  (Pyr) 
y(149)= 1.00000  !-fur 
y(150)= 3.92420E+09  !-k(2-fur)-3 
y(151)= 4.81346E+09  !-k(2-fur)-4 
y(152)= 1.41939E+09  !-k(2-fur)-5 
y(153)= 1.23883  !-CH3 (fur) 
y(154)= 1.23883  !-CH2-(fur) 
y(155)= 0.64680  !-CHO (fur) 
y(156)= 5.70629E+09  !-k(5-furfural)-3 
y(157)= 5.70629E+09  !-k(5-furfural)-4 
y(158)= 0.60013  !-COOH (fur) 
y(159)= 1.02225  !-O-  (5-furfural) 
y(160)= 0.77850  !-NO2 (5-furfural) 
y(161)= 0.90311  !-CH-CN-(fur) 
y(162)= 408844.05370 !k-N-CO-N 
y(163)= 0.00000  !-CO(cyclic)(uns) 
y(164)= 0.00000  !-N<(uns)  
y(165)= 0.00000      !k H>C=C< -1 
y(166)= 0.00000      !k H>C=C< -2 
y(167)= 0.00000  !-Br (uns) 
y(168)= 0.00000  !-F  (uns) 
y(169)= 0.00000  !-NO2(uns) 
y(170)= 5.14211E+11  !k >C=C<  
y(171)= 0.00000  !-NH2(uns) 
y(172)= 1.00000  !-Iimid 
y(173)= 1.70508E+09  !k(imid)-1 
y(174)= 1.08285E+09  !k(imid)-2 
y(175)= 0.40621  !-CO-   (fur) 
y(176)= 0.61015  !-CONH2-(fur) 
y(177)= 0.94316  !-C6H5  (fur) 
y(178)= 0.64680  !-Br    (fur) 
y(179)= 1.23883  !-CH<   (fur) 
y(180)= 4.13229E+06  !k(triazine) 
y(181)= 0.00000  !-OH (Triazine) 
y(182)= 0.21404  !-O  (Triazine) 
y(183)= 0.99757  !-Cl (Triazine) 
y(184)= 4.94660  !-NH2(Triazine) 
y(185)= 0.04155  !-NH-(Triazine) 
y(186) =1.82626  !-S- (Triazine) 
y(187)= 5.21229E+10 ! H>C=C<H (trans) 
y(188)= 3.11655E+08  !kC6H6 
y(189)= 7.06349E+09  !kC6H5 
y(190)= 3.68416E+09  !kC6H4-1,2,3,4 
y(191)= 2.80386E+09  !kC6H4-1,2,3,5 
y(192)= 3.52577E+09  !kC6H4-1,2,4,5 
y(193)= 0.68103  !->C-O- 
y(194)= 1.61412  !-N< (imid) 
y(195)= 0.73095  !-CO (imid) 
y(196)= 1.42538  !-NH-(imid) 
y(197)= 1.16621  !-Alk(imid) 
 
!**end of parameters** 
 
!*********************************************************************************************** 
!H-atom abstraction reaction from C-H bond 
!*********************************************************************************************** 
 
OPEN(7, file='GCM_INPUT.txt', status='unknown') 
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PRINT*, "**************************************************************" 
PRINT*, "H-atom abstraction" 
PRINT*, "**************************************************************" 
 
!The effect of functional groups includes alkane, oxygenated, alkyl halides, 
!S-, N-, or P-atom containing functional groups.   
 
!Primary C-H bond(s) (kprim*Xi) 
    PRINT*, "The number of primary C-H bonds presented in the molecule"  
    READ (7,*) NPRIMCH 
    IF (NPRIMCH == 0.0) THEN 
         PRATEPRIM(NPRIMCH)=0.0 
     
    ELSE IF (NPRIMCH >= 1.) THEN 
        PRINT*, "Input group contribution factors of functional groups X of R1 & 
                & from the supplement material Tables"  
        DO 10 I=1,NPRIMCH 
        READ(7,*) X1(I) 
            PRATEPRIM(NPRIMCH)=PRATEPRIM(NPRIMCH)+3*y(5)*X1(I)      !kCH3R1 
10      CONTINUE                   
    END IF 
 
!Secondary C-H bond(s) (ksec*Xi*Xi) 
    PRINT*, "The number of secondary C-H bonds presented in the molecule"  
    READ (7,*) NSECNCH 
    IF (NSECNCH == 0.0) THEN 
         PRATESECN(NSECNCH)=0.0 
     
    ELSE IF (NSECNCH >= 1.) THEN 
        PRINT*, "Input group contribution factors of functional groups X of R1 & 
                & and X of R2 from the supplement material Tables"  
            DO 20 J=1,NSECNCH 
            READ(7,*) X2(J) 
            READ(7,*) X3(J) 
            PRATESECN(NSECNCH)=PRATESECN(NSECNCH)+2*y(6)*X2(J)*X3(J)   !kCH2R1R2 
20          CONTINUE 
    END IF  
      
!Tertiary C-H bond(s) (ktert*Xi*Xi*Xi) 
    PRINT*, "The number of tertiary C-H bonds presented in the molecule"  
    READ (7,*) NTERTCH 
    IF (NTERTCH == 0.0) THEN 
         PRATETERT(NTERTCH)=0.0 
          
    ELSE IF (NTERTCH >= 1.) THEN 
        PRINT*, "Input group contribution factors of functional groups X of R1,R2,and R3 & 
                & from the supplement material Tables"  
             DO 30 K=1,NTERTCH 
             READ(7,*) X4(K) 
             READ(7,*) X5(K) 
             READ(7,*) X6(K) 
             PRATETERT(NTERTCH)=PRATETERT(NTERTCH)+y(7)*X4(K)*X5(K)*X6(K)   !kCHR1R2R3 
30           CONTINUE 
    END IF  
     
!Group rate constants for alcohol and carboxylic functional group,kR4 
    PRINT*, "The number of alcohol functional group presented in the molecule"    
    READ(7,*) NALCOL 
    GRATEALCOL=NALCOL*y(8)             !k-OH 
     
    PRINT*, "The number of carboxylic functional group presented in the molecule" 
    READ(7,*) NCABXL 
    GRATECABXL=NCABXL*y(18)             !k-COOH 
 
 !HO* rate constant for H-atom abstraction 
    HABSTRATE=PRATEPRIM(NPRIMCH)+PRATESECN(NSECNCH)+PRATETERT(NTERTCH)+GRATEALCOL+GRATECABXL 
      
!******************************************************************************************* 
!HO radical interaction with S, N, P-atom containing compounds 
!******************************************************************************************* 
 
PRINT*, "**************************************************************" 
PRINT*, "HO radical interaction with S, N, P-atom containing compounds" 
PRINT*, "**************************************************************" 
 
!Group rate constant for S-atom containing compounds 
    PRINT*, "The number of -S-" 
    READ(7,*) NS 
    GRATES=NS*y(27)         !k-S- 
     
    PRINT*, "The number of -S-S-" 
    READ(7,*) NSS 
    GRATESS=NSS*y(28)       !k-S-S- 
     
    PRINT*, "The number of -SO-" 
    READ(7,*) NSO 
    GRATESO=NSO*y(30)       !k-SO- 
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    PRINT*, "The number of -SH-" 
    READ(7,*) NSH 
    GRATESH=NSH*y(32)       !k-SH- 
     
!Group rate constant for N-atom containing compounds  
    PRINT*, "The number of -CN" 
    READ(7,*) NCN 
    GRATECN=NCN*y(34)           !k-CN 
     
    PRINT*, "The number of -NO2" 
    READ(7,*) NNO2 
    GRATENO2=NNO2*y(36)         !k-NO2 
     
    PRINT*, "The number of -CO-NH2" 
    READ(7,*) NCONH2 
    GRATECONH2=NCONH2*y(40)     !k-CO-NH2    
     
    PRINT*, "The number of -CO-NH-" 
    READ(7,*) NCONH 
    GRATECONH=NCONH*y(41)       !k-CO-NH- 
     
    PRINT*, "The number of -CO-N<" 
    READ(7,*) NCON 
    GRATECON=NCON*y(42)         !k-CO-N< 
     
    PRINT*, "The number of -NH2" 
    READ(7,*) NNH2 
    GRATENH2=NNH2*y(44)         !k-NH2 
     
    PRINT*, "The number of -NH-" 
    READ(7,*) NNH 
    GRATENH=NNH*y(49)           !k-NH- 
     
    PRINT*, "The number of -N<" 
    READ(7,*) NN 
    GRATEN=NN*y(50)             !k-N< 
     
    PRINT*, "The number of -N-CO-N" 
    READ(7,*) NNCON 
    GRATENCON=NNCON*y(162)      !k-N-CO-N 
     
!Group rate constant for P-atom containing compounds 
    PRINT*, "The number of -PO, PO3" 
    READ(7,*) NP 
    GRATEP=NP*y(54)             !k-P<- 
     
!k for interaction with S-, N-, or P-atom containing compounds 
 
    INTRATE=GRATES+GRATESS+GRATESO+GRATESH+GRATECN+GRATENO2+GRATECONH2+GRATECONH+GRATECON & 
&    +GRATENH2+GRATENH+GRATEN+GRATENCON+GRATEP 
 
!********************************************************************************************* 
!HO radical addition to alkenes 
!********************************************************************************************* 
 
PRINT*, "**************************************************************" 
PRINT*, "HO radical addition to alkenes" 
PRINT*, "**************************************************************" 
 
    PRINT*, "Basic structure that includes C=C bond are: & 
    &(1)HH>C=C<H, (2)HH>C=C<,(3)H>C=C<H(cis),(4)H>C=C<H(trans),(5)H>C=C<, and (6) >C=C<" 
    PRINT*, "The number of basic structure 'HH>C=C<H' presented in the molecule"  
    READ (7,*) NADDALK1 
        IF (NADDALK1 == 0.0) THEN 
            PRATEADDALK1(NADDALK1)=0.0 
         
        ELSE IF (NADDALK1 >= 1.) THEN 
            PRINT*, "Input group contribution factor, Y of R1 " 
            DO 40 L1=1,NADDALK1 
            READ (7,*) Y1(L1) 
                PRATEADDALK1(NADDALK1)=PRATEADDALK1(NADDALK1)+(y(74)+y(75))*Y1(L1) 
40          CONTINUE               
        END IF  
    
    PRINT*, "The number of basic structure 'HH>C=C<' presented in the molecule"  
    READ(7,*) NADDALK2 
        IF (NADDALK2 == 0.0) THEN 
            PRATEADDALK2(NADDALK2)=0.0 
             
        ELSE IF (NADDALK2 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Y of R1 and R2" 
            DO 50 L2=1,NADDALK2 
            READ (7,*) Y2(L2) 
            READ (7,*) Y3(L2) 
                PRATEADDALK2(NADDALK2)=PRATEADDALK2(NADDALK2)+(y(76)+y(77))*Y2(L2)*Y3(L2) 
50          CONTINUE 
        END IF  
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    PRINT*, "The number of basic structure 'H>C=C<H(cis)' presented in the molecule"  
    READ(7,*) NADDALK3 
        IF (NADDALK3 == 0.0) THEN 
            PRATEADDALK3(NADDALK3)=0.0 
         
        ELSE IF (NADDALK3 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Y of R1 and R2" 
            DO 60 L3=1,NADDALK3 
            READ (7,*) Y4(L3) 
            READ (7,*) Y5(L3) 
                PRATEADDALK3(NADDALK3)=PRATEADDALK3(NADDALK3)+2*y(78)*Y4(L3)*Y5(L3) 
60          CONTINUE 
        END IF  
         
    PRINT*, "The number of basic structure 'H>C=C<H(trans)' presented in the molecule"  
    READ(7,*) NADDALK4 
        IF (NADDALK4 == 0.0) THEN 
        PRATEADDALK4(NADDALK4)=0.0 
         
        ELSE IF (NADDALK4 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Y of R1 and R2" 
            DO 70 L4=1,NADDALK4 
            READ (7,*) Y6(L4) 
            READ (7,*) Y7(L4) 
                PRATEADDALK4(NADDALK4)=PRATEADDALK4(NADDALK4)+2*y(187)*Y6(L4)*Y7(L4) 
70          CONTINUE 
        END IF  
     
    PRINT*, "The number of basic structure 'H>C=C<' presented in the molecule"  
    READ(7,*) NADDALK5 
        IF (NADDALK5 == 0.0) THEN 
        PRATEADDALK5(NADDALK5)=0.0 
         
        ELSE IF (NADDALK5 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Y of R1, R2, and R3" 
            DO 80 L5=1,NADDALK5 
            READ (7,*) Y8(L5) 
            READ (7,*) Y9(L5) 
            READ (7,*) Y10(L5) 
                PRATEADDALK5(NADDALK5)=PRATEADDALK5(NADDALK5)+2*(y(165)+y(166))*Y8(L5)*Y9(L5)*Y10(L5) 
80          CONTINUE 
        END IF  
    
    PRINT*, "The number of basic structure '>C=C<' presented in the molecule"  
    READ(7,*) NADDALK6 
        IF (NADDALK6 == 0.0) THEN 
        PRATEADDALK6(NADDALK6)=0.0 
         
        ELSE IF (NADDALK6 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Y of R1,R2,R3,and R4" 
            DO 90 L6=1,NADDALK6 
            READ (7,*) Y11(L6) 
            READ (7,*) Y12(L6) 
            READ (7,*) Y13(L6) 
            READ (7,*) Y14(L6) 
                PRATEADDALK6(NADDALK6)=PRATEADDALK6(NADDALK6)+y(170)*Y11(L6)*Y12(L6)*Y13(L6)*Y14(L6) 
90          CONTINUE 
        END IF  
     
    ADDALKRATE=PRATEADDALK1(NADDALK1)& 
   & +PRATEADDALK2(NADDALK2) & 
   & +PRATEADDALK3(NADDALK3) & 
   & +PRATEADDALK4(NADDALK4) & 
   & +PRATEADDALK5(NADDALK5) & 
   & +PRATEADDALK6(NADDALK6) 
 
!*********************************************************************************************** 
!HO addition to aromatic compounds  
!*********************************************************************************************** 
 
PRINT*, "**************************************************************" 
PRINT*, "HO addition to aromatic compounds" 
PRINT*, "**************************************************************" 
PRINT*, " " 
 
!Benzene  
 
PRINT*, "The # of -C6H5 with one functional group" 
    READ(7,*) NBENC6H5          
        IF (NBENC6H5 == 0.0) THEN 
            PRATEADDBEN1(NBENC6H5)=0.0 
        ELSE IF (NBENC6H5 >= 1.) THEN                             
            PRINT*, "Input group contribution factor, Z of R1" 
                DO 100 B1=1,NBENC6H5 
                READ(7,*) Z1(B1) 
                PRATEADDBEN1(NBENC6H5)=PRATEADDBEN1(NBENC6H5)+(2*y(91)+2*y(92)+y(93))*Z1(B1)     !k-C6H5                          
100             CONTINUE 
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        END IF   
  
PRINT*, "The # of -C6H4 with one functional group at 'ortho-' position" 
    READ(7,*) BENC6H4O 
        IF (BENC6H4O == 0.0) THEN 
            PRATEADDBEN2ORTH(BENC6H4O)=0.0 
        ELSE IF (BENC6H4O >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1 and R2" 
                DO 110 B2=1,BENC6H4O 
                READ(7,*) Z2(B2) 
                READ(7,*) Z3(B2)  
                PRATEADDBEN2ORTH(BENC6H4O)=PRATEADDBEN2ORTH(BENC6H4O)+(2*y(115)+2*y(116))*Z2(B2)*Z3(B2) !k-
C6H4(ortho) 
110             CONTINUE 
        END IF   
   
PRINT*, "The # of -C6H4 with one functional group at 'meta-' position" 
    READ(7,*) BENC6H4M 
        IF (BENC6H4M == 0.0) THEN 
            PRATEADDBEN2META(BENC6H4M)=0.0 
        ELSE IF (BENC6H4M >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1 and R2" 
                DO 120 B2=1,BENC6H4M 
                READ(7,*) Z4(B2) 
                READ(7,*) Z5(B2)  
                PRATEADDBEN2META(BENC6H4M)=PRATEADDBEN2META(BENC6H4M)+(y(117)+2*y(118)+y(119))*Z4(B2)*Z5(B2) 
!k-C6H4(meta) 
120             CONTINUE 
        END IF          
     
PRINT*, "The # of -C6H4 with one functional group at 'para-' position" 
    READ(7,*) BENC6H4P 
        IF (BENC6H4P == 0.0) THEN 
            PRATEADDBEN2PARA(BENC6H4P)=0.0 
        ELSE IF (BENC6H4P >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1 and R2" 
                DO 130 B2=1,BENC6H4P 
                READ(7,*) Z6(B2) 
                READ(7,*) Z7(B2)  
                PRATEADDBEN2PARA(BENC6H4P)=PRATEADDBEN2PARA(BENC6H4P)+(2*y(120)+2*y(121))*Z6(B2)*Z7(B2) !k-
C6H4(para) 
130             CONTINUE 
        END IF      
         
PRATEADDBEN2(BENC6H4)= PRATEADDBEN2ORTH(BENC6H4O)+PRATEADDBEN2META(BENC6H4M)+PRATEADDBEN2PARA(BENC6H4P)    
 
 
PRINT*, "The # of -C6H3 with one functional group at (1,2,3-Ar) position (called position A)" 
    READ(7,*) BENC6H3A 
        IF (BENC6H3A == 0.0) THEN 
            PRATEADDBEN3A(BENC6H3A)=0.0 
        ELSE IF (BENC6H3A >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1,R2 and R3" 
                DO 140 B3=1,BENC6H3A 
                READ(7,*) Z8(B3) 
                READ(7,*) Z9(B3)  
                READ(7,*) Z10(B3) 
                PRATEADDBEN3A(BENC6H3A)=PRATEADDBEN3A(BENC6H3A)+(2*y(122)+y(123))*Z8(B3)*Z9(B3)*Z10(B3)  !k-
C6H3(1,2,3-Ar) 
140             CONTINUE 
        END IF 
         
PRINT*, "The # of -C6H3 with one functional group at (1,2,4-Ar) position (called position B)" 
    READ(7,*) BENC6H3B 
        IF (BENC6H3B == 0.0) THEN 
            PRATEADDBEN3B(BENC6H3B)=0.0 
        ELSE IF (BENC6H3B >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1,R2 and R3" 
                DO 150 B3=1,BENC6H3B 
                READ(7,*) Z11(B3) 
                READ(7,*) Z12(B3)  
                READ(7,*) Z13(B3) 
                PRATEADDBEN3B(BENC6H3B)=PRATEADDBEN3B(BENC6H3B)+(y(124)+y(125)+y(126))*Z11(B3)*Z12(B3)*Z13(B3) 
!k-C6H3(1,2,4-Ar)  
150             CONTINUE 
        END IF        
         
PRINT*, "The # of -C6H3 with one functional group at (1,3,5-Ar) position (called position C)" 
    READ(7,*) BENC6H3C 
        IF (BENC6H3C == 0.0) THEN 
            PRATEADDBEN3C(BENC6H3C)=0.0 
        ELSE IF (BENC6H3C >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1,R2 and R3" 
                DO 160 B3=1,BENC6H3C 
                READ(7,*) Z14(B3) 
                READ(7,*) Z15(B3)  
                READ(7,*) Z16(B3) 
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                PRATEADDBEN3C(BENC6H3C)=PRATEADDBEN3C(BENC6H3C)+(3*y(127))*Z14(B3)*Z15(B3)*Z16(B3)   !k-
C6H3(1,3,5-Ar) 
160             CONTINUE 
        END IF     
 
PRATEADDBEN3(BENC6H3)= PRATEADDBEN3A(BENC6H3A)+PRATEADDBEN3B(BENC6H3B)+PRATEADDBEN3C(BENC6H3C) 
 
                     
PRINT*, "The # of -C6H2 with one functional group at (1,2,3,4-Ar) position (called position A)" 
    READ(7,*) BENC6H2A 
        IF (BENC6H2A == 0.0) THEN 
            PRATEADDBEN4A(BENC6H2A)=0.0 
        ELSE IF (BENC6H2A >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1,R2,R3 and R4" 
                DO 170 B4=1,BENC6H2A 
                READ(7,*) Z17(B4) 
                READ(7,*) Z18(B4)  
                READ(7,*) Z19(B4) 
                READ(7,*) Z20(B4) 
                PRATEADDBEN4A(BENC6H2A)=PRATEADDBEN4A(BENC6H2A)+(2*y(190))*Z17(B4)*Z18(B4)*Z19(B4)*Z20(B4)!k-
C6H2(1,2,3,4-Ar) 
170             CONTINUE 
        END IF  
         
PRINT*, "The # of -C6H2 with one functional group at (1,2,3,5-Ar) position (called position B)" 
    READ(7,*) BENC6H2B 
        IF (BENC6H2B == 0.0) THEN 
            PRATEADDBEN4B(BENC6H2B)=0.0 
        ELSE IF (BENC6H2B >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1,R2,R3 and R4" 
                DO 180 B4=1,BENC6H2B 
                READ(7,*) Z21(B4) 
                READ(7,*) Z22(B4)  
                READ(7,*) Z23(B4) 
                READ(7,*) Z24(B4) 
                PRATEADDBEN4B(BENC6H2B)=PRATEADDBEN4B(BENC6H2B)+(2*y(191))*Z21(B4)*Z22(B4)*Z23(B4)*Z24(B4)    
!k-C6H2(1,2,3,5-Ar) 
180             CONTINUE 
        END IF  
         
PRINT*, "The # of -C6H2 with one functional group at (1,2,4,5-Ar) position (called position C)" 
    READ(7,*) BENC6H2C 
        IF (BENC6H2C == 0.0) THEN 
            PRATEADDBEN4C(BENC6H2C)=0.0 
        ELSE IF (BENC6H2C >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1,R2,R3 and R4" 
                DO 190 B4=1,BENC6H2C 
                READ(7,*) Z25(B4) 
                READ(7,*) Z26(B4)  
                READ(7,*) Z27(B4) 
                READ(7,*) Z28(B4) 
                PRATEADDBEN4C(BENC6H2C)=PRATEADDBEN4C(BENC6H2C)+(2*y(192))*Z25(B4)*Z26(B4)*Z27(B4)*Z28(B4)   
!k-C6H2(1,2,4,5-Ar) 
190             CONTINUE 
        END IF         
          
PRATEADDBEN4(BENC6H2)=PRATEADDBEN4A(BENC6H2A)+PRATEADDBEN4B(BENC6H2B)+PRATEADDBEN4C(BENC6H2C) 
 
            
PRINT*, "The # of -C6H with functional groups at (1,2,3,4,5-Ar) position"  
    READ(7,*) BENC6H 
        IF (BENC6H == 0.0) THEN 
            PRATEADDBEN5(BENC6H)=0.0 
        ELSE IF (BENC6H >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1,R2,R3,R4 and R5" 
                DO 200 B5=1,BENC6H 
                READ(7,*) Z29(B5) 
                READ(7,*) Z30(B5)  
                READ(7,*) Z31(B5) 
                READ(7,*) Z32(B5) 
                READ(7,*) Z33(B5) 
                PRATEADDBEN5(BENC6H)=PRATEADDBEN5(BENC6H)+y(189)*Z29(B5)*Z30(B5)*Z31(B5)*Z32(B5)*Z33(B5)      
!k-C6H(1,2,3,4,5-Ar) 
200             CONTINUE 
        END IF   
             
PRINT*, "The # of -C6 with functional groups at (1,2,3,4,5,6-Ar) position"  
    READ(7,*) BENC6 
        IF (BENC6 == 0.0) THEN 
            PRATEADDBEN6(BENC6)=0.0 
        ELSE IF (BENC6 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1,R2,R3,R4,R5 and R6" 
                DO 210 B6=1,BENC6 
                READ(7,*) Z34(B6) 
                READ(7,*) Z35(B6)  
                READ(7,*) Z36(B6) 
                READ(7,*) Z37(B6) 
                READ(7,*) Z38(B6) 
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                READ(7,*) Z39(B6) 
                
PRATEADDBEN6(BENC6)=PRATEADDBEN6(BENC6)+6*y(188)*Z34(B6)*Z35(B6)*Z36(B6)*Z37(B6)*Z38(B6)*Z39(B6)        !k-
C6(1,2,3,4,5,6-Ar) 
210             CONTINUE 
        END IF 
 
    PRATEADDBEN= PRATEADDBEN1(NBENC6H5) & 
    &           +   PRATEADDBEN2(BENC6H4) & 
    &           +   PRATEADDBEN3(BENC6H3) & 
    &           +   PRATEADDBEN4(BENC6H2) & 
    &           +   PRATEADDBEN5(BENC6H)  & 
    &           +   PRATEADDBEN6(BENC6)                     !overall rate constant for benzene-derivatives  
 
! Pyridine with functional groups   
  
  PRINT*, "The # of pyridine ring with functional group at (2-pyr) position"  
    READ(7,*) PYR1 
        IF (PYR1 == 0.0) THEN 
            PRATEADDPYR1(PYR1)=0.0 
        ELSE IF (PYR1 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1" 
                DO 220 P1=1,PYR1 
                READ(7,*) Z40(P1) 
                PRATEADDPYR1(PYR1)=PRATEADDPYR1(PYR1)+(2*y(131)+2*y(132))*Z40(P1)           !k(2-pyr) 
220             CONTINUE 
        END IF  
  
  PRINT*, "The # of pyridine ring with functional group at (3-pyr) position"  
    READ(7,*) PYR2 
        IF (PYR2 == 0.0) THEN 
            PRATEADDPYR2(PYR2)=0.0 
        ELSE IF (PYR2 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1" 
                DO 230 P2=1,PYR2 
                READ(7,*) Z41(P2) 
                PRATEADDPYR2(PYR2)=PRATEADDPYR2(PYR2)+(y(133)+2*y(134)+y(135))*Z41(P2)       !k(3-pyr)  
230             CONTINUE    
        END IF      
 
  PRINT*, "The # of pyridine ring with functional group at (4-pyr) position"  
    READ(7,*) PYR3 
        IF (PYR3 == 0.0) THEN 
            PRATEADDPYR3(PYR3)=0.0 
        ELSE IF (PYR3 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1" 
                DO 240 P3=1,PYR3 
                READ(7,*) Z42(P3) 
                PRATEADDPYR3(PYR3)=PRATEADDPYR3(PYR3)+(2*y(136)+2*y(137))*Z42(P3)            !k(4-pyr) 
240             CONTINUE   
        END IF 
 
  PRINT*, "The # of pyridine ring with functional group at (2,6-pyr) position"  
    READ(7,*) PYR4 
        IF (PYR4 == 0.0) THEN 
            PRATEADDPYR4(PYR4)=0.0 
        ELSE IF (PYR4 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1 and R2" 
                DO 250 P4=1,PYR4 
                READ(7,*) Z43(P4) 
                READ(7,*) Z44(P4) 
                PRATEADDPYR4(PYR4)=PRATEADDPYR4(PYR4)+(2*y(138)+y(139))*Z43(P4)*Z44(P4)      !k(2,6-pyr) 
250             CONTINUE  
        END IF 
             
  PRINT*, "The # of pyridine ring with functional group at (3,5-pyr)  position"  
    READ(7,*) PYR5 
        IF (PYR5 == 0.0) THEN 
            PRATEADDPYR5(PYR5)=0.0 
        ELSE IF (PYR5 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1 and R2" 
                DO 260 P5=1,PYR5 
                READ(7,*) Z45(P5) 
                READ(7,*) Z46(P5) 
                PRATEADDPYR5(PYR5)=PRATEADDPYR5(PYR5)+(2*y(140)+y(141))*Z45(P5)*Z46(P5)      !k(3,5-pyr)  
260             CONTINUE  
        END IF 
 
  PRINT*, "The # of pyridine ring with functional group at (2,4,6-pyr)   position"  
    READ(7,*) PYR6 
        IF (PYR6 == 0.0) THEN 
            PRATEADDPYR6(PYR6)=0.0 
        ELSE IF (PYR6 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1,R2 and R3" 
                DO 270 P6=1,PYR6 
                READ(7,*) Z47(P6) 
                READ(7,*) Z48(P6) 
                READ(7,*) Z49(P6) 



 

 252

                PRATEADDPYR6(PYR6)=PRATEADDPYR6(PYR6)+3*y(142)*Z47(P6)*Z48(P6)*Z49(P6)        !k(2,4,6-pyr)  
270             CONTINUE  
        END IF 
 
PRATEADDPYR = PRATEADDPYR1(PYR1)   + & 
&               PRATEADDPYR2(PYR2) + & 
&               PRATEADDPYR3(PYR3) + & 
&               PRATEADDPYR4(PYR4) + & 
&               PRATEADDPYR5(PYR5) + & 
&               PRATEADDPYR6(PYR6) 
 
! furan          
   
  PRINT*, "The # of pyridine ring with functional group at (2-fur)   position"  
    READ(7,*) FUR1 
        IF (FUR1 == 0.0) THEN 
            PRATEADDFUR1(FUR1)=0.0 
        ELSE IF (FUR1 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1" 
                DO 280 F1=1,FUR1 
                READ(7,*) Z50(F1) 
                PRATEADDFUR1(FUR1)=PRATEADDFUR1(FUR1)+(y(150)+y(151)+y(152))*Z50(F1)        !k(2-fur)  
280             CONTINUE  
        END IF 
             
  PRINT*, "The # of pyridine ring with functional group at (5-furfural)   position"  
    READ(7,*) FUR2 
        IF (FUR2 == 0.0) THEN 
            PRATEADDFUR2(FUR2)=0.0 
        ELSE IF (FUR2 >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1 and R2" 
                DO 290 F2=1,FUR2 
                READ(7,*) Z51(F2) 
                READ(7,*) Z52(F2) 
                PRATEADDFUR2(FUR2)=PRATEADDFUR2(FUR2)+(y(156)+y(157))*Z51(F2)*Z52(F2)   !k(5-furfural) 
290             CONTINUE  
        END IF 
 
PRATEADDFUR = PRATEADDFUR1(FUR1) + PRATEADDFUR2(FUR2)    
 
!imidazole  
 
  PRINT*, "The # of imidazole with 2 functional groups at 4,5-positions" 
    READ(7,*) IMI 
        IF (IMI == 0.0) THEN 
            PRATEADDIMI1(IMI)=0.0 
        ELSE IF (IMI >= 1.) THEN 
            PRINT*, "Input group contribution factors, Z of R1 and R2" 
                DO 300 I1=1,IMI 
                READ(7,*) Z53(I1) 
                READ(7,*) Z54(I1) 
                PRATEADDIMI1(IMI)= PRATEADDIMI1(IMI)+(2*y(173)+y(174))*Z53(I1)*Z54(I1)    !k(imidazole)   
300             CONTINUE  
        END IF 
 
PRATEADDIMI = PRATEADDIMI1(IMI)   
 
!triazine  
 
  PRINT*, "The # of triazine with 3 functional groups at 2,4,6-positions"  
    READ(7,*) TRZ 
        IF (TRZ == 0.0) THEN 
            PRATEADDTRZ1(TRZ)=0.0 
             
        ELSE IF (TRZ >= 1) THEN 
            PRINT*, "Input group contribution factors, Z of R1, R2 and R3" 
                DO 310 T1=1,TRZ 
                READ(7,*) Z55(T1) 
                READ(7,*) Z56(T1) 
                READ(7,*) Z57(T1) 
                PRATEADDTRZ1(TRZ)= PRATEADDTRZ1(TRZ)+3*y(180)*Z55(T1)*Z56(T1)*Z57(T1)      !k(triazine)  
310             CONTINUE  
        END IF 
     
PRATEADDTRZ =PRATEADDTRZ1(TRZ) 
     
    ADDARMRATE=PRATEADDBEN+PRATEADDPYR+PRATEADDFUR+PRATEADDIMI+PRATEADDTRZ 
     
    CLOSE(7) 
     
!**************************************************************************************** 
!Calculate overall reaction rate constant for a given molecule     
!**************************************************************************************** 
   OVALLRATE=HABSTRATE+INTRATE+ADDALKRATE+ADDARMRATE 
 
    OPEN(8, file='output.txt', status='unknown') 
    WRITE(8,*) "Calculated HO radical reaction rate constant,M-1s-1" 
    WRITE(8,*) " " 
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    WRITE(8,*) "Overall rate constant" 
    WRITE(8,*) OVALLRATE 
    WRITE(8,*) " "  
    WRITE(8,*) "Partial rate constant for each reaction mechanism" 
    WRITE(8,*) "H-atom abstraction" 
    WRITE(8,*) HABSTRATE  
    WRITE(8,*) "HO radical addition to alkene" 
    WRITE(8,*) ADDALKRATE 
    WRITE(8,*) "HO radical addition to aromatic compound" 
    WRITE(8,*) ADDARMRATE 
    WRITE(8,*) "HO radical interaction" 
    WRITE(8,*) INTRATE 
     
    CLOSE(8) 
 
END PROGRAM GCMIdentifier  
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APPENDIX D: ENERGY OF HIGHEST OCCUPIED MOLECULAR 

ORBITAL AND LOWEST UNOCCUPIED MOLECULAR ORBITAL 
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APPENDIX E: QUANTUM MECHANICALLY OPTIMIZED 

STRUCTURES IN THE GASEOUS AND AQUEOUS PHASES FOR 

NEUTRAL COMPOUNDS 

 The structure on the left is optimized geometry of molecules and radicals in the 

gaseous phase using G1, G2 and G3 methods (i.e., geometry optimization is conducted 

with MP2(Full)/6-31G(d).  The optimized geometry includes numbers and labels of each 

atom as well as atomic charges that were obtained from Mulliken’s charge distribution 

(charges were shown in the parentheses).  The Z-matrix is also given for the gaseous 

phase optimizes structure.  The vector indicates direction of the dipole moment.  The 

structure on the right is optimized geometry that is used for calculating free energy of 

solvation.     

 H2O  

 
Row Highlight Tag Symbol NA NB NC Bond  Angle  Dihedral 
1 No 1 O       
2 No  2  H  1        0.9685687    
3 No  3  H  1  2      0.9685687 103.9827963   

HO• 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral  
1 No 1 O         
2 No 2 H 1          0.9789630    
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CH4  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0894409   
3 No 3 H 1 2  1.0894409 109.4712206  
4 No 4 H 1 2 3 1.0894409 109.4712206 120.0000000 
5 No 5 H 1 2 3 1.0894409 109.4712206 -120.0000000 

CH4 in CPCM 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0898653   
3 No 3 H 1 2  1.0898653 109.4712206  
4 No 4 H 1 2 3 1.0898653 109.4712206 120.0000000 
5 No 5 H 1 2 3 1.0898653 109.4712206 -120.0000000 
TS CH4-HO•  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0872222   
3 No 3 H 1 2  1.0874447 112.3121608  
4 No 4 O 1 2 3 2.4821739 108.2078863 -112.1310642 
5 No 5 H 1 4 3 1.0871626 108.0680387 -118.7274897 
6 No 6 H 1 4 3 1.2259716 5.8798364  177.7599752 
7 No 7 H 4 1 5 0.9778787 93.7778328 -115.7543397 
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TS CH4-HO• in CPCM 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0879907   
3 No 3 H 1 2  1.0875847 112.3822663  
4 No 4 O 1 3 2 2.4923043 101.9002896 115.9528627 
5 No 5 H 1 4 3 1.0876671 107.9830162 -118.6674389 
6 No 6 H 1 4 3 1.2203932 5.5259278  170.5837115 
7 No 7 H 4 1 3 0.9855481 93.3845049 20.390555 
C2H6 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0926187   
3 No 3 H 1 2  1.0926182 107.6918168  
4 No 4 H 1 3 2 1.0926182 107.6917705 -115.8851506 
5 No 5 C 1 3 4 1.5243840 111.1968744 -122.0574157 
6 No 6 H 5 1 3 1.0926187 111.1968643 59.9999827 
7 No 7 H 5 1 3 1.0926182 111.1968744 180.0000000 
8 No 8 H 5 1 3 1.0926182 111.1968744 -60.0000346 
 
C2H6 in CPCM 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0927988   
3 No 3 H 1 2  1.0927989 107.7186035  
4 No 4 H 1 2 3 1.0927989 107.7186035 115.9437789 
5 No 5 C 1 2 3 1.5245500 111.1716097 -122.0281106 
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6 No 6 H 5 1 2 1.0927988 111.1716097 180.0000000 
7 No 7 H 5 1 2 1.0927989 111.1716064 -60.0000058 
8 No 8 H 5 1 2 1.0927989 111.1716064 60.0000058 
 

C2H6-HO• (TS) 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5121286   
3 No 3 H 1 2  1.0912071 113.6682857  
4 No 4 H 1 2 3 1.0910596 114.2188748 127.7562112 
5 No 5 H 2 1 4 1.0917678 111.0371481 -54.7657081 
6 No 6 H 2 1 4 1.0918400 111.0009418 -174.8915413 
7 No 7 H 2 1 4 1.0947889 110.7332447 65.1588403 
8 No 8 O 1 2 5 2.5028296 106.2598884 66.0474791 
9 No 9 H 8 1 2 0.9782489 94.7559645 123.0541796 
10 No 10 H 1 2 8 1.2077062 107.2009548 -5.9397381 
 

C2H6-HO• (TS) in CPCM 
 
 
 
 
 
 
 
 
 
 
Row Highlight Tag Symbol NA NB NC
 Bond Angle Dihedral 
1 No 1 C    
   

2 No 2 C 1   1.5124070   
3 No 3 H 1 2  1.0909110 113.7540938  
4 No 4 H 1 2 3 1.0914026 114.0286441 127.7111756 
5 No 5 H 2 1 3 1.0922465 111.1776478 177.0724345 
6 No 6 H 2 1 3 1.0923069 111.1290542 56.5376858 
7 No 7 H 2 1 3 1.0946419 110.5379493 -63.1725075 
8 No 8 O 1 2 5 2.5142659 107.0738524 64.9934139 
9 No 9 H 8 1 2 0.9856625 93.5742160 99.2063519 
10 No 10 H 1 2 8 1.2043211 108.1494394 -5.2162835 
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Propane (C3H8) 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0935214   
3 No 3 H 1 2  1.0941869 107.8892763  
4 No 4 H 1 2 3 1.0941869 107.8892763 116.0891868 
5 No 5 C 1 2 3 1.5244470 111.5646994 -121.9554066 
6 No 6 H 5 1 2 1.0957086 109.4934811 -58.0825182 
7 No 7 H 5 1 2 1.0957086 109.4934811 58.0825182 
8 No 8 C 5 1 2 1.5244470 112.3912434 180.0000000 
9 No 9 H 8 5 1 1.0941869 110.8247706 59.7543721 
10 No 10 H 8 5 1 1.0935214 111.5646994 180.0000000 
11 No 11 H 8 5 1 1.0941869 110.8247706 -59.7543721 

Propane (C3H8) in CPCM 
 
Row Highlight Tag Symbol NA NB NC
 Bond Angle Dihedral 
1 No 1 C    
   
2 No 2 H 1  
 1.0937473   
3 No 3 H 1 2 
 1.0943707 107.9190969  
4 No 4 H 1 2 3
 1.0943707 107.9190969 116.1691046 
5 No 5 C 1 2 3
 1.5245619 111.5441765 -121.9154477 
6 No 6 H 5 1 2
 1.0958923 109.4874306 -58.1158106 

7 No 7 H 5 1 2 1.0958923 109.4874306 58.1158106 
8 No 8 C 5 1 2 1.5245619 112.3595737 180.0000000 
9 No 9 H 8 5 1 1.0943707 110.7870249 59.7559666 
10 No 10 H 8 5 1 1.0937473 111.5441765 180.0000000 
11 No 11 H 8 5 1 1.0943707 110.7870249 -59.7559666 
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C3H8-HOradical TS1 

 
Row HighlighTag Symbol NA NB NC Bond Angle  Dihedral 
 X  Y  Z 
1 No 1 C        
 -0.0325510 0.2175070  0.0381640 
2 No 2 C 1   1.5128566    
 -0.0410990 0.0618470  1.5429670 
3 No 3 H 1 2  1.0924672 113.4266290  
 0.8844720  -0.1464900 -0.4309410 
4 No 4 H 1 2 3 1.0923491 113.8677853 127.1121200
 -0.9060470 -0.2140400 -0.4557980 
5 No 5 H 2 1 4 1.0944431 109.3238599 -57.7998579
 -0.9457640 0.5243410  1.9497670 
6 No 6 H 2 1 4 1.0945838 109.3701413 -174.0220832
 0.8057810  0.6087640  1.9693350 
7 No 7 O 1 2 5 2.5008216 105.6002886 63.2878354
 0.0705780  2.6805190  -0.3826030 
8 No 8 H 7 1 2 0.9782996 94.3325698 111.3218865
 0.9795680  2.6558570  -0.7434340 
9 No 9 H 1 2 7 1.2086780 107.7123036 -6.1521522
 -0.1065520 1.3981550  -0.2098210 
10 No 10 C 2 1 7 1.5276746 111.9506633 -174.8674707
 0.0241260  -1.4047110 1.9657470 
11 No 11 H 10 2 1 1.0934315 111.0525937 -179.9354835
 0.0159730  -1.5002290 3.0549680 
12 No 12 H 10 2 1 1.0937973 110.9718650 59.9813511
 0.9360390  -1.8795550 1.5924770 
13 No 13 H 10 2 1 1.0936548 110.9173422 -59.8961560
 -0.8300050 -1.9629080 1.5721010 

C3H8-HOradical TS1 in CPCM 
 
Row Highlight Tag Symbol NA NB NC
 Bond Angle Dihedral 
1 No 1 C   
    
2 No 2 C 1  
 1.5131575   
3 No 3 H 1 2 
 1.0920588 113.5431386  
4 No 4 H 1 2 3
 1.0927679 113.5548832 127.1889193 
5 No 5 H 2 1 3
 1.0949335 109.4384084 174.3154433 
6 No 6 H 2 1 3
 1.0951149 109.5082425 57.6701216 
7 No 7 O 1 2 5

 2.5130171 105.3287268 61.1486800 
8 No 8 H 7 1 2 0.9858586 93.3994955 81.4417255 
9 No 9 H 1 2 7 1.2048159 108.6646019 -4.6192586 
10 No 10 C 2 1 7 1.5276409 111.7839674 -177.1877546 
11 No 11 H 10 2 1 1.0935963 111.0176666 179.9707344 
12 No 12 H 10 2 1 1.0937742 110.8774186 59.8789003 
13 No 13 H 10 2 1 1.0937718 110.8318383 -59.9789099 
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C3H8-HOradical TS2 Staggered  

 
Row Highlight   Tag Symbol NA NB NC Bond Angle  Dihedral 
 X  Y  Z 
1 No 1 C        
 0.0433560  0.0689040  0.0687530 
2 No 2 C 1   1.5142781    
 0.0513010  0.3885390  1.5488910 
3 No 3 C 2 1  1.5142773 114.9252361  
 1.3124570  -0.0167780 2.2825390 
4 No 4 H 1 2 3 1.0941535 111.0394491 -55.7235557
 0.9066980  0.5149650  -0.4340810 
5 No 5 H 1 2 3 1.0955269 110.4307196 63.4931515
 0.0923740  -1.0141150 -0.0888740 
6 No 6 H 1 2 3 1.0924229 111.3956270 -176.3823785
 -0.8627670 0.4414060  -0.4145390 
7 No 7 H 2 1 3 1.0943691 111.7177012 -128.6323876
 -0.8466520 0.0129140  2.0491210 
8 No 8 H 2 1 3 1.1946103 107.8346214 120.2829200
 -0.0779770 1.5700700  1.6687470 
9 No 9 H 3 2 1 1.0924224 111.3954823 176.3828806
 1.2830960  0.2965230  3.3286590 
10 No 10 H 3 2 1 1.0941525 111.0393256 55.7244715
 2.1974900  0.4278320  1.8175570 
11 No 11 H 3 2 1 1.0955274 110.4307597 -63.4925662
 1.4369980  -1.1048950 2.2566330 
12 No 12 O 2 1 3 2.5265637 105.4546130 115.6800906
 -0.0310940 2.9096030  1.6937060 
13 No 13 H 12 2 1 0.9786268 93.3027968 -60.9838358
 0.8140420  3.0213350  1.2131110 

C3H8-HOradical TS2 Staggered  in CPCM 
Row Highlight Tag Symbol NA NB
 NC Bond Angle Dihedral 
1 No 1 C   
    
2 No 2 C 1  
 1.5145279   
3 No 3 C 2 1 
 1.5145172 114.7540663  
4 No 4 H 1 2
 3 1.0939767 110.9092943 -
56.3259880 
5 No 5 H 1 2
 3 1.0954579 110.2365389
 62.9396907 
6 No 6 H 1 2
 3 1.0928617 111.4739686 -
177.0866494 

7 No 7 H 2 1 3 1.0947827 111.7005124 -128.4427383 
8 No 8 H 2 1 3 1.1921016 107.7510164 120.0141617 
9 No 9 H 3 2 1 1.0928587 111.4773812 177.1198786 
10 No 10 H 3 2 1 1.0939732 110.9112134 56.3515872 
11 No 11 H 3 2 1 1.0954658 110.2315031 -62.9101292 
12 No 12 O 2 1 3 2.5397858 105.7935971 116.2062476 
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13 No 13 H 12 2 1 0.9859455 93.5745839 -61.2079970 

C3H8-HOradical TS3 Eclipsed  

 
Row HighlighTag Symbol NA NB NC Bond Angle  Dihedral 
 X  Y  Z 
1 No 1 C        
 -0.0747120 0.0015510  0.0293220 
2 No 2 C 1   1.5143162    
 0.0059960  -0.1314570 1.5356250 
3 No 3 C 2 1  1.5143170 114.9391899  
 1.3989850  0.0009400  2.1145970 
4 No 4 H 1 2 3 1.0930913 110.6337006 -56.1264376
 0.3561290  0.9516370  -0.2971150 
5 No 5 H 1 2 3 1.0958220 110.4296167 63.3317263
 0.4830440  -0.8069760 -0.4564950 
6 No 6 H 1 2 3 1.0925403 111.4862733 -176.4772267
 -1.1085760 -0.0409510 -0.3213390 
7 No 7 H 2 1 3 1.0946535 111.6655672 -128.5232437
 -0.4937400 -1.0391950 1.8885300 
8 No 8 H 2 1 3 1.1935836 106.3221937 117.3315285
 -0.6319220 0.7708870  1.9867100 
9 No 9 H 3 2 1 1.0925400 111.4864054 176.4770368
 1.3843910  -0.0419810 3.2061960 
10 No 10 H 3 2 1 1.0930908 110.6337582 56.1260916
 1.8507870  0.9510140  1.8178110 
11 No 11 H 3 2 1 1.0958221 110.4294562 -63.3320260
 2.0428990  -0.8076270 1.7507010 
12 No 12 O 2 1 3 2.5309497 107.7985225 120.2251068
 -1.4301800 1.6884500  2.5510280 
13 No 13 H 12 2 1 0.9785029 95.1465910 117.6903135
 -2.0523290 1.0743000  2.9905940 

C4H10 –Anti Staggered 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5321572   
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3 No 3 C 2 1  1.5340227 113.3152872  
4 No 4 C 3 2 1 1.5321572 113.3152872 179.9897384 
5 No 5 H 1 2 3 1.0963616 111.4699916 179.9922033 
6 No 6 H 1 2 3 1.0973113 111.1566451 -59.8714373 
7 No 7 H 1 2 3 1.0973127 111.1563104 59.8562027 
8 No 8 H 2 1 3 1.0997736 109.4617689 122.0840238 
9 No 9 H 2 1 3 1.0997730 109.4626456 -122.0849654 
10 No 10 H 3 2 1 1.0997738 109.1506682 57.7319241 
11 No 11 H 3 2 1 1.0997736 109.1503755 -57.7519577 
12 No 12 H 4 3 2 1.0963616 111.4699917 179.9929895 
13 No 13 H 4 3 2 1.0973123 111.1563656 59.8568402 
14 No 14 H 4 3 2 1.0973122 111.1565532 -59.8707356 

C4H10 –Gauche staggered dihedral angle = 60 degrees  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5379280   
3 No 3 C 1 2  1.5334313 114.3669905  
4 No 4 C 2 1 3 1.5334313 114.3669905 65.6963061 
5 No 5 H 1 3 2 1.0987111 108.8644577 -121.7647513 
6 No 6 H 1 3 2 1.0998727 109.4242987 122.7025278 
7 No 7 H 2 1 3 1.0998727 109.0825461 -57.1914798 
8 No 8 H 2 1 3 1.0987111 108.6859982 -172.4411496 
9 No 9 H 3 1 2 1.0976039 110.9970755 57.7114576 
10 No 10 H 3 1 2 1.0959628 111.9223309 -62.5025121 
11 No 11 H 3 1 2 1.0963244 111.0736279 177.4453780 
12 No 12 H 4 2 1 1.0963244 111.0736279 177.4453780 
13 No 13 H 4 2 1 1.0976040 110.9971056 57.7115029 
14 No 14 H 4 2 1 1.0959628 111.9223309 -62.5025121 

C4H10 – Gauche staggered dihedral angle = 300 degrees  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5379307   
3 No 3 C 1 2  1.5334312 114.3675327  
4 No 4 C 2 1 3 1.5334312 114.3675327 -65.6947700 
5 No 5 H 1 3 2 1.0987106 108.8645205 121.7648434 
6 No 6 H 1 3 2 1.0998727 109.4241333 -122.7026963 
7 No 7 H 2 1 3 1.0987110 108.6857893 172.4424429 
8 No 8 H 2 1 3 1.0998727 109.0824772 57.1931298 
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9 No 9 H 3 1 2 1.0976037 110.9968063 -57.7119838 
10 No 10 H 3 1 2 1.0963243 111.0740412 -177.4453703 
11 No 11 H 3 1 2 1.0959625 111.9226271 62.5018985 
12 No 12 H 4 2 1 1.0963243 111.0740412 -177.4453703 
13 No 13 H 4 2 1 1.0959625 111.9226271 62.5018985 
14 No 14 H 4 2 1 1.0976037 110.9968063 -57.7119838 

C4H10-HO radical TS1 Anti staggered dihedral angle = 180 degrees  

 
Row Highlight Tag Symbol NA NB NC Bond Angle  Dihedral 
 X  Y  Z 
1 No 1 C       0.1559880 
 -0.3339080 0.2062360 
2 No 2 H 1   1.0923054   0.1948660 
 -0.7102210 1.2309350 
3 No 3 H 1 2  1.2082820 104.0702091 1.2646150 
 -0.5437720 -0.2260240 
4 No 4 H 1 2 3 1.0924193 110.2097568 -114.1283246
 0.0184570  0.7498190  0.2071610 
5 No 5 C 1 2 4 1.5126185 113.8918024 -128.8250075
 -0.8296950 -1.0651190 -0.6779440 
6 No 6 H 5 1 2 1.0957321 109.4930405 -57.8052260
 -0.5793240 -2.1316230 -0.7005830 
7 No 7 H 5 1 2 1.0958993 109.5477781 -174.1917212
 -0.7372040 -0.7027290 -1.7080480 
8 No 8 C 5 1 2 1.5286063 112.4233245 63.9625355
 -2.2739030 -0.8935440 -0.2073460 
9 No 9 H 8 5 1 1.0965051 109.1804691 -57.9354940
 -2.3620320 -1.2549410 0.8241330 
10 No 10 O 1 5 8 2.5020159 105.8700432 -175.0338900
 2.3888880  -0.6028790 -0.8900740 
11 No 11 H 10 1 5 0.9783016 94.2494371 110.8215550
 2.4592990  0.3394550  -1.1432990 
12 No 12 H 8 5 1 1.0966710 109.2198494 58.0117652
 -2.5212080 0.1746030  -0.1830660 
13 No 13 C 8 5 1 1.5248897 112.4472733 -179.9452924
 -3.2679410 -1.6315780 -1.0975610 
14 No 14 H 13 8 5 1.0938284 110.8337676 59.8290218
 -3.0548630 -2.7043480 -1.1124930 
15 No 15 H 13 8 5 1.0934273 111.3842702 179.9950557
 -4.2944220 -1.4973780 -0.7455520 
16 No 16 H 13 8 5 1.0938949 110.8595867 -59.8213593
 -3.2147690 -1.2660370 -2.1272010 



 

 270

C4H10-HO radical TS2 Anti staggered dihedral angle = 180 degrees 

 
Row Highlight Tag Symbol NA NB NC Bond Angle  Dihedral 
 X  Y  Z 
1 No 1 C       0.0024170 
 -0.0040110 -0.0054770 
2 No 2 C 1   1.5146005   -0.0026490
 -0.0040300 1.5091150 
3 No 3 C 2 1  1.5157896 115.3944001 1.3644270 
 0.0099950  2.1637330 
4 No 4 H 1 2 3 1.0941601 111.0828823 -55.6590334
 0.5709780  0.8448190  -0.3971560 
5 No 5 H 1 2 3 1.0954732 110.4089637 63.5638021
 0.4701810  -0.9186190 -0.3859380 
6 No 6 H 1 2 3 1.0926284 111.4416984 -176.3815052
 -1.0118260 0.0497750  -0.4082860 
7 No 7 H 2 1 3 1.0957680 111.8437213 -128.6396151
 -0.6309280 -0.8049430 1.9147150 
8 No 8 H 2 1 3 1.1943153 108.1660887 119.9228278
 -0.5800100 0.9736300  1.8795530 
9 No 9 H 3 2 1 1.0972654 109.1248295 54.2281210
 1.9417350  0.8570780  1.7723800 
10 No 10 H 3 2 1 1.0985396 108.6096820 -60.9899972
 1.9079650  -0.8949690 1.8597660 
11 No 11 O 2 1 3 2.5319514 106.4512793 114.4243772
 -1.0317280 2.1965370  2.2227530 
12 No 12 H 11 2 1 0.9789753 92.7531108 -56.0194648
 -0.3797140 2.7205050  1.7141000 
13 No 13 C 3 2 1 1.5244932 112.7421404 176.6647490
 1.2889830  0.0910560  3.6841990 
14 No 14 H 13 3 2 1.0938864 110.7349786 60.9552732
 0.7604860  -0.7753090 4.0924760 
15 No 15 H 13 3 2 1.0932797 111.3615186 -178.9478261
 2.2861940  0.1184230  4.1315040 
16 No 16 H 13 3 2 1.0923251 110.1536287 -58.3694989
 0.7462970  0.9894700  3.9867190 

C5H12 – Anti Staggered  
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0941147   
3 No 3 H 1 2  1.0941147 107.7270407  
4 No 4 H 1 2 3 1.0936558 107.8641759 116.1928710 
5 No 5 C 1 4 2 1.5247509 111.5347065 -121.9483950 
6 No 6 H 5 1 4 1.0969419 109.6239889 -58.1490982 
7 No 7 H 5 1 4 1.0969419 109.6239889 58.1490982 
8 No 8 C 5 1 4 1.5250730 112.8138762 180.0000000 
9 No 9 H 8 5 1 1.0983327 109.2500797 57.8959964 
10 No 10 H 8 5 1 1.0983327 109.2500797 -57.8959964 
11 No 11 C 8 5 1 1.5250730 113.3827266 180.0000000 
12 No 12 H 11 8 5 1.0969419 109.1446217 57.8790304 
13 No 13 H 11 8 5 1.0969419 109.1446217 -57.8790304 
14 No 14 C 11 8 5 1.5247509 112.8138762 180.0000000 
15 No 15 H 14 11 8 1.0941147 110.8476816 59.7907381 
16 No 16 H 14 11 8 1.0936558 111.5347065 180.0000000 
17 No 17 H 14 11 8 1.0941147 110.8476816 -59.7907381 

C5H12-HO radical TS2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle  Dihedral 
 X Y Z 
1 No 1 C        
 0.0586670  -0.1079310 0.0323560 
2 No 2 C 1   1.5148027    
 0.0126980  0.3936000  1.4609850 
3 No 3 C 2 1  1.5156857 115.3536642  
 1.2829570  0.1884970  2.2620330 
4 No 4 H 1 2 3 1.0941294 111.0736256 -55.6960832
 0.8949050  0.3379990  -0.5144270 
5 No 5 H 1 2 3 1.0954672 110.4014780 63.5291712
 0.1935080  -1.1949020 0.0133740 
6 No 6 H 1 2 3 1.0926808 111.4342469 -176.4089237
 -0.8638950 0.1279770  -0.5035340 
7 No 7 H 2 1 3 1.0957260 111.8088149 -128.6245046
 -0.8638340 0.0138420  1.9977260 
8 No 8 H 2 1 3 1.1941364 108.0840701 119.9975845
 -0.2038480 1.5676480  1.4348920 
9 No 9 H 3 2 1 1.0986229 109.3109568 54.1485102
 2.1303820  0.6278600  1.7181550 
10 No 10 H 3 2 1 1.0998254 108.7742229 -61.1952153
 1.4901590  -0.8896690 2.3271580 
11 No 11 O 2 1 3 2.5322745 106.2776912 114.5289204
 -0.2187300 2.9114560  1.3222180 
12 No 12 H 11 2 1 0.9789901 92.6885645 -57.3843380
 0.5999140  3.0037370  0.7933250 
13 No 13 C 3 2 1 1.5253494 113.2703521 176.5470135
 1.2138330  0.7844090  3.6644600 
14 No 14 H 13 3 2 1.0967702 108.9978229 58.7084155
 0.3765810  0.3273240  4.2057430 
15 No 15 H 13 3 2 1.0948879 108.5453599 -56.8432734
 0.9820620  1.8510320  3.5785700 
16 No 16 C 13 3 2 1.5242680 112.6579605 -179.3031566
 2.5039520  0.5851080  4.4513940 
17 No 17 H 16 13 3 1.0942294 110.9043236 59.9546344
 3.3490330  1.0580460  3.9419770 
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18 No 18 H 16 13 3 1.0934021 111.3674358 -179.9955998
 2.4313360  1.0195990  5.4521300 
19 No 19 H 16 13 3 1.0942427 111.0069678 -59.7900784
 2.7348660  -0.4786300 4.5632300 

C5H12-HO radical TS2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle  Dihedral 
 X  Y  Z 
1 No 1 C        
 -0.0063080 -0.0055230 -0.0068700 
2 No 2 C 1   1.5158948    
 0.0086040  -0.0211430 1.5088710 
3 No 3 C 2 1  1.5158944 116.0438591  
 1.3768580  -0.0048090 2.1612130 
4 No 4 H 1 2 3 1.0972577 109.1922739 -53.6524343
 0.5900780  0.8431390  -0.3647400 
5 No 5 H 1 2 3 1.0984113 108.6877984 61.6507080
 0.4997130  -0.9090150 -0.3731380 
6 No 6 H 2 1 3 1.0971678 111.4678989 -129.0416688
 -0.6170430 -0.8291120 1.9082820 
7 No 7 H 2 1 3 1.1935739 107.3606085 120.0494014
 -0.5749260 0.9513640  1.8808140 
8 No 8 H 3 2 1 1.0972578 109.1922203 53.6533250
 1.9524850  0.8438520  1.7708250 
9 No 9 H 3 2 1 1.0984113 108.6877527 -61.6497199
 1.9225510  -0.9082720 1.8571060 
10 No 10 O 2 1 3 2.5372809 104.6362355 114.7281672
 -1.0495740 2.1841550  2.1831960 
11 No 11 H 10 2 1 0.9792808 92.1361885 -61.2472471
 -0.3478070 2.6998330  1.7353230 
12 No 12 C 3 2 1 1.5248530 112.6511420 176.0599108
 1.3014030  0.0747020  3.6821210 
13 No 13 H 12 3 2 1.0938417 110.7260061 60.9528907
 0.7748440  -0.7932150 4.0894850 
14 No 14 H 12 3 2 1.0933377 111.3882059 -178.9218054
 2.2984470  0.1043580  4.1297940 
15 No 15 H 12 3 2 1.0925555 110.2229687 -58.3400171
 0.7563660  0.9712210  3.9868600 
16 No 16 C 1 2 3 1.5248530 112.6510925 -176.0589554
 -1.4173620 0.0733220  -0.5794840 
17 No 17 H 16 1 2 1.0933382 111.3882413 178.9220501
 -1.4031270 0.1024660  -1.6723410 
18 No 18 H 16 1 2 1.0938421 110.7259913 -60.9526831
 -2.0084590 -0.7946170 -0.2732540 
19 No 19 H 16 1 2 1.0925552 110.2230744 58.3402661
 -1.9236780 0.9698710  -0.2140790 
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CH3OH 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0968545   
3 No 3 H 1 2  1.0896819 108.4853977  
4 No 4 H 1 3 2 1.0968546 108.4853671 118.0037697 
5 No 5 O 1 3 4 1.4228698 106.3070105 120.9981242 
4 No  6  H  5  1  3  0.9699425 107.4141935  ‐180.0000000 

CH3OH – HO radical TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.2038477   
3 No 3 H 1 2  1.0884908 107.2998703  
4 No 4 H 1 3 2 1.0947782 111.9656768 -114.3114758 
5 No 5 O 1 3 4 1.3997471 108.3019882 -126.9658518 
6 No 6 H 5 1 3 0.9717456 107.5303200 177.1109864 
7 No 7 O 1 5 6 2.4775111 96.8954253 -63.7284073 
8 No 8 H 7 1 5 0.9789196 87.9839098 -41.7137783 

CH3CH2OH 
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0917693   
3 No 3 H 1 2  1.0917693 108.4336302  
4 No 4 H 1 2 3 1.0933220 108.8317448 118.2399256 
5 No 5 C 1 2 3 1.5118586 109.9733025 -120.2807483 
6 No 6 H 5 1 2 1.0991518 110.2207610 -179.6193158 
7 No 7 H 5 1 2 1.0991518 110.2207610 -61.0358765 
8 No 8 O 5 1 2 1.4275846 107.0229441 59.6724039 
9 No 9 H 8 5 1 0.9711288 107.7063937 180.0000000 

CH3CH2OH – HO radical TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5023386   
3 No 3 H 1 2  1.0895662 113.0671477  
4 No 4 H 1 2 3 1.0906044 113.4836227 129.3531768 
5 No 5 H 2 1 3 1.0968851 109.9842882 177.8321676 
6 No 6 H 2 1 3 1.0990223 110.4713632 -62.8216968 
7 No 7 O 1 2 5 2.4399043 94.6184081 66.5649571 
8 No 8 H 7 1 2 0.9813564 84.9858821 38.7730367 
9 No 9 H 1 2 7 1.2325561 106.1098348 -4.3034523 
10 No 10 O 2 1 7 1.4332197 106.9336453 -53.8526620 
11 No 11 H 10 2 1 0.9718047 107.9883587 176.8713599 

C2H5OH – HO radical TS2  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5039172   
3 No 3 H 1 2  1.0975523 113.3662599  
4 No 4 H 2 1 3 1.0916567 110.0804241 176.1610098 
5 No 5 H 2 1 3 1.0920903 110.5426179 55.8579099 
6 No 6 H 2 1 3 1.0933156 109.9040588 -64.4988262 
7 No 7 O 1 2 4 2.4933828 114.3272003 47.9292776 
8 No 8 H 7 1 2 0.9790070 84.8379173 -78.9898282 
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9 No 9 H 1 2 7 1.1951128 108.7925255 12.9107047 
10 No 10 O 1 2 7 1.4083560 109.0732246 -105.4350453 
11 No 11 H 10 1 2 0.9726559 107.7340914 -175.3957615 

CH3CH(OH)CH3 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0945247   
3 No 3 O 1 2  1.4321065 103.8323702  
4 No 4 H 3 1 2 0.9735367 106.6518738 180.0000000 
5 No 5 C 1 3 4 1.5204977 110.8135562 62.8245860 
6 No 6 H 5 1 3 1.0939508 111.3457674 175.0794265 
7 No 7 H 5 1 3 1.0960337 110.1478691 -65.2933847 
8 No 8 H 5 1 3 1.0920798 110.1395835 54.2136940 
9 No 9 C 1 3 5 1.5204977 110.8135512 -125.6496640 
10 No 10 H 9 1 3 1.0939512 111.3457942 -175.0798977 
11 No 11 H 9 1 3 1.0920789 110.1396264 -54.2141367 
12 No 12 H 9 1 3 1.0960345 110.1478506 65.2928914 

CH3CH(OH)CH3-HO radical TS1 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   2.4737132   
3 No 3 H 1 2  1.2001575 11.0939544  
4 No 4 H 2 1 3 0.9793677 85.1890685 179.9719699 
5 No 5 O 1 2 4 1.4218821 90.6419651 -0.0228165 
6 No 6 H 5 1 2 0.9747216 107.6080243 179.9579748 
7 No 7 C 1 5 2 1.5104417 112.1769066 -113.9491624 
8 No 8 H 7 1 5 1.0928020 111.1528970 173.8379491 
9 No 9 H 7 1 5 1.0976914 109.9299261 -66.5218701 
10 No 10 H 7 1 5 1.0914047 109.9914931 52.9968809 
11 No 11 C 1 5 7 1.5104431 112.1764915 -132.1048449 
12 No 12 H 11 1 5 1.0928038 111.1530722 -173.8362622 
13 No 13 H 11 1 5 1.0914034 109.9907923 -52.9955984 
14 No 14 H 11 1 5 1.0976868 109.9292862 66.5219428 
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CH3CH(OH)CH3-HO radical TS2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0934059   
3 No 3 O 1 2  1.4389027 103.7476566  
4 No 4 H 3 1 2 0.9746230 107.0358163 177.2071921 
5 No 5 C 1 3 4 1.5202769 110.6774752 59.5952352 
6 No 6 H 5 1 3 1.0933420 111.0506524 175.4533188 
7 No 7 H 5 1 3 1.0955069 110.3123697 -64.9326732 
8 No 8 H 5 1 3 1.0922432 110.0319615 54.8471519 
9 No 9 C 1 3 5 1.5115119 110.6212202 -125.6077553 
10 No 10 H 9 1 3 1.0914989 113.9299139 -167.8965256 
11 No 11 H 9 1 3 1.2353394 106.4245284 -52.1344445 
12 No 12 H 9 1 3 1.0930579 113.2107121 63.5791964 
13 No 13 O 9 1 3 2.4401073 95.3305833 -47.8606546 
14 No 14 H 13 9 1 0.9821730 84.8209609 28.3006272 

CH3CH2CH2OH 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0941560   
3 No 3 H 1 2  1.0941560 107.8352063  
4 No 4 H 1 2 3 1.0927606 107.7350489 116.0310913 
5 No 5 C 1 4 2 1.5243322 111.0921520 -121.9516110 
6 No 6 H 5 1 4 1.0945291 110.5489994 -59.0706892 
7 No 7 H 5 1 4 1.0945291 110.5489994 59.0706892 
8 No 8 C 5 1 4 1.5139923 112.2538545 180.0000000 
9 No 9 H 8 5 1 1.1004484 109.8402438 -59.0153234 
10 No 10 H 8 5 1 1.1004484 109.8402438 59.0153234 
11 No 11 O 8 5 1 1.4268389 107.4866833 180.0000000 
12 No 12 H 11 8 5 0.9711543 107.7196839 180.0000000 
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CH3CH2CH2OH – HO radical TS1 

  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5127586   
3 No 3 H 1 2  1.0924449 113.4737611  
4 No 4 H 1 2 3 1.0911710 114.1637085 127.6346597 
5 No 5 H 2 1 4 1.0936299 110.4552188 -52.6738246 
6 No 6 H 2 1 4 1.0968135 109.7768999 65.0767062 
7 No 7 O 1 2 5 2.5067090 106.3480969 68.9677462 
8 No 8 H 7 1 2 0.9786676 94.5458576 127.5502869 
9 No 9 H 1 2 7 1.2082473 107.2891869 -6.5514013 
10 No 10 C 2 1 7 1.5152490 112.4437913 -52.4266629 
11 No 11 H 10 2 1 1.1011909 109.7615563 -56.9659973 
12 No 12 H 10 2 1 1.0968458 109.3800430 61.2018196 
13 No 13 O 10 2 1 1.4266437 107.0574951 -177.5348809 
14 No 14 H 13 10 2 0.9711710 107.6555344 -174.0480329 
 

CH3CH2CH2OH – HO radical TS2  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5128786   
3 No 3 C 2 1  1.5057892 114.5115137  
4 No 4 H 1 2 3 1.0931198 110.8446095 -58.2479206 
5 No 5 H 1 2 3 1.0962056 110.8721257 61.7950168 
6 No 6 H 1 2 3 1.0918590 111.0189829 -178.3523709 
7 No 7 H 2 1 3 1.0929829 113.5831518 -128.7880286 
8 No 8 H 2 1 3 1.2164573 107.4774475 116.1610284 
9 No 9 H 3 2 1 1.0980917 109.6064709 53.2352373 
10 No 10 H 3 2 1 1.1000450 110.1046648 -65.5891268 
11 No 11 O 2 1 3 2.4605201 115.0979758 106.7652571 
12 No 12 H 11 2 1 0.9814307 85.6160929 -157.2606964 
13 No 13 O 3 2 1 1.4327330 107.4433488 173.8727232 
14 No 14 H 13 3 2 0.9718779 107.9607077 -177.5731559 
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CH3CH2CH2OH- HO radical TS3  

 
 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5063747   
3 No 3 H 1 2  1.0990527 112.9242365  
4 No 4 H 2 1 3 1.0944997 108.0072984 -178.8481418 
5 No 5 H 2 1 3 1.0959800 108.4325626 -63.3496562 
6 No 6 O 1 2 4 2.5122367 105.9717191 54.3689557 
7 No 7 H 6 1 2 0.9792625 84.2238367 -85.9066756 
8 No 8 H 1 2 6 1.1919149 107.0970749 12.1417889 
9 No 9 O 1 2 6 1.4081089 109.6857740 -106.3828819 
10 No 10 H 9 1 2 0.9723044 108.0844703 -171.5316767 
11 No 11 C 2 1 9 1.5240738 111.7781682 -173.7102265 
12 No 12 H 11 2 1 1.0924355 110.9338027 -179.8749798 
13 No 13 H 11 2 1 1.0939917 111.1597014 -59.9558782 
14 No 14 H 11 2 1 1.0927221 110.3673065 60.0968194 

HOCH2OH 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0876852   
3 No 3 H 1 2  1.0998989 109.8207858  
4 No 4 O 1 2 3 1.4090658 105.6811084 -119.2772254 
5 No 5 H 4 1 2 0.9715133 108.4019332 168.8641615 
6 No 6 O 1 4 5 1.4090633 114.2387721 -75.3987018 
7 No 7 H 6 1 4 0.9715152 108.4013314 75.3388620 
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HOCH2OH – HO radical TS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle  Dihedral 
 X  Y  Z 
1 No 1 C        
 0.1988810  0.1362680  0.0369840 
2 No 2 H 1   1.1876402    
 0.1557360  -0.0440340 1.2100650 
3 No 3 H 1 2  1.0923834 107.3703458   1.2521990 
 0.2088190  -0.2433000 
4 No 4 O 1 3 2 1.3900685 108.1370790 119.2121830 -0.4204750 1.3360340 
 -0.2935460 
5 No 5 H 4 1 3 0.9737081 106.2263408 155.3839825 -1.3643400 1.1303660 
 -0.4157220 
6 No 6 O 1 4 5 1.3901238 113.4628063 30.8083466 -0.4103820 -0.9762380
 -0.5318510 
7 No 7 H 6 1 4 0.9757679 106.1050159 -104.8578795 -0.9033650 -1.4126920
 0.1882870 
8 No 8 O 1 4 6 2.4662317 109.4098404 -97.1057960 -0.6103300 -0.6244140
 2.2389920 
9 No 9 H 8 1 4 0.9789731 100.3516194 -20.2889496 -0.9523160 0.2182440 
 2.6014300 
 

HOCH2COOH 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0970410   
3 No 3 H 1 2  1.0999262 107.4289122  
4 No 4 O 1 2 3 2.3979114 87.1292757 97.1240562 
5 No 5 C 4 1 2 1.2184705 32.0357808 140.2546603 
6 No 6 O 5 4 1 1.3472568 123.9062207 177.5767191 
7 No 7 H 6 5 4 0.9802106 105.0171897 0.9501190 
8 No 8 O 1 5 4 1.4142418 110.7189190 -164.9411026 
9 No 9 H 8 1 5 0.9713649 107.2570992 -177.8786515 
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HOCH2COOH HO radical TS1 CIS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0951105   
3 No 3 H 1 2  1.2094779 106.0140503  
4 No 4 O 1 2 3 2.4783639 118.5865102 -2.9970869 
5 No 5 H 4 1 2 0.9806188 85.1626498 175.2842370 
6 No 6 O 1 4 5 2.4096351 110.6528951 78.2697466 
7 No 7 C 6 1 4 1.2152195 30.7622863 -69.1089389 
8 No 8 O 7 6 1 1.3545339 124.0395531 176.4447715 
9 No 9 H 8 7 6 0.9800054 105.6796663 1.1791849 
10 No 10 O 1 7 6 1.3956714 110.5775747 -137.6542236 
11 No 11 H 10 1 7 0.9728860 107.7205115 -175.2084566 

HOCH2COOH HO radical TS2 TRANS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.2109027   
3 No 3 O 2 1  1.3237389 162.7612156  
4 No 4 H 3 2 1 0.9797667 97.0281894 -12.1375357 
5 No 5 O 1 3 2 2.4296451 114.5305362 -117.0609105 
6 No 6 C 5 1 3 1.2096211 29.6525702 -52.9631031 
7 No 7 O 6 5 1 1.3673317 123.8006960 179.8624238 
8 No 8 H 7 6 5 0.9795665 105.7381198 0.4798498 
9 No 9 O 1 6 5 1.3879629 109.4890313 5.4493437 
10 No 10 H 9 1 6 0.9722802 107.9305419 -176.5790685 
11 No 11 H 1 9 6 1.0977355 115.0918893 125.3040287 
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HOCH2COOH HO radical TS3 TRANS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.2072233   
3 No 3 O 2 1  1.3334878 154.8166096  
4 No 4 H 3 2 1 0.9803086 96.2210473 32.3837369 
5 No 5 O 1 3 2 2.4204299 106.3446544 100.3798600 
6 No 6 C 5 1 3 1.2123115 30.1537344 -99.0276128 
7 No 7 O 6 5 1 1.3565686 124.4387946 177.2556052 
8 No 8 H 7 6 5 0.9794983 105.9078124 -1.6291804 
9 No 9 O 1 6 5 1.3922683 109.6734151 -16.4653433 
10 No 10 H 9 1 6 0.9727647 107.4362443 -178.5759779 
11 No 11 H 1 9 6 1.0957524 115.2475164 127.7223199 
 

(CH3)3COH  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5240164   
3 No 3 H 2 1  1.0928655 109.8394691  
4 No 4 H 2 1 3 1.0941526 111.3375715 120.6753134 
5 No 5 H 2 1 3 1.0959763 110.5082670 -119.4825216 
6 No 6 C 1 2 3 1.5184442 111.0063412 -58.3020152 
7 No 7 H 6 1 2 1.0928013 109.8924893 58.3923256 
8 No 8 H 6 1 2 1.0928013 109.8924893 177.5651625 
9 No 9 H 6 1 2 1.0934961 110.7924333 -62.0212560 
10 No 10 C 1 6 2 1.5240164 111.0063412 124.0425119 
11 No 11 H 10 1 6 1.0928655 109.8394691 58.3020152 
12 No 12 H 10 1 6 1.0959763 110.5082670 177.7845368 
13 No 13 H 10 1 6 1.0941526 111.3375715 -62.3732982 
14 No 14 O 1 6 10 1.4380370 104.4870544 117.9787440 
15 No 15 H 14 1 6 0.9738932 106.9316679 180.0000000 
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(CH3)3COH HO radical TS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5229251   
3 No 3 H 2 1  1.0934409 109.8124513  
4 No 4 H 2 1 3 1.0923804 110.6065089 120.8494068 
5 No 5 H 2 1 3 1.0954871 110.3385564 -119.2523708 
6 No 6 C 1 2 4 1.5130697 110.9447170 61.6817545 
7 No 7 H 6 1 2 1.0914456 112.6995902 53.9810690 
8 No 8 H 6 1 2 1.0914449 112.9025981 -178.9540495 
9 No 9 H 6 1 2 1.2125368 106.7436117 -64.1299152 
10 No 10 C 1 6 2 1.5225587 110.6393145 123.9513059 
11 No 11 H 10 1 6 1.0930075 109.8627173 58.6412109 
12 No 12 H 10 1 6 1.0957246 110.3085472 178.0488763 
13 No 13 H 10 1 6 1.0931204 110.8011313 -62.0291147 
14 No 14 O 1 6 10 1.4391230 103.6704440 118.0817965 
15 No 15 H 14 1 6 0.9746298 106.7538551 -179.0105829 
16 No 16 O 6 1 14 2.4980835 103.6352300 -176.7174221 
17 No 17 H 16 6 1 0.9790306 95.1808429 112.0265432 
 

CH(CH3)(OH)2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5094213   
3 No 3 O 2 1  1.4252415 112.1695092  
4 No 4 O 2 1 3 1.3991234 107.3932665 116.9415979 
5 No 5 H 1 2 4 1.0932583 110.5392698 179.9503068 
6 No 6 H 1 2 4 1.0910572 108.2569900 60.2806661 
7 No 7 H 1 2 4 1.0920666 110.4499256 -59.4908537 
8 No 8 H 2 1 4 1.1044354 110.8364731 121.1517750 
9 No 9 H 3 2 1 0.9724113 107.8936482 -77.6711664 
10 No 10 H 4 2 1 0.9736420 106.2686278 -169.2478189 
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CH(CH3)(OH)2 – HO radical TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5041828   
3 No 3 O 2 1  1.3980250 112.0064362  
4 No 4 O 2 1 3 1.4003918 109.8123055 124.6989713 
5 No 5 H 1 2 3 1.0905492 110.0615550 62.0079550 
6 No 6 H 1 2 3 1.0929730 108.0274672 -57.3902550 
7 No 7 H 1 2 3 1.0909496 110.2488532 -176.5824822 
8 No 8 H 2 1 4 1.1836928 109.3471803 119.2299422 
9 No 9 H 3 2 1 0.9762702 105.8005732 -134.4234459 
10 No 10 H 4 2 1 0.9737564 105.7323765 -146.5385279 
11 No 11 O 2 1 4 2.4785407 126.6793954 129.7782285 
12 No 12 H 11 2 1 0.9792436 97.0391411 -114.1794939 

CH(CH3)(OH)2 – HO radical TS2  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5026100   
3 No 3 O 2 1  1.4221271 112.2811071  
4 No 4 O 2 1 3 1.4053750 106.9042848 116.5673226 
5 No 5 H 1 2 4 1.0906063 113.4563899 -173.5839719 
6 No 6 H 1 2 4 1.0892224 111.3804411 57.7760201 
7 No 7 H 1 2 4 1.2350812 106.3684718 -58.4725431 
8 No 8 H 2 1 4 1.1018320 110.5831879 120.6410020 
9 No 9 H 3 2 1 0.9726412 107.9670600 -81.3120885 
10 No 10 H 4 2 1 0.9741157 106.6651175 -170.5078582 
11 No 11 O 1 2 4 2.4407213 94.8426117 -55.8877525 
12 No 12 H 11 1 2 0.9806644 86.6157685 41.0663074 
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HCHO 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.1043225   
3 No 3 H 1 2  1.1043225 115.6011365  
4 No 4 O 1 2 3 1.2198430 122.1994317 180.0000000 

HCHO – HO radical TS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.1998889   
3 No 3 H 1 2  1.1091725 111.7452108  
4 No 4 O 1 3 2 1.1952081 125.1360572 -177.3085725 
5 No 5 O 1 4 3 2.4917876 121.2087436 -159.7078145 
6 No 6 H 5 1 4 0.9796013 93.9601645 2.8033658 

CH3CHO 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0947733   
3 No 3 H 1 2  1.0947755 107.1749445  
4 No 4 H 1 2 3 1.0901317 110.0324659 119.6212762 
5 No 5 C 1 4 3 1.5015846 109.8276211 121.0638792 
6 No 6 H 5 1 4 1.1089830 115.3459493 179.9886512 
7 No 7 O 5 1 4 1.2224501 124.3297801 -0.0136633 
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CH3CHO – HO radical TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0921518   
3 No 3 H 1 2  1.0921546 110.7358071  
4 No 4 H 1 2 3 1.2505394 106.5940369 115.5585872 
5 No 5 O 1 2 3 2.4366564 111.5088477 124.7884456 
6 No 6 H 5 1 2 0.9819134 87.6365699 117.8300549 
7 No 7 O 1 5 6 2.4120172 73.0182122 0.0062510 
8 No 8 C 7 1 5 1.2242153 30.6766591 179.9928383 
9 No 9 H 8 7 1 1.1070746 119.8299023 179.9979513 

CH3CHO – HO radical TS2  

 
Row Highlight Tag Symbol NA NB NC Bond Angle  Dihedral  
 X Y Z 
1 No 1 C        
 -0.0123370 0.0703640  -0.0352760 
2 No 2 H 1   1.0904408    
 -0.0691130 -0.1357170 1.0340080 
3 No 3 H 1 2  1.0929583 110.9520188  
 1.0169880  0.2766090  -0.3394320 
4 No 4 H 1 2 3 1.0935891 110.5071639 119.0960818
 -0.3578190 -0.7930320 -0.6107120 
5 No 5 O 1 2 4 2.4315897 86.8133469 119.6883917
 -1.5576560 1.9026830  0.3736550 
6 No 6 C 5 1 2 1.2054713 29.3255167 178.0649927
 -0.8644510 1.2594230  -0.3739040 
7 No 7 H 6 5 1 1.1944195 120.8052529 -178.0457185
 -0.7665880 1.5578260  -1.5263000 
8 No 8 O 6 5 1 2.5341742 120.2623842 -162.9257261

 -0.2077640 2.1998790  -2.6336260 
9 No 9 H 8 6 5
 0.9794425 93.6627437 5.7499330  -
0.6119510 3.0744320  -2.4572810 

CH3COCHO 
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0935787   
3 No 3 H 1 2  1.0896056 110.3219881  
4 No 4 H 1 3 2 1.0935838 110.3173060 -117.7034927 
5 No 5 C 1 3 4 1.4990048 109.5788890 -121.1452959 
6 No 6 C 5 1 3 1.5218312 117.1138262 -179.9739652 
7 No 7 H 6 5 1 1.1059837 114.1577589 -179.9994603 
8 No 8 O 5 1 6 1.2281004 125.1263403 -179.9967228 
9 No 9 O 6 5 1 1.2230842 122.6896867 0.0003627 

CH3COCHO-HOradical TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0886815   
3 No 3 H 1 2  1.2481002 103.5165864  
4 No 4 H 1 2 3 1.0879395 115.7773833 118.0283824 
5 No 5 C 1 4 2 1.4998351 113.5968071 -135.4350744 
6 No 6 C 5 1 4 1.5553826 114.6909736 168.7600823 
7 No 7 H 6 5 1 1.1088956 112.8067475 162.4500085 
8 No 8 O 5 1 6 1.1986216 126.0702681 177.9881369 
9 No 9 O 6 5 1 1.1978521 122.7021906 -20.1206492 
10 No 10 O 1 5 8 2.3878360 82.5527627 98.6749401 
11 No 11 H 10 1 5 0.9813396 94.4849431 -75.9111752 

CH3COCHO-HOradical TS2  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0898525   



 

 287

3 No 3 H 1 2  1.0882820 114.5100852  
4 No 4 H 1 3 2 1.2537801 105.5063179 -115.8996371 
5 No 5 C 1 3 2 1.5013281 112.4912609 131.5785438 
6 No 6 C 5 1 3 1.5661333 115.4564998 179.4036012 
7 No 7 H 6 5 1 1.1082900 112.2560061 177.8631111 
8 No 8 O 5 1 6 1.1880689 126.5462975 179.6266902 
9 No 9 O 6 5 1 1.2020879 123.7022434 -0.9869822 
10 No 10 O 1 5 8 2.4183871 92.6442261 -119.7637367 
11 No 11 H 10 1 5 0.9810850 92.1264387 -78.9423099 

CH3COCHO-HOradical TS3  

 
Row Highlight Tag Symbol NA NB
 NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0935503   
3 No 3 H 1 2  1.0893375 110.5846966  
4 No 4 H 1 3 2 1.0936836 110.6198336 -118.1875497 
5 No 5 C 1 3 2 1.4958448 109.8349372 120.6093385 
6 No 6 C 5 1 3 1.5611351 115.8773507 178.7953853 
7 No 7 H 6 5 1 1.2233674 110.6638218 -172.1137211 
8 No 8 O 5 1 6 1.2165418 126.3625699 178.8419312 
9 No 9 O 6 5 1 1.1859733 124.4381423 12.5995865 
10 No 10 O 6 5 1 2.4515706 101.8167983 173.2089785 
11 No 11 H 10 6 5 0.9813976 89.4313241 2.5666983 

CH3COCHO-HOradical TS4 

 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0937243   
3 No 3 H 1 2  1.0894837 110.3545182  
4 No 4 H 1 3 2 1.0932174 110.7141446 -118.2519502 
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5 No 5 C 1 3 2 1.4996733 109.4360733 120.6197257 
6 No 6 C 5 1 3 1.5643106 115.0908868 177.4129540 
7 No 7 H 6 5 1 1.2150091 111.1312403 174.4726842 
8 No 8 O 5 1 6 1.2116475 126.6913929 -179.8178451 
9 No 9 O 6 5 1 1.1893590 124.7990155 -2.7108374 
10 No 10 O 6 5 1 2.4677087 116.3428064 157.8012160 
11 No 11 H 10 6 5 0.9800394 90.1968317 -166.2043528 

CHOCOOHTS1 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.1851101   
3 No 3 C 1 2  1.5568824 125.4279199  
4 No 4 O 3 1 2 1.2074225 120.8423297 -25.1066722 
5 No 5 O 3 1 2 1.3356306 113.4704566 154.9377726 
6 No 6 H 1 2 3 1.1965928 122.6821845 176.7152248 
7 No 7 H 5 3 1 0.9893896 110.1876172 0.7303834 
8 No 8 O 1 2 3 2.5007390 132.0264866 152.1300853 
9 No 9 H 8 1 2 0.9805869 94.8774707 -29.9711572 

CHOCOOH2 TS 

  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.1844955   
3 No 3 C 1 2  1.5429563 125.9895771  
4 No 4 O 3 1 2 1.2116698 122.1640841 177.7697924 
5 No 5 H 1 2 3 1.2206465 124.2809118 -176.0976115 
6 No 6 O 1 2 3 2.4211603 118.3418254 -155.8183066 
7 No 7 H 6 1 2 0.9804081 91.3738688 -1.8079368 
8 No 8 O 3 1 2 1.3428085 110.9920979 -1.5809055 
9 No 9 H 8 3 1 0.9811953 106.4019610 179.4826963 
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CHOCOOH3 TS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.1808558   
3 No 3 C 1 2  1.5445538 125.4834757  
4 No 4 O 3 1 2 1.2159505 121.4665208 -161.3685960 
5 No 5 H 1 2 3 1.2260045 124.7448414 -173.5999176 
6 No 6 O 1 2 3 2.4132845 128.2546172 -150.9368612 
7 No 7 O 3 1 2 1.3361274 111.8841065 18.7612097 
8 No 8 H 7 3 1 0.9816802 106.9371032 179.8471544 
9 No 9 H 6 1 2 0.9812156 90.6434389 157.4748845 
 
 

CH3OCH3 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0902799   
3 No 3 H 1 2  1.0990990 109.2142928  
4 No 4 H 1 2 3 1.0990990 109.2142928 118.4599173 
5 No 5 O 1 2 3 1.4137364 106.9383951 -120.7700414 
6 No 6 C 5 1 2 1.4137364 111.0638283 180.0000000 
7 No 7 H 6 5 1 1.0990990 111.4848934 60.6862676 
8 No 8 H 6 5 1 1.0902799 106.9383951 180.0000000 
9 No 9 H 6 5 1 1.0990990 111.4848934 -60.6862676 
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CH3OCH3 – HO radical TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.4251529   
3 No 3 C 2 1  1.3895895 111.6702339  
4 No 4 H 1 2 3 1.0893377 106.5390958 178.4636446 
5 No 5 H 1 2 3 1.0944757 110.4699934 58.6754934 
6 No 6 H 1 2 3 1.0971728 110.8027705 -62.4696541 
7 No 7 H 3 2 1 1.2020677 110.3130895 -67.2083619 
8 No 8 H 3 2 1 1.0894797 108.7576942 175.4326005 
9 No 9 H 3 2 1 1.0977400 113.5806282 49.7073160 
10 No 10 O 3 2 1 2.5188556 100.5348622 -68.3511257 
11 No 11 H 10 3 2 0.9792526 89.0893548 -44.0476632 

CH3COCH3 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0901252   
3 No 3 H 1 2  1.0947335 109.7540519  
4 No 4 H 1 2 3 1.0947399 109.7522556 117.5608639 
5 No 5 C 1 2 4 1.5117777 109.4746061 121.2159950 
6 No 6 C 5 1 2 1.5117777 116.4810552 179.9643218 
7 No 7 H 6 5 1 1.0947399 110.3159398 59.1611567 
8 No 8 H 6 5 1 1.0901252 109.4746061 -179.9643218 
9 No 9 H 6 5 1 1.0947335 110.3208048 -59.0844909 
10 No 10 O 5 1 6 1.2263390 121.7594724 179.9970677 
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CH3COCH3 – HO radical TS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5055640   
3 No 3 O 2 1  1.2286113 121.7844034  
4 No 4 C 2 1 3 1.5080519 116.5263024 178.9039486 
5 No 5 H 1 2 3 1.0920767 111.9005967 -95.5194196 
6 No 6 H 1 2 3 1.0911983 113.9361876 137.6113249 
7 No 7 H 1 2 3 1.2466390 107.4017726 19.4168979 
8 No 8 H 4 2 1 1.0940676 110.4743674 -52.9555144 
9 No 9 H 4 2 1 1.0900482 109.5645950 -174.4338683 
10 No 10 H 4 2 1 1.0946215 109.6940475 65.1218663 
11 No 11 O 1 2 3 2.4339047 98.0337682 14.1749117 
12 No 12 H 11 1 2 0.9823571 86.4455218 -12.5038966 

CH3COCOCH3  

  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5011788   
3 No 3 O 2 1  1.2284470 124.1940116  
4 No 4 C 2 1 3 1.5336417 116.6291839 -179.9991151 
5 No 5 H 1 2 3 1.0898314 109.3195266 0.0029425 
6 No 6 H 1 2 3 1.0932219 110.0366937 -121.3744199 
7 No 7 H 1 2 3 1.0932231 110.0358886 121.3793921 
8 No 8 C 4 2 1 1.5011788 116.6291839 180.0000000 
9 No 9 H 8 4 2 1.0932231 110.0358886 58.6197231 
10 No 10 H 8 4 2 1.0898314 109.3195266 179.9961727 
11 No 11 H 8 4 2 1.0932219 110.0366937 -58.6264649 
12 No 12 O 4 2 1 1.2284470 119.1768045 -0.0008383 
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CH3COCOCH3 HO radical TS 

  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5018949   
3 No 3 O 2 1  1.1941576 125.1114211  
4 No 4 C 2 1 3 1.5665340 115.3872849 -179.9439121 
5 No 5 H 1 2 3 1.0885213 112.0482661 -0.9621441 
6 No 6 H 1 2 3 1.0891957 113.9611905 -133.0269904 
7 No 7 H 1 2 3 1.2494046 104.1344543 112.5133348 
8 No 8 C 4 2 1 1.4962037 115.2304388 -177.1243307 
9 No 9 H 8 4 2 1.0932388 109.7882060 58.0438643 
10 No 10 H 8 4 2 1.0893630 109.6007943 179.8763329 
11 No 11 H 8 4 2 1.0932520 109.3617152 -58.4661361 
12 No 12 O 4 2 1 1.2188519 119.8741866 2.2232633 
13 No 13 O 1 2 3 2.4242745 93.6894507 118.3720772 
14 No 14 H 13 1 2 0.9810665 90.6432439 77.3135759 

HCOOH 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.1041223   
3 No 3 O 1 2  1.3563320 113.6632436  
4 No 4 H 3 1 2 0.9744820 109.0455535 -0.0039058 
5 No 5 O 1 3 4 1.2060386 122.4892356 179.9963460 
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HCOOH – HO radical TS1 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.2036211   
3 No 3 O 1 2  1.3401178 128.0904617  
4 No 4 H 3 1 2 0.9826149 106.7556303 -0.4699168 
5 No 5 H 1 2 3 1.2280037 124.4852270 178.8689552 
6 No 6 O 1 2 3 2.4721854 121.2520425 168.3232221 
7 No 7 H 6 1 2 0.9798319 92.4687800 -18.6044480 

CH3COOH 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0884592   
3 No 3 H 1 2  1.0922158 110.1913043  
4 No 4 H 1 2 3 1.0922145 110.1918801 118.6718828 
5 No 5 C 1 2 3 1.5000958 109.2979924 -120.6631144 
6 No 6 O 5 1 2 1.3612256 110.9704813 -179.9955921 
7 No 7 H 6 5 1 0.9792418 105.3981012 -179.9967961 
8 No 8 O 5 1 6 1.2168656 126.4406452 -179.9993039 

CH3COOH – HO radical TS 
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.4894306   
3 No 3 O 2 1  1.2143774 126.5124009  
4 No 4 O 2 1 3 1.3664787 110.7191133 -179.7006338 
5 No 5 H 1 2 3 1.0891367 112.9517672 -123.3053690 
6 No 6 H 1 2 3 1.2374797 106.7555954 122.4806756 
7 No 7 H 1 2 3 1.0871782 112.0116014 6.3904978 
8 No 8 H 4 2 1 0.9796669 105.7384773 179.6398951 
9 No 9 O 1 2 3 2.4525945 99.1712344 129.1151106 
10 No 10 H 9 1 2 0.9798345 88.6814300 39.1485394 
 

CH3CH2COOH 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5293694   
3 No 3 C 2 1  1.5033478 112.1105703  
4 No 4 O 3 2 1 1.2178407 126.4197012 119.0565305 
5 No 5 O 3 2 1 1.3624786 111.2231393 -60.4358735 
6 No 6 H 1 2 3 1.0924303 110.2318374 -178.1820138 
7 No 7 H 1 2 3 1.0908435 110.7830822 61.6328208 
8 No 8 H 1 2 3 1.0929111 110.7412847 -58.7043642 
9 No 9 H 2 1 3 1.0949355 109.9043388 -120.1281290 
10 No 10 H 2 1 3 1.0914486 111.4092628 119.8860049 
11 No 11 H 5 3 2 0.9793973 105.4011527 179.3696902 

CH3CH2COOH HO radical TS1  
 

CH3CH2COOH HO radical TS2  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5171245   
3 No 3 C 2 1  1.4952908 112.6808579  
4 No 4 O 3 2 1 1.2220241 124.7223594 75.2281025 
5 No 5 O 3 2 1 1.3528961 112.3943039 -102.6897673 
6 No 6 H 1 2 3 1.0914859 110.3071137 -174.3513811 
7 No 7 H 1 2 3 1.0945599 110.6033196 65.6989357 
8 No 8 H 1 2 3 1.0916212 110.1474372 -54.5733381 
9 No 9 H 2 1 3 1.0909794 114.1834008 -129.3860029 
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10 No 10 H 2 1 3 1.2276152 106.6955486 113.8350890 
11 No 11 H 5 3 2 0.9807815 105.9572461 178.4546518 
12 No 12 O 2 1 3 2.4471972 102.9113785 102.6802720 
13 No 13 H 12 2 1 0.9815543 86.6440291 -92.4010817 

HOOCCH2COOH 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0927516   
3 No 3 H 1 2  1.0932098 108.5593005  
4 No 4 O 1 2 3 2.4223473 86.0211361 127.9006381 
5 No 5 O 1 4 2 2.4300314 90.3966950 -116.3383840 
6 No 6 C 5 1 4 1.2155404 30.2599641 163.2247692 
7 No 7 C 4 1 6 1.2150285 30.3650339 87.3474994 
8 No 8 O 6 5 1 1.3554494 123.7261605 -178.9385506 
9 No 9 H 8 6 5 0.9798487 105.8342807 0.4134014 
10 No 10 O 7 4 1 1.3547549 123.8663076 -179.7831706 
11 No 11 H 10 7 4 0.9795981 105.9332817 3.1983458 

HOOCCH2COOH HOradical TS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0893268   
3 No 3 H 1 2  1.2409196 105.3457853  
4 No 4 O 1 2 3 2.4466970 115.7920422 0.9276214 
5 No 5 H 4 1 2 0.9807696 89.9845468 -147.9819511 
6 No 6 O 1 4 5 2.4063482 103.0025226 118.7624380 
7 No 7 O 1 6 4 2.4058312 124.3570621 154.8372467 
8 No 8 C 7 1 6 1.2147152 30.9298388 -123.9838432 
9 No 9 C 6 1 8 1.2133690 30.8779700 43.0603078 
10 No 10 O 8 7 1 1.3584630 123.4512644 179.6722539 
11 No 11 H 10 8 7 0.9803507 106.1442371 -2.0519639 
12 No 12 O 9 6 1 1.3552302 124.0304969 178.4996519 
13 No 13 H 12 9 6 0.9803428 105.7399374 -0.2354131 
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CH3COCOOHTS1 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.2172899   
3 No 3 C 1 2  1.5429636 122.9440705  
4 No 4 O 3 1 2 1.1978954 121.6825923 -159.4758658 
5 No 5 C 3 1 2 1.5007389 113.3032065 22.4173908 
6 No 6 H 5 3 1 1.0881023 112.7287309 -170.0286246 
7 No 7 H 5 3 1 1.2442963 100.3275478 75.4023791 
8 No 8 H 5 3 1 1.0881834 114.8854715 -34.7003907 
9 No 9 O 1 2 3 1.3407225 125.4713227 -178.5731039 
10 No 10 H 9 1 2 0.9804859 105.9776710 -1.0723084 
11 No 11 O 5 3 1 2.3969746 84.2168861 76.9326639 
12 No 12 H 11 5 3 0.9812745 94.3619482 71.1229745 
 

CH3COCOOHTS2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.2208926   
3 No 3 C 1 2  1.5573403 123.5714412  
4 No 4 O 3 1 2 1.1866441 120.7047253 -175.6181400 
5 No 5 C 3 1 2 1.5023031 113.7053635 4.0827766 
6 No 6 H 5 3 1 1.2511776 104.3498540 -67.4088433 
7 No 7 H 5 3 1 1.0883924 111.6866625 179.3143385 
8 No 8 H 5 3 1 1.0892818 114.0679313 47.5542323 
9 No 9 O 1 2 3 1.3356794 124.9539327 178.6845448 
10 No 10 H 9 1 2 0.9809219 106.3251403 1.1626251 
11 No 11 O 5 3 1 2.4229221 93.7493441 -61.9569114 
12 No 12 H 11 5 3 0.9809427 91.3553722 77.1649028 
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CH3COOCH3 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5027391   
3 No 3 O 2 1  1.2181509 126.0569676  
4 No 4 O 2 1 3 1.3561766 110.4972898 -180.0000000 
5 No 5 H 1 2 3 1.0922014 109.8395561 -120.8656378 
6 No 6 H 1 2 3 1.0921981 109.8412655 120.8790459 
7 No 7 H 1 2 3 1.0888599 109.2509199 0.0056337 
8 No 8 C 4 2 1 1.4395437 114.0130884 179.9979556 
9 No 9 H 8 4 2 1.0908298 110.4519754 60.4163792 
10 No 10 H 8 4 2 1.0879822 105.1342580 -179.9844068 
11 No 11 H 8 4 2 1.0908259 110.4527969 -60.3844166 

CH3COOCH3 – HO radical TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.4922357   
3 No 3 O 2 1  1.2159572 126.0076102  
4 No 4 O 2 1 3 1.3612357 110.4295258 179.9733343 
5 No 5 H 1 2 3 1.0893003 112.9650391 -121.4232276 
6 No 6 H 1 2 3 1.2358720 107.0764075 124.1744188 
7 No 7 H 1 2 3 1.0876450 111.9142996 7.9436848 
8 No 8 O 1 2 3 2.4505545 99.2607238 131.2005430 
9 No 9 H 8 1 2 0.9798090 87.5358915 37.8548815 
10 No 10 C 4 2 1 1.4430558 114.0274778 -179.8384672 
11 No 11 H 10 4 2 1.0901444 110.1887612 60.0763777 
12 No 12 H 10 4 2 1.0875957 105.1106400 179.5857816 
13 No 13 H 10 4 2 1.0903331 110.2963202 -60.7452764 
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CH3COOCH3 – HO radical TS2  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.4949241   
3 No 3 O 2 1  1.2229080 124.4781692  
4 No 4 O 2 1 3 1.3461609 111.7432995 -178.9023791 
5 No 5 H 1 2 3 1.0879876 114.0157648 -154.8316040 
6 No 6 H 1 2 3 1.0897070 112.0091700 75.8852728 
7 No 7 H 1 2 3 1.2447802 105.5490695 -37.1199107 
8 No 8 C 4 2 1 1.4440845 114.2452788 179.1027316 
9 No 9 H 8 4 2 1.0901796 110.1776737 59.8823707 
10 No 10 H 8 4 2 1.0873015 104.9559379 179.4645416 
11 No 11 H 8 4 2 1.0902288 110.2320446 -60.9531515 
12 No 12 O 1 2 3 2.4334984 96.6345123 -30.0065880 
13 No 13 H 12 1 2 0.9816709 86.3187519 23.5203040 
 

HCOOCH2CH3 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.1050675   
3 No 3 O 1 2  1.2087678 123.8441364  
4 No 4 O 1 3 2 1.3518149 122.7612858 -179.9985757 
5 No 5 C 4 1 3 1.4451956 115.6276743 -179.9931114 
6 No 6 H 5 4 1 1.0954452 109.4744929 -59.4510993 
7 No 7 H 5 4 1 1.0954439 109.4730020 59.5222408 
8 No 8 C 5 4 1 1.5097912 106.7494065 -179.9646086 
9 No 9 H 8 5 4 1.0913141 110.2529297 59.9620530 
10 No 10 H 8 5 4 1.0931940 110.0993417 -179.9984530 
11 No 11 H 8 5 4 1.0913130 110.2530732 -59.9591154 
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HCOOCH2CH3 HO radical TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 O       
2 No 2 C 1   1.4519350   
3 No 3 H 2 1  1.0923530 108.8036687  
4 No 4 H 2 1 3 1.0939440 108.7490185 -117.7083883 
5 No 5 C 2 1 3 1.4995910 106.6224730 120.9894109 
6 No 6 H 5 2 1 1.0908166 112.6668061 -173.5472990 
7 No 7 H 5 2 1 1.2272670 107.2766652 -59.1022278 
8 No 8 H 5 2 1 1.0895729 113.5605978 57.8526635 
9 No 9 C 1 2 5 1.3514412 114.4972811 -176.3622202 
10 No 10 O 9 1 2 1.2126471 125.5472186 0.5137662 
11 No 11 H 9 1 2 1.0976255 109.1182118 -179.6762258 
12 No 12 O 5 2 1 2.4535112 97.3844765 -55.2817482 
13 No 13 H 12 5 2 0.9793030 88.5129711 45.3191008 

HCOOCH2CH3 HO radical TS2  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5006247   
3 No 3 O 2 1  1.4284157 108.6508717  
4 No 4 O 3 2 1 2.2817821 90.0598079 177.3492905 
5 No 5 C 4 3 2 1.2162561 28.5743682 178.9475934 
6 No 6 H 1 2 3 1.0921164 109.7206463 -178.1513248 
7 No 7 H 1 2 3 1.0937710 110.4947336 61.9585841 
8 No 8 H 1 2 3 1.0910621 110.2968179 -58.3338128 
9 No 9 H 2 1 3 1.0923785 115.4686200 -124.7613222 
10 No 10 H 2 1 3 1.2156622 108.4373096 117.4633158 
11 No 11 H 5 4 3 1.0962852 124.8794421 -179.6647542 
12 No 12 O 2 1 3 2.4837717 114.9498177 115.8607010 
13 No 13 H 12 2 1 0.9804726 90.6706262 179.2353614 
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CH2ClCOOH 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5094908   
3 No 3 O 2 1  1.2161251 124.5068589  
4 No 4 O 2 1 3 1.3512828 111.4196727 -178.6615377 
5 No 5 H 1 2 3 1.0908101 109.9215359 123.7953732 
6 No 6 H 1 2 3 1.0879670 108.3301299 2.8693689 
7 No 7 H 4 2 1 0.9796137 106.0347377 -179.1905166 
8 No 8 Cl 1 2 3 1.7785385 111.2932112 -116.6344609 

CH2ClCOOH HO radical TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5012159   
3 No 3 O 2 1  1.2138316 124.4672956  
4 No 4 O 2 1 3 1.3555007 111.3497999 -177.9006199 
5 No 5 H 1 2 3 1.2247764 106.0978940 116.2959797 
6 No 6 H 1 2 3 1.0884376 110.7067620 1.5758338 
7 No 7 H 4 2 1 0.9799570 106.1052436 179.3284970 
8 No 8 O 1 2 3 2.4565258 96.4733473 120.0241796 
9 No 9 H 8 1 2 0.9804083 90.3147225 52.1394805 
10 No 10 Cl 1 2 3 1.7496174 114.3105537 -125.2313749 
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CH3Cl 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0877290   
3 No 3 H 1 2  1.0877290 110.0324504  
4 No 4 H 1 3 2 1.0877290 110.0324426 -121.4015994 
5 No 5 Cl 1 3 4 1.7769510 108.9039889 -119.2991989 

CH3Cl – HO radical TS  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral X Y
 Z 
1 No 1 C        
 0.0324910  0.0735030  -0.0457330 
2 No 2 Cl 1   1.7520008    
 0.1157880  -0.4216530 1.6327750 
3 No 3 H 1 2  1.0872864 111.0892923  
 1.0157050  0.3437340  -0.4231680 
4 No 4 H 1 3 2 1.0872861 113.3221376 125.8900901
 -0.7120910 0.8531100  -0.1871600 
5 No 5 H 1 4 3 1.2221837 105.7499757 -115.3856490
 -0.3386700 -0.8679740 -0.7310020 
6 No 6 O 1 4 3 2.4851296 107.9550848 -119.5131191
 -0.7310980 -1.9471280 -1.2744930 
7 No 7 H 6 1 4 0.9790502 94.0925270 -118.5730562
 -0.7847980 -2.5021410 -0.4697470 
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CH2Cl2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0862404   
3 No 3 H 1 2  1.0862404 110.8247119  
4 No 4 Cl 1 2 3 1.7672268 108.2594556 -118.5866069 
5 No 5 Cl 1 2 3 1.7672268 108.2594556 118.5866069 

CH2Cl2 – HO radical TS  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral  
 X  Y  Z 
1 No 1 C        
 -0.0057280 -0.1091990 0.0055960 
2 No 2 Cl 1   1.7511287    
 -0.1553290 0.0513630  1.7429190 
3 No 3 H 1 2  1.0877137 110.1069232  
 1.0262330  0.0531160  -0.2974410 
4 No 4 H 1 3 2 1.2149568 105.7887293 116.9100713
 -0.6477250 0.7794530  -0.5181000 
5 No 5 O 1 3 4 2.4825617 105.2337461 -5.2017575
 -1.2631220 1.8328320  -0.8947310 
6 No 6 H 5 1 3 0.9796106 96.0766436 -130.4129373
 -1.7235690 2.0547050  -0.0590290 
7 No 7 Cl 1 5 6 1.7434552 111.6813655 109.4648495
 -0.6047400 -1.6166730 -0.6334210 
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CHCl3 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0859050   
3 No 3 Cl 1 2  1.7647550 107.6496419  
4 No 4 Cl 1 2 3 1.7647553 107.6496388 120.0000136 
5 No 5 Cl 1 2 3 1.7647553 107.6496388 -120.0000136 

CHCl3 – HO radical TS  

 
Row Highlight Tag Symbol NA NB NC Bond Angle  Dihedral 
 X  Y  Z 
1 No 1 C        
 0.1502290  -0.0582220 -0.0270430 
2 No 2 H 1   1.2113901    
 0.0516450  -0.2064140 1.1712000 
3 No 3 O 2 1  1.2769738 173.6870009  
 0.0284220  -0.2481900 2.4472790 
4 No 4 H 3 2 1 0.9798502 100.5435918 -2.1135074
 0.6084120  0.5117800  2.6621360 
5 No 5 Cl 1 3 2 1.7560589 103.9788259 178.5991999
 1.1146520  1.3846800  -0.2947460 
6 No 6 Cl 1 3 2 1.7462661 107.2965739 59.3529605
 -1.4846470 0.1159630  -0.6155030 
7 No 7 Cl 1 3 2 1.7464857 107.3267641 -62.1560496
 0.9339120  -1.5013450 -0.6215590 

CH3CH2Cl 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0911363   
3 No 3 H 1 2  1.0936868 108.5403635  
4 No 4 H 1 2 3 1.0911363 108.4727189 117.7514409 
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5 No 5 C 1 2 4 1.5142665 110.8805834 121.9808439 
6 No 6 H 5 1 2 1.0898889 111.4966144 -179.4768387 
7 No 7 H 5 1 2 1.0898889 111.4966144 58.9138472 
8 No 8 Cl 5 1 2 1.7884778 111.3615489 -60.2814958 

CH3CH2Cl – HO radical TS1 

  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5032899   
3 No 3 H 1 2  1.0896395 113.8753135  
4 No 4 H 1 2 3 1.0917653 112.0153383 128.1599262 
5 No 5 H 2 1 3 1.0899236 111.1001021 173.7985897 
6 No 6 H 2 1 3 1.0918229 111.3672397 -64.4830810 
7 No 7 O 1 2 5 2.4669892 99.8996084 56.6551953 
8 No 8 H 7 1 2 0.9794829 92.8822734 51.1119198 
9 No 9 H 1 2 7 1.2250699 108.3895233 -1.1202039 
10 No 10 Cl 2 1 7 1.7893247 111.3920030 -62.6629434 

CH3CH2Cl – HO radical TS2  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5049328   
3 No 3 H 1 2  1.0901565 114.5197724  
4 No 4 H 2 1 3 1.0909805 110.6289370 175.7387864 
5 No 5 H 2 1 3 1.0928555 109.2691819 56.1917135 
6 No 6 H 2 1 3 1.0933084 110.7149981 -63.6118216 
7 No 7 O 1 2 4 2.4962237 105.4874952 54.6166151 
8 No 8 H 7 1 2 0.9792778 94.6454734 -119.7317749 
9 No 9 H 1 2 7 1.2065970 107.2838764 5.0402959 
10 No 10 Cl 1 2 7 1.7663821 113.4053603 -113.2349317 
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CH3CHCl2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0908771   
3 No 3 H 1 2  1.0919994 109.0825710  
4 No 4 H 1 2 3 1.0919994 109.0825710 119.1869561 
5 No 5 C 1 2 3 1.5109931 110.2710716 -120.4065220 
6 No 6 H 5 1 2 1.0883920 111.9302385 180.0000000 
7 No 7 Cl 5 1 2 1.7794330 110.6057807 61.5123423 
8 No 8 Cl 5 1 2 1.7794330 110.6057807 -61.5123423 

CH3CHCl2 – HO radical TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral  
 X  Y  Z 
1 No 1 C        
 -0.0276110 0.2066110  0.0593180 
2 No 2 C 1   1.5014390    
 -0.0316170 -0.0434420 1.5397830 
3 No 3 H 1 2  1.0896014 112.2921220  
 0.9049620  -0.1052720 -0.4100090 
4 No 4 H 1 2 3 1.0903501 112.1879770 127.7839306
 -0.9032840 -0.2180090 -0.4323710 
5 No 5 H 2 1 3 1.0903419 111.4010516 -61.8089081
 0.0681180  -1.1057850 1.7641170 
6 No 6 O 1 2 5 2.4705273 106.1452560 -174.0140478
 -0.0138670 2.6609360  -0.2228260 
7 No 7 H 1 2 6 1.2359139 109.4743844 -5.0522321
 -0.1232970 1.4202400  -0.1538300 
8 No 8 Cl 2 1 6 1.7836693 110.6013411 -56.4022039
 1.3620090  0.7555100  2.3149980 
9 No 9 Cl 2 1 6 1.7741652 111.1014339 67.1773257
 -1.5556860 0.4914530  2.2737880 
10 No 10 H 6 1 2 0.9794300 94.3868087 34.4060462
 0.5374100  2.8244070  0.5700510 
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CH3CHCl2 – HO radical TS2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle  Dihedral  
 X Y  Z 
1 No 1 C        
 0.0244230  0.1069860  0.0067020 
2 No 2 C 1   1.5052920    
 0.0026630  -0.0214720 1.5063450 
3 No 3 H 2 1  1.0914012 109.2988725  
 1.0244570  0.0241900  1.8871450 
4 No 4 H 2 1 3 1.0911716 109.3102293 -119.3826392
 -0.4383670 -0.9813190 1.7799170 
5 No 5 H 2 1 4 1.0925503 110.3008634 -120.3950279
 -0.5840990 0.7876310  1.9476260 
6 No 6 O 1 2 4 2.4882174 103.9378935 -53.8150454
 1.1954530  -1.9523320 -0.7543000 
7 No 7 H 1 2 6 1.2017934 107.0300721 -5.4757959
 0.6761720  -0.8101330 -0.4157000 
8 No 8 Cl 1 2 6 1.7573117 112.8485940 -121.2136875
 0.8441930  1.5614010  -0.5417490 
9 No 9 Cl 1 2 6 1.7649431 112.3146979 111.1022024
 -1.5838730 -0.0510320 -0.7028320 
10 No 10 H 6 1 2 0.9797790 96.9942978 132.2224337
 0.5538320  -2.2040040 -1.4506840 

CH2ClCH2Cl – boat  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5119986   
3 No 3 H 2 1  1.0921124 108.9078275  
4 No 4 H 2 1 3 1.0902277 110.8564046 120.1042807 
5 No 5 H 1 2 4 1.0902276 110.8564070 -173.6858870 
6 No 6 Cl 2 1 5 1.7781063 112.4999430 -52.7826806 
7 No 7 Cl 1 2 4 1.7781066 112.4999585 -52.7826231 
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8 No 8 H 1 2 4 1.0921130 108.9077971 66.2098964 
 

CH2ClCH2Cl – HO radical TS (Trans) 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral  
 X  Y Z 
1 No 1 C        
 -0.0100540 0.1983470  -0.0691370 
2 No 2 C 1   1.5066266    
 -0.0129980 0.1115420  1.4349840 
3 No 3 H 1 2  1.0897852 113.6753738  
 0.8534300  -0.2776990 -0.5332570 
4 No 4 H 2 1 3 1.0897307 110.5477013 174.0547901
 -0.8377790 0.6904180  1.8498960 
5 No 5 H 2 1 3 1.0910674 110.9667871 -64.1557857
 -0.0910810 -0.9251430 1.7660660 
6 No 6 O 1 2 4 2.4731566 101.2075065 57.5265326
 0.1461050  2.6430250  -0.409236 
7 No 7 H 6 1 2 0.9798107 94.6153745 51.8982601
 0.9243750  2.7544190  0.1755000 
8 No 8 H 1 2 6 1.2186213 108.1105547 -1.8441375
 0.0275580  1.3759070  -0.3805460 
9 No 9 Cl 2 1 6 1.7832887 109.7235590 -61.7187827
 1.5119710  0.7746720  2.0790700 
10 No 10 Cl 1 2 6 1.7543515 111.2983900 -118.0274282
 -1.4978300 -0.4378190 -0.7470490 

CH2ClCHCl2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5168772   
3 No 3 H 1 2  1.0901456 108.8895603  
4 No 4 H 2 1 3 1.0887532 111.1326960 -64.7307969 
5 No 5 H 1 2 4 1.0900974 110.1021473 174.9913964 
6 No 6 Cl 2 1 5 1.7782149 107.9208978 -67.4655462 
7 No 7 Cl 1 2 4 1.7744198 111.3561989 54.1250595 
8 No 8 Cl 2 1 5 1.7683108 111.7625514 54.9222831 
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CH2ClCHCl2 HOradical TS1 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5109455   
3 No 3 H 1 2  1.0903640 111.2077299  
4 No 4 H 2 1 3 1.0903264 110.6840951 -70.5592840 
5 No 5 O 1 2 4 2.4762647 104.5799625 173.9350415 
6 No 6 H 5 1 2 0.9800030 96.0821947 -40.3888306 
7 No 7 H 1 2 5 1.2277895 109.1528235 1.0311048 
8 No 8 Cl 2 1 5 1.7710556 108.7896241 -67.9924207 
9 No 9 Cl 1 2 5 1.7478353 113.1937528 -119.5318075 
10 No 10 Cl 2 1 5 1.7744753 111.6648240 55.1499028 
 

CH2ClCHCl2 HO radical TS2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5130735   
3 No 3 H 2 1  1.0912663 110.1046968  
4 No 4 O 1 2 3 2.4704625 101.1542019 -178.8051425 
5 No 5 H 4 1 2 0.9804164 96.5060224 54.4975987 
6 No 6 H 1 2 4 1.2132998 108.3993736 0.3528316 
7 No 7 Cl 2 1 4 1.7753986 111.8495331 -58.2200061 
8 No 8 Cl 1 2 4 1.7556444 109.4203996 -113.5855786 
9 No 9 H 2 1 4 1.0898361 108.4694968 60.7664424 
10 No 10 Cl 1 2 4 1.7498596 113.6941090 119.4693609 
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CH2ClCH2Cl (Trans) 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5400000   
3 No 3 H 1 2  1.0700000 109.4712206  
4 No 4 H 2 1 3 1.0700000 109.4712206 180.0000000 
5 No 5 H 2 1 3 1.0700000 109.4712206 -60.0000000 
6 No 6 H 1 2 4 1.0700000 109.4712206 60.0000000 
7 No 7 Cl 2 1 3 1.7600000 109.4712206 60.0000000 
8 No 8 Cl 1 2 4 1.7600000 109.4712206 -60.0000000 

CH2ClCH2Cl (Cis) 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5119986   
3 No 3 H 2 1  1.0921124 108.9078275  
4 No 4 H 2 1 3 1.0902277 110.8564046 120.1042807 
5 No 5 H 1 2 4 1.0902276 110.8564070 -173.6858870 
6 No 6 Cl 2 1 5 1.7781063 112.4999430 -52.7826806 
7 No 7 Cl 1 2 4 1.7781066 112.4999585 -52.7826231 
8 No 8 H 1 2 4 1.0921130 108.9077971 66.2098964 
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CH2ClCH2Cl – HO radical (trans) TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5066266   
3 No 3 H 1 2  1.0897852 113.6753738  
4 No 4 H 2 1 3 1.0897307 110.5477013 174.0547901 
5 No 5 H 2 1 3 1.0910675 110.9667858 -64.1558417 
6 No 6 O 1 2 4 2.4731566 101.2075065 57.5265326 
7 No 7 H 6 1 2 0.9798107 94.6153745 51.8982601 
8 No 8 H 1 2 6 1.2186213 108.1105547 -1.8441375 
9 No 9 Cl 2 1 6 1.7832887 109.7235590 -61.7187827 
10 No 10 Cl 1 2 6 1.7543519 111.2984201 -118.0274300 

CH2ClCH2Cl – HO radical (cis) TS1  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5050036   
3 No 3 H 2 1  1.0910882 108.5964796  
4 No 4 H 2 1 3 1.0913956 110.8358083 120.4819549 
5 No 5 O 1 2 3 2.4641412 99.5787976 59.0109702 
6 No 6 H 5 1 2 0.9802269 95.2649328 52.3894629 
7 No 7 H 1 2 5 1.2174241 108.5507430 2.0954192 
8 No 8 Cl 2 1 5 1.7802993 112.6854229 -60.0646009 
9 No 9 Cl 1 2 5 1.7517221 114.7901356 123.4056003 
10 No 10 H 1 2 5 1.0917959 111.0924393 -111.1665033 
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CH3CCl3 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0905158   
3 No 3 H 1 2  1.0905157 109.5219404  
4 No 4 H 1 3 2 1.0905159 109.5219461 -120.1244757 
5 No 5 C 1 3 2 1.5140080 109.4204475 119.9377611 
6 No 6 Cl 5 1 3 1.7779700 109.7548355 60.0007784 
7 No 7 Cl 5 1 3 1.7779700 109.7548353 -59.9992220 
8 No 8 Cl 5 1 3 1.7779700 109.7548355 -179.9992223 

CH3CCl3 – HO radical TS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5024000   
3 No 3 H 1 2  1.0888800 112.0342601  
4 No 4 H 1 2 3 1.0898778 111.8816660 127.6150424 
5 No 5 O 1 2 4 2.4710284 107.2773068 119.8874851 
6 No 6 H 1 2 5 1.2360656 108.9726029 -5.2873635 
7 No 7 Cl 2 1 5 1.7824080 109.8150769 -56.0299808 
8 No 8 Cl 2 1 5 1.7711787 110.2745857 64.6367054 
9 No 9 H 5 1 2 0.9794129 95.2478020 44.3930191 
10 No 10 Cl 2 1 5 1.7815958 108.9671773 -175.2002589 



 

 312

CH3Br 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0862788   
3 No 3 H 1 2  1.0862789 111.0426788  
4 No 4 H 1 2 3 1.0862789 111.0426788 124.0707756 
5 No 5 Br 1 2 3 1.9473380 107.8499575 -117.9646122 

CH3Br – HO radical TS  

 
Row Highlight Tag Symbol NA NB NC Bond Angle  Dihedral  
 X Y Z 
1 No 1 C        
 0.0491390  -0.2921990 0.0283690 
2 No 2 H 1   1.0862658    
 -0.0528140 0.1313230  1.0234610 
3 No 3 H 1 2  1.0862657 114.3360206  
 0.8599350  0.1313300  -0.5574690 
4 No 4 H 1 3 2 1.2263685 106.9266693 -118.1415359
 0.2971220  -1.4846700 0.1715370 
5 No 5 O 1 3 2 2.4731808 109.5212113 -123.3297328
 0.3447850  -2.7417060 0.1990500 
6 No 6 H 5 1 3 0.9792476 92.3404240 -116.9364571
 -0.4896700 -2.9163670 -0.2827220 
7 No 7 Br 1 5 6 1.9207136 102.3226799 0.0000000 
 -1.6093710 -0.1452210 -0.9291710 
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Cl3CCH2OH 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5335867   
3 No 3 H 1 2  1.0913822 107.6846724  
4 No 4 H 1 2 3 1.0973225 107.1480734 -117.2935364 
5 No 5 Cl 2 1 3 1.7734588 108.1316605 61.1079515 
6 No 6 O 1 2 5 1.4018894 112.8179634 178.8680906 
7 No 7 H 6 1 2 0.9734488 107.9948965 69.8939248 
8 No 8 Cl 2 1 6 1.7814366 108.7367106 -62.1988726 
9 No 9 Cl 2 1 6 1.7642039 110.4121851 58.1798906 
 

Cl3CCH2OH HO radical TS 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5274641   
3 No 3 H 1 2  1.0919652 109.6846873  
4 No 4 O 1 2 3 2.4733662 106.3843271 -127.4725164 
5 No 5 H 4 1 2 0.9799560 101.0246597 13.8384514 
6 No 6 H 1 2 4 1.2131248 107.1067499 11.9549261 
7 No 7 Cl 2 1 4 1.7745413 108.0359265 -68.7275897 
8 No 8 O 1 2 4 1.3791064 114.6208846 -108.8461149 
9 No 9 H 8 1 2 0.9756838 107.8633988 75.2486606 
10 No 10 Cl 2 1 8 1.7762146 109.8199747 -57.9027964 
11 No 11 Cl 2 1 8 1.7681130 109.4694984 62.4748744 
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F3CCH2OH  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5058334   
3 No 3 H 1 2  1.0968709 107.2564124  
4 No 4 H 1 2 3 1.0968711 107.2563894 -116.8412035 
5 No 5 O 1 2 4 1.4126789 107.0150114 -121.5794106 
6 No 6 H 5 1 2 0.9707617 107.8345825 179.9981277 
7 No 7 F 2 1 5 1.3449296 111.8863841 -60.6537225 
8 No 8 F 2 1 5 1.3544677 109.2676077 180.0000000 
9 No 9 F 2 1 5 1.3449298 111.8864193 60.6534961 

F3CCH2OH HO radical TS  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5023487   
3 No 3 H 1 2  1.0964099 110.5900838  
4 No 4 O 1 2 3 2.4807611 102.5931580 -123.0019222 
5 No 5 H 4 1 2 0.9799622 89.8680009 -44.7171935 
6 No 6 H 1 2 4 1.2149770 104.8162542 9.7324067 
7 No 7 O 1 2 4 1.3888087 108.5494433 -109.2649915 
8 No 8 H 7 1 2 0.9723831 108.2406961 176.5180444 
9 No 9 F 2 1 7 1.3512365 110.9783731 -61.6406116 
10 No 10 F 2 1 7 1.3478948 109.7329275 179.1577485 
11 No 11 F 2 1 7 1.3442371 112.1101086 58.9139403 
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F3CCHCl2 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5250954   
3 No 3 H 1 2  1.0895117 107.6924175  
4 No 4 F 2 1 3 1.3443289 109.6523384 -59.1598382 
5 No 5 F 2 1 3 1.3370348 112.2614980 180.0000000 
6 No 6 F 2 1 3 1.3443289 109.6523384 59.1598382 
7 No 7 Cl 1 2 5 1.7611848 109.9344492 62.0994997 
8 No 8 Cl 1 2 5 1.7611848 109.9344492 -62.0994997 

F3CCHCl2 HO radical 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5219714   
3 No 3 O 1 2  2.4655809 98.5185758  
4 No 4 H 3 1 2 0.9803378 94.6128922 51.2303835 
5 No 5 H 1 2 3 1.2226738 104.9388942 -3.1462954 
6 No 6 F 2 1 3 1.3500087 109.2216145 -54.0426387 
7 No 7 F 2 1 3 1.3387568 112.0096053 -174.0350790 
8 No 8 F 2 1 3 1.3382468 110.4495563 64.6615850 
9 No 9 Cl 1 2 3 1.7386192 111.7182616 -118.3596625 
10 No 10 Cl 1 2 3 1.7425130 111.2483853 112.8510728 
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APPENDIX F: OPTIMIZED MOLECULAR STRUCTURES FOR 

IONIZED COMPOUNDS 

All molecular and radical structures were optimized at B3LYP/6-31G(d) with the SMD 

solvation model.  

 
HO• 

 
vacuo 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 O       
2 No 2 H 1   0.9762090   
 
Water 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 O       
2 No 2 H 1   0.9773250   
 
H2O 

  
vacuo 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 O       
2 No 2 H 1   0.9618832   
3 No 3 H 1 2  0.9618832 103.7261688  
 
Water 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 O       
2 No 2 H 1   0.9640429   
4 No  3  H  1  2    0.9640429 102.9177762   
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HCOO- 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.2550634   
3 No 3 O 1 2  1.2550634 128.1753288  
4 No 4 H 1 2 3 1.1242020 115.9123356 180.0000000 
 
Complex with HO radical  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.2585671   
3 No 3 O 1 2  1.2426905 129.3906941  
4 No 4 H 1 3 2 1.1386801 116.3282890 -179.9919976 
5 No 5 O 2 1 3 2.6949660 80.9193196 -179.9988671 
6 No 6 H 5 2 1 0.9923476 18.3260707 -179.9635181 
 
TS with HO radical 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.2581365   
3 No 3 O 1 2  1.2427858 129.4619970  
4 No 4 H 1 3 2 1.1389483 116.2965404 -179.9922118 
5 No 5 O 2 1 3 2.6986388 80.7398273 -179.9466891 
6 No 6 H 5 2 1 0.9919989 18.2605580 179.9948910 
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CH3COO-  

 
Vacuo 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5775575   
3 No 3 O 2 1  1.2509454 114.9722656  
4 No 4 O 2 1 3 1.2509454 114.9722656 178.4757704 
5 No 5 H 1 2 3 1.0999228 109.4005594 -89.2378852 
6 No 6 H 1 2 3 1.0968652 111.4835090 152.3856557 
7 No 7 H 1 2 3 1.0968652 111.4835090 29.1385738 
 
water 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5381280   
3 No 3 O 2 1  1.2615947 117.0329928  
4 No 4 O 2 1 3 1.2615947 117.0329928 178.4478910 
5 No 5 H 1 2 3 1.0971857 108.9690579 -89.2239455 
6 No 6 H 1 2 3 1.0936022 111.4545713 152.2491371 
7 No 7 H 1 2 3 1.0936022 111.4545713 29.3029719 
 
TS with HO radical  

 
Vacuo  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5510952   
3 No 3 O 2 1  1.2502555 112.3189423  
4 No 4 O 2 1 3 1.2519399 118.2334446 -179.9977424 
5 No 5 H 1 2 3 1.0958753 112.1746029 -61.5417468 
6 No 6 H 1 2 3 1.2208910 107.7031099 -179.9680425 
7 No 7 H 1 2 3 1.0958783 112.1750326 61.6120591 
8 No 8 O 1 2 3 2.5207054 96.3063367 -179.9819007 
9 No 9 H 8 1 2 0.9849539 75.0481290 -0.0123990 
 
Water  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5280346   
3 No 3 O 2 1  1.2559018 114.5045609  
4 No 4 O 2 1 3 1.2611523 119.0089665 179.7328949 
5 No 5 H 1 2 3 1.0937174 112.4158599 -67.2522530 
6 No 6 H 1 2 3 1.2086949 108.1379106 175.6565575 
7 No 7 H 1 2 3 1.0934116 112.6242146 58.0953272 
8 No 8 O 1 2 3 2.5126693 95.7018024 176.8238598 
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9 No 9 H 8 1 2 0.9838074 76.1624308 2.7390343 
 
Complex with HO radical 
 
 
C-centered radical 

 
Vacuo  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0902437   
3 No 3 H 1 2  1.0902437 117.9487411  
4 No 4 C 1 2 3 1.5050900 121.0256292 179.9918772 
5 No 5 O 4 1 2 1.2598142 115.3171301 -179.9969839 
6 No 6 O 4 1 5 1.2598142 115.3171301 -179.9976589 
 
Water  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0856116   
3 No 3 H 1 2  1.0856116 118.6337914  
4 No 4 C 1 2 3 1.4764340 120.6831037 179.9873162 
5 No 5 O 4 1 2 1.2697253 117.1773322 -179.9825063 
6 No 6 O 4 1 5 1.2697253 117.1773322 179.9779574 
 
 
CH3CH2COO-  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5360833   
3 No 3 C 2 1  1.5404047 110.2710645  
4 No 4 O 3 2 1 1.2624316 117.1295327 88.8554160 
5 No 5 O 3 2 1 1.2624316 117.1295327 -88.8554160 
6 No 6 H 1 2 3 1.0946555 111.6018322 180.0000000 
7 No 7 H 1 2 3 1.0955269 110.7100780 59.7675066 
8 No 8 H 1 2 3 1.0955269 110.7100780 -59.7675066 
9 No 9 H 2 1 3 1.0951392 109.6338437 -120.6538505 
10 No 10 H 2 1 3 1.0951392 109.6338437 120.6538505 
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TS1 with HO radical  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5166227   
3 No 3 C 2 1  1.5437957 115.4912876  
4 No 4 O 3 2 1 1.2528578 117.5361363 135.7475264 
5 No 5 O 3 2 1 1.2710693 117.6775527 -45.7072506 
6 No 6 H 1 2 3 1.0935773 113.4921807 177.1262219 
7 No 7 H 1 2 3 1.2104353 109.1054363 62.3693225 
8 No 8 H 1 2 3 1.0933971 114.1845714 -54.3496337 
9 No 9 H 2 1 3 1.0979495 109.2974250 -121.4964796 
10 No 10 H 2 1 3 1.0963933 109.5286654 122.1385009 
11 No 11 O 1 2 3 2.5177083 99.7147303 57.5222945 
12 No 12 H 11 1 2 0.9969321 80.0397309 -35.0554035 
 
TS2 with HO radical  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5183687   
3 No 3 C 2 1  1.5389144 116.6666720  
4 No 4 O 3 2 1 1.2659345 117.6140437 146.2870691 
5 No 5 O 3 2 1 1.2539746 116.4140641 -35.2114387 
6 No 6 H 1 2 3 1.0942175 111.2638770 -177.9587991 
7 No 7 H 1 2 3 1.0955904 110.0060705 62.6634576 
8 No 8 H 1 2 3 1.0946498 111.6212624 -56.7811035 
9 No 9 H 2 1 3 1.0969845 111.7672112 -126.6358661 
10 No 10 H 2 1 3 1.1874217 109.5940514 119.5865156 
11 No 11 O 2 1 3 2.5415235 122.1513552 113.1554881 
12 No 12 H 11 2 1 0.9874917 74.4311783 -136.9934852 
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HOOCCH2COO- 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0919131   
3 No 3 H 1 2  1.0928234 108.7089955  
4 No 4 O 1 2 3 2.3866726 92.4339024 94.1299402 
5 No 5 O 1 4 2 2.4160556 134.5926824 -88.6907370 
6 No 6 C 5 1 4 1.2157487 30.2405367 -114.3507801 
7 No 7 C 4 1 6 1.2520942 36.3396028 3.0793609 
8 No 8 O 6 5 1 1.3513626 121.9441766 178.5147668 
9 No 9 H 8 6 5 0.9714622 107.6302017 -1.7269216 
10 No 10 O 7 4 1 1.2560180 127.6934860 -179.8467560 
 
TS with HO radical  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0924433   
3 No 3 H 1 2  1.1598393 106.9172807  
4 No 4 O 1 2 3 2.6056028 107.1033397 -11.6708063 
5 No 5 H 4 1 2 0.9736023 88.5209567 -142.2121043 
6 No 6 O 1 4 5 2.3951069 96.4033201 112.9720186 
7 No 7 O 1 6 4 2.4132763 143.4134275 149.0217665 
8 No 8 C 7 1 6 1.2135524 30.3655586 -92.8287395 
9 No 9 C 6 1 8 1.2470365 35.2638777 -28.2978764 
10 No 10 O 8 7 1 1.3489363 122.5314779 179.3556370 
11 No 11 H 10 8 7 0.9716740 108.0603792 -0.7090864 
12 No 12 O 9 6 1 1.2565433 128.3537788 -178.2602802 
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-OOC(CH2)2COO- 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5425311   
3 No 3 O 2 1  1.2627867 117.6455338  
4 No 4 O 2 1 3 1.2622101 117.0252997 -178.6035986 
5 No 5 H 1 2 4 1.0952041 108.7235034 19.9613289 
6 No 6 H 1 2 4 1.0978928 107.3670860 -94.4287553 
7 No 7 C 1 2 4 1.5281905 114.6586359 144.9565202 
8 No 8 H 7 1 2 1.0979207 108.5378356 50.1312946 
9 No 9 H 7 1 2 1.0961668 110.8698372 -65.4150279 
10 No 10 C 7 1 2 1.5427915 115.9885491 170.7340996 
11 No 11 O 10 7 1 1.2626856 116.2697926 157.9210145 
12 No 12 O 10 7 1 1.2619949 118.2483009 -23.7391386 
 
TS with HO radical  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5354765   
3 No 3 O 2 1  1.2559343 115.2447347  
4 No 4 O 2 1 3 1.2650251 118.6768659 178.9744781 
5 No 5 H 1 2 3 1.1756462 106.8664621 168.2561618 
6 No 6 H 1 2 3 1.0943640 111.1538695 53.6392821 
7 No 7 O 1 2 3 2.5665761 93.6729949 173.5863438 
8 No 8 H 7 1 2 0.9873967 73.6645127 5.7890455 
9 No 9 C 1 2 3 1.5210262 113.7176105 -72.1890023 
10 No 10 H 9 1 2 1.0998748 108.1093495 57.7285740 
11 No 11 H 9 1 2 1.0945251 110.6759695 -58.8970925 
12 No 12 C 9 1 2 1.5465868 114.4938551 176.7422645 
13 No 13 O 12 9 1 1.2596336 116.6579626 144.0981760 
14 No 14 O 12 9 1 1.2602205 117.1407214 -37.4032980 
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CH3COCOO- 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.2549675   
3 No 3 C 1 2  1.5659240 115.6765700  
4 No 4 O 3 1 2 1.2182862 120.2943832 179.8498092 
5 No 5 C 3 1 2 1.5053558 117.1659645 -0.1475589 
6 No 6 H 5 3 1 1.0949808 109.6755998 -58.1420397 
7 No 7 H 5 3 1 1.0915551 110.8515249 -179.9706614 
8 No 8 H 5 3 1 1.0950132 109.6594646 58.2217870 
9 No 9 O 1 2 3 1.2518151 128.3911953 179.9850526 
 
TS1 with HO radical 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.2626159   
3 No 3 C 1 2  1.5594437 115.9143612  
4 No 4 O 3 1 2 1.2189010 120.4081934 -151.8839381 
5 No 5 C 3 1 2 1.4951665 117.8426138 27.4028054 
6 No 6 O 1 2 3 1.2449116 127.8979246 -179.2176411 
7 No 7 H 5 3 1 1.1999998 106.5918585 -66.7387385 
8 No 8 H 5 3 1 1.0914360 113.0366364 176.9251190 
9 No 9 H 5 3 1 1.0918415 113.1049464 46.8571471 
10 No 10 O 5 3 1 2.5221940 101.3141202 -55.5891304 

11 No  11  H  10  5  3  0.9905959 79.2984677  42.5171028 

TS2 with HO radical  
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.2525088   
3 No 3 C 1 2  1.5737290 115.1331492  
4 No 4 O 3 1 2 1.2165636 120.7245743 -179.8080359 
5 No 5 C 3 1 2 1.4978901 116.1862529 0.1873813 
6 No 6 O 1 2 3 1.2471084 129.4615356 -179.9908581 
7 No 7 H 5 3 1 1.0931580 112.7548152 -62.7626332 
8 No 8 H 5 3 1 1.2185471 106.7306339 -179.9484629 
9 No 9 H 5 3 1 1.0931799 112.7585742 62.8596704 
10 No 10 O 5 3 1 2.5130241 97.4388951 -179.9367400 
11 No 11 H 10 5 3 0.9755587 84.9630577 -0.0329154 
 
TS3 with HO radical  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 O 1   1.2537626   
3 No 3 C 1 2  1.5627193 114.4422475  
4 No 4 O 3 1 2 1.2161745 121.1235365 156.9921080 
5 No 5 C 3 1 2 1.5013119 116.8554745 -21.5094253 
6 No 6 H 5 3 1 1.0907082 111.9955452 -172.8853233 
7 No 7 H 5 3 1 1.1605194 107.1617455 68.0693831 
8 No 8 H 5 3 1 1.0926504 112.2486185 -45.8874473 
9 No 9 O 1 2 3 1.2485253 129.3895235 178.7962420 
10 No 10 O 5 3 1 2.5937781 119.9332147 74.0447129 
11 No 11 H 10 5 3 0.9733447 91.1625811 94.9216081 
 
CH2ClCOO- 
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Vacuo 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5752444   
3 No 3 O 2 1  1.2344772 119.8737514  
4 No 4 O 2 1 3 1.2515686 107.5244686 179.9731942 
5 No 5 Cl 1 2 3 1.8603508 117.8293234 0.0719315 
6 No 6 H 1 2 3 1.0902969 110.1583898 -119.8222031 
7 No 7 H 1 2 3 1.0902376 110.1740153 119.9949164 
 
Water  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5481317   
3 No 3 O 2 1  1.2556149 116.1596306  
4 No 4 O 2 1 3 1.2556149 116.1596306 -179.9175053 
5 No 5 H 1 2 3 1.0886566 112.1431210 -153.0209849 
6 No 6 Cl 1 2 3 1.8303334 109.4045555 89.9587527 
7 No 7 H 1 2 3 1.0886566 112.1431210 -27.0615098 
 
Complex with HO radical  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5414481   
3 No 3 O 2 1  1.2713132 112.2881324  
4 No 4 O 2 1 3 1.2399959 121.2039058 179.2547634 
5 No 5 H 1 2 4 1.0889505 110.2480352 -125.4327657 
6 No 6 H 1 2 4 1.0904509 109.5615779 115.0135448 
7 No 7 O 3 2 1 2.6443644 119.5129659 -8.5129590 
8 No 8 H 7 3 2 1.0119314 0.9610633 73.9283606 
9 No 9 Cl 1 2 4 1.8152501 115.0492819 -4.8096037 
 
TS with HO radical  
 
Vacuo 
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.6091372   
3 No 3 O 2 1  1.2426074 108.5931464  
4 No 4 O 2 1 3 1.2302228 116.7438707 -179.9388399 
5 No 5 H 1 2 4 1.1502500 108.8809057 -90.9488159 
6 No 6 H 1 2 4 1.0888002 111.2215127 148.9694571 
7 No 7 O 1 2 4 2.6137537 125.4140268 -93.2061725 
8 No 8 H 7 1 2 0.9693297 84.1984783 129.1460848 
9 No 9 Cl 1 2 4 1.8262714 115.3302438 28.1335865 
 
Water 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5490139   
3 No 3 O 2 1  1.2609953 112.6846406  
4 No 4 O 2 1 3 1.2431340 118.8323252 178.0069770 
5 No 5 H 1 2 4 1.1879932 105.7592796 -139.7647843 
6 No 6 H 1 2 4 1.0910173 112.0041811 105.4224276 
7 No 7 O 1 2 4 2.5049616 95.2910834 -151.1827970 
8 No 8 H 7 1 2 0.9830256 76.4723383 -20.7009990 
9 No 9 Cl 1 2 4 1.7853926 117.1338791 -20.3040185 
 
C-centered radical  

 
Vacuo  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
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2 No 2 C 1   1.5400000   
3 No 3 O 2 1  1.2583997 120.0000084  
4 No 4 O 2 1 3 1.2583997 120.0000084 180.0000000 
5 No 5 Cl 1 2 3 1.7600003 119.9999953 -90.0000000 
6 No 6 H 1 2 3 1.0699998 120.0000049 90.0000000 
 
Water  
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 H 1   1.0826116   
3 No 3 C 1 2  1.4843939 123.1430277  
4 No 4 O 3 1 2 1.2665587 113.1923429 -0.0147631 
5 No 5 O 3 1 4 1.2578403 119.3869355 -179.9926978 
6 No 6 Cl 1 3 5 1.7274363 122.3809700 0.0142807 
 
CHCl2COO- 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5656471   
3 No 3 O 2 1  1.2448135 117.6529044  
4 No 4 O 2 1 3 1.2512878 112.6135584 -178.8254779 
5 No 5 H 1 2 3 1.0851345 112.0201207 -162.0688165 
6 No 6 Cl 1 2 3 1.8033894 113.1960861 -41.4406990 
7 No 7 Cl 1 2 3 1.8150036 108.6703341 81.0815042 
 
CF2HCOO- 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5517666   
3 No 3 O 2 1  1.2516483 115.4457044  
4 No 4 O 2 1 3 1.2516483 115.4457044 -177.2798390 
5 No 5 H 1 2 3 1.0971657 111.5641672 88.6399195 
6 No 6 F 1 2 3 1.3652214 111.0385490 -150.7604380 
7 No 7 F 1 2 3 1.3652214 111.0385490 -31.9597230 
 
TS with HO radical  
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5703663   
3 No 3 O 2 1  1.2434208 114.7702453  
4 No 4 O 2 1 3 1.2522968 115.0198139 178.7012624 
5 No 5 H 1 2 3 1.1742339 108.4531101 161.8686820 
6 No 6 O 1 2 3 2.5627562 95.7394320 167.5393038 
7 No 7 H 6 1 2 0.9826917 76.8231207 9.2856247 
8 No 8 F 1 2 3 1.3515027 110.4803389 -79.3868168 
9 No 9 F 1 2 3 1.3457961 112.4225468 40.7829840 
 
Complex with HO radical  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5500215   
3 No 3 O 2 1  1.2427695 117.0621110  
4 No 4 O 2 1 3 1.2624901 115.1010379 -177.5279988 
5 No 5 H 1 2 3 1.0964875 111.5536537 99.3519928 
6 No 6 O 4 2 1 2.6708772 127.7171888 -5.3657013 
7 No 7 H 6 4 2 1.0052466 4.7642940 -9.4321344 
8 No 8 F 1 2 3 1.3662393 110.4091153 -140.3601527 
9 No 9 F 1 2 3 1.3602113 111.1124934 -21.8150262 
 
CHBr2COO- 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5628049   
3 No 3 O 2 1  1.2429244 118.1488796  
4 No 4 O 2 1 3 1.2540700 112.3045276 179.9432597 
5 No 5 H 1 2 3 1.0846822 112.0850574 177.0543878 
6 No 6 Br 1 2 3 1.9710809 110.8798414 -65.3459698 
7 No 7 Br 1 2 3 1.9697655 111.5409224 58.9131591 
 
TS with HO radical  
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5736965   
3 No 3 O 2 1  1.2381014 116.7084030  
4 No 4 O 2 1 3 1.2549333 113.5848866 -179.2272607 
5 No 5 H 1 2 3 1.1550823 109.6391434 -170.8637617 
6 No 6 O 1 2 3 2.5593156 95.9405052 -172.9842796 
7 No 7 H 6 1 2 0.9853682 76.7475184 -5.4706171 
8 No 8 Br 1 2 3 1.9464828 113.5768894 -53.6356266 
9 No 9 Br 1 2 3 1.9508318 110.9002174 74.0198459 
 
Complex with HO radical  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5573584   
3 No 3 O 2 1  1.2355314 119.2034666  
4 No 4 O 2 1 3 1.2653863 112.8572086 179.1001393 
5 No 5 H 1 2 3 1.0844485 112.3427260 160.1417410 
6 No 6 O 4 2 1 2.6544761 120.7398695 2.2710869 
7 No 7 H 6 4 2 1.0086689 1.2625004 -170.1657539 
8 No 8 Br 1 2 3 1.9728431 108.3871553 -84.4551998 
9 No 9 Br 1 2 3 1.9563724 113.3814880 39.6135639 
 
 
Cl3CCOO-  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.6079327   
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3 No 3 O 2 1  1.2395986 114.2781014  
4 No 4 O 2 1 3 1.2395986 114.2781014 177.5697398 
5 No 5 Cl 1 2 3 1.7965239 112.4923515 152.4544617 
6 No 6 Cl 1 2 3 1.7965239 112.4923515 29.9757985 
7 No 7 Cl 1 2 3 1.8130073 106.5479112 -88.7848699 
 
TS with HO radical  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5951577   
3 No 3 O 2 1  1.2383651 113.7955073  
4 No 4 O 2 1 3 1.2384431 113.8390222 -179.9905400 
5 No 5 O 1 2 3 4.1484445 98.6945749 87.8847622 
6 No 6 H 5 1 2 0.9703815 96.8868790 -75.3987414 
7 No 7 Cl 1 2 3 1.7422407 116.9932103 -21.5463998 
8 No 8 Cl 5 1 2 1.9221380 3.5851927 54.2978442 
9 No 9 Cl 1 2 3 1.7419665 116.9522388 -159.2518383 
 
Complex with HO radical 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.6014530   
3 No 3 O 2 1  1.2323167 116.1979169  
4 No 4 O 2 1 3 1.2507084 113.8881331 178.6448953 
5 No 5 O 4 2 1 2.6966306 129.0528315 -5.7580770 
6 No 6 H 5 4 2 0.9987912 1.3363413 -38.9898071 
7 No 7 Cl 1 2 3 1.7897837 113.0144083 13.2840877 
8 No 8 Cl 1 2 3 1.8022551 110.7388587 134.6891610 
9 No 9 Cl 1 2 3 1.8068883 107.4300566 -106.5112721 
 
Br3CCOO- 
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.6093380   
3 No 3 O 2 1  1.2397784 114.3439929  
4 No 4 O 2 1 3 1.2397784 114.3439929 178.0177619 
5 No 5 Br 1 2 3 1.9666868 112.7295554 152.1996410 
6 No 6 Br 1 2 3 1.9858430 106.2631754 -89.0088809 
7 No 7 Br 1 2 3 1.9666868 112.7295554 29.7825971 
 
TS with HO radical 

 
 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5878183   
3 No 3 O 2 1  1.2407005 114.4002643  
4 No 4 O 2 1 3 1.2403319 114.1281171 -179.1745253 
5 No 5 O 1 2 4 4.2939175 96.7103908 -81.8046552 
6 No 6 H 5 1 2 0.9696590 97.2549790 -12.5775321 
7 No 7 Br 1 2 4 1.9195969 115.9370431 27.0408122 
8 No 8 Br 1 2 4 1.9223453 116.4974291 161.6079055 
9 No 9 Br 5 1 2 2.0298329 9.4131163 -124.6074093 
 
 
With explicit water molecules  
CH3COO-HO radical with H2O  
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5256830   
3 No 3 O 2 1  1.2511343 115.4972265  
4 No 4 O 2 1 3 1.2684329 118.3686942 -178.6133261 
5 No 5 H 1 2 3 1.1927183 107.9165597 -157.2877667 
6 No 6 O 1 2 3 2.5446747 96.2629490 -161.4390055 
7 No 7 H 6 1 2 0.9813051 77.4841644 -3.2964981 
8 No 8 H 1 2 3 1.0939441 111.7135185 87.6443150 
9 No 9 H 6 1 2 2.1360446 82.7531439 -81.3959709 
10 No 10 O 4 2 1 2.8485567 105.2651192 43.2533692 
11 No 11 H 10 4 2 0.9752104 13.1699577 108.6079219 
12 No 12 H 1 2 3 1.0921768 113.5579843 -38.6536063 
 
CH3COO-HO radical with 2H2O  
 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5284823   
3 No 3 O 2 1  1.2616253 117.2950031  
4 No 4 O 2 1 3 1.2616285 117.2919902 178.6902178 
5 No 5 H 1 2 3 1.1458407 106.3521210 -89.2752632 
6 No 6 O 1 2 3 2.7002049 99.5746892 -89.2868748 
7 No 7 H 6 1 2 0.9761757 89.6100565 0.0821367 
8 No 8 H 1 2 3 1.0914172 113.2629049 155.2544585 
9 No 9 H 6 1 2 2.1997977 74.9142114 -77.1203951 
10 No 10 O 4 2 1 2.8024035 106.3104570 -38.9050104 
11 No 11 H 10 4 2 0.9799320 4.5077156  147.6737411 
12 No 12 O 3 2 1 2.8024963 106.3569528 38.7077413 



 

 333

13 No 13 H 12 3 2 0.9665530 98.2562453 17.4590543 
14 No 14 H 12 3 2 0.9799526 4.4917050  -148.1018470 
15 No 15 H 1 2 3 1.0914219 113.2583334 26.1861669 
 
CH3COO-HO radical with 3H2O  

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5229610   
3 No 3 O 2 1  1.2565091 117.2455939  
4 No 4 O 2 1 3 1.2663150 117.4555116 -179.4591039 
5 No 5 H 1 2 3 1.1757682 106.1477464 -137.0471603 
6 No 6 H 1 2 3 1.0933328 112.0114102 109.0025616 
7 No 7 O 1 2 3 2.5707080 92.6084612 -139.3448038 
8 No 8 H 7 1 2 0.9808329 78.1698363 -21.8552554 
9 No 9 O 4 2 1 2.7920121 111.7940015 28.9246153 
10 No 10 H 9 4 2 0.9641775 97.4620467 -76.5188126 
11 No 11 H 9 4 2 0.9799621 4.6234241  114.5285949 
12 No 12 O 3 2 1 2.8329509 102.4384407 49.1320250 
13 No 13 H 12 3 2 0.9755149 91.6153362 38.9775675 
14 No 14 H 12 3 2 0.9752189 10.2131495 -151.0225459 
15 No 15 O 7 1 2 2.8614477 83.3829979 69.3852990 
16 No 16 H 15 7 1 0.9651689 99.1970173 -85.4562221 
17 No 17 H 15 7 1 0.9780379 4.7776619  125.7554167 
18 No 18 H 1 2 3 1.0899800 114.1759379 -20.1045845 
 
Transition state 1 for CH2ClCOO-HOradical with one explicit water molecule   

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5475214   
3 No 3 O 2 1  1.2394262 119.6604251  
4 No 4 O 2 1 3 1.2662344 112.4695166 -179.1603558 
5 No 5 Cl 1 2 3 1.7847655 117.0041526 -12.2709455 
6 No 6 H 1 2 3 1.1671555 106.3018382 -131.5537679 
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7 No 7 O 1 2 3 2.5653721 97.3405346 -142.7348999 
8 No 8 H 7 1 2 0.9777407 81.2305794 -12.0994126 
9 No 9 H 1 2 3 1.0905617 111.7744333 113.7182258 
10 No 10 H 7 1 2 2.2375272 80.4390501 -89.0916997 
11 No 11 O 4 2 1 2.8078004 113.9790319 26.6889318 
12 No 12 H 11 4 2 0.9781067 8.8540233  113.3866772 
 
Transition state 2 for CH2ClCOO-HOradical with one explicit water molecule   
 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5458216   
3 No 3 O 2 1  1.2561478 115.5712626  
4 No 4 O 2 1 3 1.2514596 117.3080085 -178.9562023 
5 No 5 Cl 1 2 4 1.7898016 112.7746913 116.4824970 
6 No 6 H 1 2 4 1.1884166 108.5289309 -0.7352169 
7 No 7 O 3 2 1 2.7644767 115.2068258 -22.0508014 
8 No 8 H 7 3 2 0.9635350 100.7940086 -85.9718912 
9 No 9 H 7 3 2 0.9813089 2.9784560  128.9459821 
10 No 10 O 1 2 4 2.5151850 95.9935869 -2.6458366 
11 No 11 H 10 1 2 0.9836370 77.8044742 1.7531963 
12 No 12 H 1 2 4 1.0905829 113.1108242 -120.6212563 
 
Transition state 3 for CH2ClCOO-HOradical with one explicit water molecule   

 
 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5476838   
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3 No 3 O 2 1  1.2493552 119.5303303  
4 No 4 O 2 1 3 1.2547724 111.6770602 176.9400648 
5 No 5 Cl 1 2 3 1.7850288 117.4462625 8.1600013 
6 No 6 H 1 2 3 1.1579584 103.6678494 -109.4297928 
7 No 7 O 1 2 3 2.5960454 89.3710907 -116.0678121 
8 No 8 H 7 1 2 0.9782609 79.2705642 -35.5873799 
9 No 9 H 1 2 3 1.0895021 112.9224309 135.6605467 
10 No 10 O 7 1 2 2.9612695 77.2891756 61.9191818 
11 No 11 H 10 7 1 0.9716844 9.5829623  170.8963245 
12 No 12 H 10 7 1 0.9701623 93.4118652 -27.0721677 
 
Transition state for CH2ClCOO-HOradical with 2 explicit water molecules 
   

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5431174   
3 No 3 O 2 1  1.2545728 113.6957610  
4 No 4 O 2 1 3 1.2538842 118.9394254 177.7933590 
5 No 5 H 1 2 4 1.1524552 107.1376471 83.3813474 
6 No 6 O 1 2 4 2.6548727 100.3213252 80.5135740 
7 No 7 H 6 1 2 0.9957262 87.5926404 -53.6196694 
8 No 8 H 6 1 2 3.0651281 78.4519054 -73.9292695 
9 No 9 O 4 2 1 2.7315796 107.6708334 -51.0914087 
10 No 10 H 9 4 2 0.9859053 6.6337085  147.5762467 
11 No 11 O 6 1 2 2.8853341 78.4472080 56.5033793 
12 No 12 H 11 6 1 0.9733942 8.0624259  -165.4614784 
13 No 13 H 11 6 1 0.9714420 95.1167892 -16.0726108 
14 No 14 H 1 2 4 1.0890134 112.7321151 -159.6152916 
15 No 15 Cl 1 2 4 1.7915725 115.3583410 -34.4580431 
 
Transition state for CH2ClCOO-HOradical with 3 explicit water molecules 
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5449020   
3 No 3 O 2 1  1.2439792 120.1254384  
4 No 4 O 2 1 3 1.2628756 112.3381453 -179.8768752 
5 No 5 Cl 1 2 3 1.7798296 117.3730401 -4.6037156 
6 No 6 H 1 2 3 1.1591788 105.0775918 -123.6898857 
7 No 7 H 1 2 3 1.0899456 111.8064441 122.0475681 
8 No 8 O 1 2 3 2.5854855 93.3665001 -134.4981319 
9 No 9 H 8 1 2 0.9798887 78.6598616 -30.5491489 
10 No 10 O 4 2 1 2.8080671 114.9290378 26.6788105 
11 No 11 H 10 4 2 0.9643821 97.7773265 -71.8390731 
12 No 12 H 10 4 2 0.9783154 4.6231257  123.5951555 
13 No 13 O 3 2 1 2.8673937 107.4156771 68.5398483 
14 No 14 H 13 3 2 0.9755688 92.5186934 26.2400772 
15 No 15 H 13 3 2 0.9716397 10.0847775 -133.6542284 
16 No 16 O 13 3 2 2.8371127 87.4936723 29.2757016 
17 No 17 H 16 13 3 0.9652152 92.1113935 54.9109796 
18 No 18 H 16 13 3 0.9775703 107.2860361 -49.5519409 
Transition state for CHCl2COO-HOradical with 1 explicit water molecule 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5778446   
3 No 3 O 2 1  1.2368740 115.7229793  
4 No 4 O 2 1 3 1.2559985 114.3480667 179.7971522 
5 No 5 H 1 2 3 1.1532287 109.0948716 179.0356074 
6 No 6 O 1 2 3 2.5871818 96.3054493 -179.1674712 
7 No 7 H 6 1 2 0.9843426 77.7144933 8.6117623 
8 No 8 H 6 1 2 2.0679367 87.1118236 -70.6989463 
9 No 9 O 6 1 2 2.9274237 81.9189974 -61.5557399 
10 No 10 H 9 6 1 0.9688124 77.5773102 56.7346468 
11 No 11 Cl 1 2 3 1.7867251 111.4879259 -64.3203511 
12 No 12 Cl 1 2 3 1.7841096 112.0373487 61.4215128 
Transition state for CHCl2COO-HOradical with 2 explicit water molecules 
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Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5738602   
3 No 3 O 2 1  1.2329102 117.1487275  
4 No 4 O 2 1 3 1.2600957 113.8965177 -179.1689350 
5 No 5 H 1 2 3 1.1487936 110.3835453 -142.0806251 
6 No 6 O 1 2 3 2.6537247 111.2951866 -144.5410454 
7 No 7 H 6 1 2 0.9961434 92.5053179 -57.3418795 
8 No 8 O 4 2 1 2.7298588 125.6262031 2.2703621 
9 No 9 H 8 4 2 0.9649886 107.1595916 67.6322492 
10 No 10 H 8 4 2 0.9858250 4.7085723 119.9403429 
11 No 11 O 6 1 2 2.8876757 83.3684880 24.9659891 
12 No 12 H 11 6 1 0.9728529 12.4124435 132.5613274 
13 No 13 H 11 6 1 0.9691733 88.8649283 -40.3722801 
14 No 14 Cl 1 2 3 1.7816885 114.4083845 -24.0154672 
15 No 15 Cl 1 2 3 1.7932952 109.5669877 101.1823870 
Transition state for CHCl2COO-HOradical with 3 explicit water molecules 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5731013   
3 No 3 O 2 1  1.2383605 117.3508589  
4 No 4 O 2 1 3 1.2554791 113.9350651 179.6875104 
5 No 5 H 1 2 3 1.1489391 109.0382926 -131.7298881 
6 No 6 O 1 2 3 2.6611261 107.4467944 -133.7474532 
7 No 7 H 6 1 2 0.9977313 92.1919301 -62.7147047 
8 No 8 O 6 1 2 2.7226833 83.0631728 -57.3534654 
9 No 9 H 8 6 1 0.9649813 106.7744196 -73.5501696 
10 No 10 H 8 6 1 0.9848259 83.9238555 29.6389243 
11 No 11 O 3 2 1 2.9727289 95.4986465 84.1578736 
12 No 12 H 11 3 2 0.9767790 88.9042957 22.9532031 
13 No 13 H 11 3 2 0.9678479 13.8467215 -172.7558987 
14 No 14 O 11 3 2 2.8399185 83.3112259 22.9639824 
15 No 15 H 14 11 3 0.9695051 91.9107575 23.1818126 
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16 No 16 H 14 11 3 0.9775488 100.8903790 -79.0176867 
17 No 17 Cl 1 2 3 1.7800488 114.8915409 -14.0969196 
18 No 18 Cl 1 2 3 1.7919684 110.2009991 111.8913762 
Transition state for CHF2COO-HOradical with 1 explicit water molecule 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5747367   
3 No 3 O 2 1  1.2422178 113.7182906  
4 No 4 O 2 1 3 1.2503275 115.6354314 179.3803041 
5 No 5 H 1 2 3 1.1687238 108.2939558 172.9371418 
6 No 6 O 1 2 3 2.5934733 94.3684393 170.0871065 
7 No 7 H 6 1 2 0.9855825 76.5007111 9.9111207 
8 No 8 H 6 1 2 1.8966327 80.4913833 -82.5103351 
9 No 9 O 6 1 2 2.8589773 76.6183043 -81.5944698 
10 No 10 H 9 6 1 0.9637594 96.8679876 -28.8170879 
11 No 11 F 1 2 3 1.3456627 111.2090519 -66.6942064 
12 No 12 F 1 2 3 1.3511914 111.5150581 53.2864004 
 
Transition state for CHF2COO-HOradical with 2 explicit water molecules 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5612198   
3 No 3 O 2 1  1.2466275 115.7176389  
4 No 4 O 2 1 3 1.2525004 115.2452876 177.6479777 
5 No 5 H 1 2 3 1.1367334 108.7897784 -93.4811400 
6 No 6 O 1 2 3 2.7373946 100.7442720 -99.7541008 
7 No 7 H 6 1 2 0.9958710 84.1434394 -61.7353933 
8 No 8 H 6 1 2 3.0147671 71.4629824 -83.4016880 
9 No 9 O 4 2 1 2.7433336 110.5473579 -40.8114210 
10 No 10 H 9 4 2 0.9849122 6.0823042 150.1164122 
11 No 11 O 6 1 2 2.9041219 76.2295846 55.5933924 
12 No 12 H 11 6 1 0.9728007 8.5086469 -141.2840269 
13 No 13 H 11 6 1 0.9701696 97.5131631 -14.6318128 
14 No 14 F 1 2 3 1.3487551 112.1093574 26.0413859 
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15 No 15 F 1 2 3 1.3528506 111.7997300 147.3858421 
 
Transition state for CHF2COO-HOradical with 3 explicit water molecules 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5631222   
3 No 3 O 2 1  1.2414680 116.7225608  
4 No 4 O 2 1 3 1.2576920 114.3235709 178.3798520 
5 No 5 H 1 2 3 1.1450822 109.0116741 -116.1533087 
6 No 6 O 1 2 3 2.6943677 109.0879312 -127.4852595 
7 No 7 H 6 1 2 0.9949167 84.2659838 -70.4643380 
8 No 8 O 4 2 1 2.7584686 117.4998830 -4.8304468 
9 No 9 H 8 4 2 0.9651446 104.1711535 59.3810378 
10 No 10 H 8 4 2 0.9850926 5.0996531 140.9260889 
11 No 11 O 3 2 1 2.9430135 92.0528949 69.8290427 
12 No 12 H 11 3 2 0.9764795 86.2271512 41.1623826 
13 No 13 H 11 3 2 0.9683257 16.3873027 -150.9591316 
14 No 14 O 6 1 2 2.8328006 83.2897238 19.4075055 
15 No 15 H 14 6 1 0.9695544 93.3014242 -42.5857146 
16 No 16 H 14 6 1 0.9787395 9.1832195 160.5383025 
17 No 17 F 1 2 3 1.3433604 112.9296389 4.8957580 
18 No 18 F 1 2 3 1.3555387 110.3598389 125.6196862 
Transition state for CHBr2COO-HOradical with 1 explicit water molecule 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5727336   
3 No 3 O 2 1  1.2350559 116.4739877  
4 No 4 O 2 1 3 1.2590939 113.8904788 179.6842941 
5 No 5 H 1 2 3 1.1475834 109.8037050 176.3439783 
6 No 6 O 1 2 3 2.5952437 96.0168232 178.9171038 
7 No 7 H 6 1 2 0.9856147 76.8247624 9.7324199 
8 No 8 H 6 1 2 2.0689591 89.3520420 -68.3455155 
9 No 9 O 6 1 2 2.9278877 83.9461170 -59.3448486 
10 No 10 H 9 6 1 0.9685690 77.7243760 54.3024822 
11 No 11 Br 1 2 3 1.9433830 112.4934915 58.9508453 
12 No 12 Br 1 2 3 1.9501061 111.2999380 -68.2490656 
 
Transition state for CHBr2COO-HOradical with 2 explicit water molecules 



 

 340

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5676855   
3 No 3 O 2 1  1.2328917 116.8259793  
4 No 4 O 2 1 3 1.2619394 114.5948417 -178.9275149 
5 No 5 H 1 2 3 1.1502382 112.7342725 -158.8391709 
6 No 6 O 1 2 3 2.6530793 113.7769692 -160.2686938 
7 No 7 H 6 1 2 0.9952563 94.4678075 -48.4277862 
8 No 8 O 4 2 1 2.7237660 126.4701656 16.6763389 
9 No 9 H 8 4 2 0.9645526 108.1884450 68.0574228 
10 No 10 H 8 4 2 0.9850763 5.2155320 118.7692401 
11 No 11 Br 1 2 3 1.9445629 113.7508683 -41.1284608 
12 No 12 Br 1 2 3 1.9552528 109.2011230 84.8753175 
13 No 13 O 6 1 2 2.8930357 82.1617630 33.5188541 
14 No 14 H 13 6 1 0.9722288 13.9727013 137.6925370 
15 No 15 H 13 6 1 0.9702470 87.0363322 -39.6242768 
Transition state1 for CH3CH2COO-HOradical with 1 explicit water molecule 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5161956   
3 No 3 C 2 1  1.5419552 116.0113458  
4 No 4 O 3 2 1 1.2484262 117.7894069 140.5228400 
5 No 5 O 3 2 1 1.2776584 117.7025702 -41.3875402 
6 No 6 H 1 2 3 1.0936057 113.4007946 177.7418255 
7 No 7 H 1 2 3 1.1998513 109.5744643 62.6034603 
8 No 8 H 1 2 3 1.0924220 114.2015281 -53.4069699 
9 No 9 H 2 1 3 1.0980921 109.5845201 -121.7679093 
10 No 10 H 2 1 3 1.0966319 109.3829709 122.1008843 
11 No 11 O 1 2 3 2.5367571 101.7824641 54.9953543 
12 No 12 H 11 1 2 0.9959291 79.8752313 -29.6919381 
13 No 13 O 5 3 2 2.8523876 116.1159227 72.3321718 
14 No 14 H 13 5 3 0.9726836 19.1138954 81.1067351 
15 No 15 H 13 5 3 0.9704643 80.4939451 -104.1723589 
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Transition state1 for CH3CH2COO-HOradical with 2 explicit water molecules 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5154993   
3 No 3 C 2 1  1.5401776 115.9378143  
4 No 4 O 3 2 1 1.2463967 117.9760965 142.1826350 
5 No 5 O 3 2 1 1.2817228 117.7755810 -39.7765113 
6 No 6 H 1 2 3 1.0934895 113.4071773 177.8494823 
7 No 7 H 1 2 3 1.1932854 109.3636180 62.7501031 
8 No 8 H 1 2 3 1.0923646 114.3571952 -53.0211468 
9 No 9 H 2 1 3 1.0974344 109.1239824 -121.0831645 
10 No 10 H 2 1 3 1.0963796 109.5674754 122.3802148 
11 No 11 O 1 2 3 2.5482114 99.9989250 56.0806240 
12 No 12 H 11 1 2 1.0025914 78.8122006 -36.5122571 
13 No 13 O 5 3 2 2.8316905 113.9992677 73.4832523 
14 No 14 H 13 5 3 0.9750654 11.9857719 80.1568161 
15 No 15 H 13 5 3 0.9658696 88.9577453 -107.1123328 
16 No 16 O 11 1 2 2.8355541 88.9127911 49.5874091 
17 No 17 H 16 11 1 0.9775986 6.4925148 115.3823540 
18 No 18 H 16 11 1 0.9642810 96.6744665 -90.9545877 
 
Transition state1 for CH3CH2COO-HOradical with 3 explicit water molecules 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5151388   
3 No 3 C 2 1  1.5397022 115.8953841  
4 No 4 O 3 2 1 1.2450139 117.9575284 147.4455633 
5 No 5 O 3 2 1 1.2830629 117.8481454 -34.3273257 
6 No 6 H 1 2 3 1.0935035 113.6171371 178.5837961 
7 No 7 H 1 2 3 1.1867594 108.8789736 63.6902677 
8 No 8 H 1 2 3 1.0922795 114.1235532 -52.0170520 
9 No 9 H 2 1 3 1.0972606 109.4404077 -121.1904544 
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10 No 10 H 2 1 3 1.0964681 109.6582576 122.2139267 
11 No 11 O 1 2 3 2.5550517 99.4902912 54.6033644 
12 No 12 H 11 1 2 1.0117437 76.9629381 -40.8968101 
13 No 13 O 5 3 2 2.8556698 107.0437002 82.1716198 
14 No 14 H 13 5 3 0.9738328 6.5616991 108.8046512 
15 No 15 H 13 5 3 0.9759794 98.5634578 -122.7997255 
16 No 16 O 11 1 2 2.8596009 91.3530513 43.2598946 
17 No 17 H 16 11 1 0.9751834 7.8079223 111.5192471 
18 No 18 H 16 11 1 0.9643717 95.1242427 -88.9864337 
19 No 19 H 11 1 2 1.8251415 95.2622905 -139.8458228 
20 No 20 O 11 1 2 2.7987803 93.5145566 -137.3283753 
21 No 21 H 20 11 1 0.9649038 104.5263213 152.9035296 
Transition state2 for CH3CH2COO-HOradical with 1 explicit water molecule 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5360063   
3 No 3 O 2 1  1.2507980 115.7236329  
4 No 4 O 2 1 3 1.2704258 118.1376642 178.2063005 
5 No 5 H 1 2 3 1.1592884 106.1558848 162.3558136 
6 No 6 O 1 2 3 2.5854317 95.3481837 174.1470925 
7 No 7 H 6 1 2 0.9861328 73.6757158 14.4119272 
8 No 8 H 1 2 3 1.0952489 110.9802732 47.6694472 
9 No 9 H 6 1 2 2.0758527 92.0974285 -61.2083400 
10 No 10 O 4 2 1 2.8901206 103.8995565 68.7445390 
11 No 11 H 10 4 2 0.9717248 18.6363205 106.7567706 
12 No 12 C 1 2 3 1.5228095 112.8785766 -78.5126554 
13 No 13 H 12 1 2 1.0959715 110.0300786 62.1024359 
14 No 14 H 12 1 2 1.0939352 111.3431520 -178.4074633 
15 No 15 H 12 1 2 1.0944824 111.1120410 -57.4505512 
Transition state2 for CH3CH2COO-HOradical with 2 explicit water molecules 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5354100   
3 No 3 O 2 1  1.2557329 118.5497405  
4 No 4 O 2 1 3 1.2687708 116.3639639 177.2192739 
5 No 5 H 1 2 3 1.1431905 103.2465191 -114.0921613 
6 No 6 O 1 2 3 2.6906092 86.2509535 -116.5045670 
7 No 7 H 6 1 2 0.9790764 76.9803817 -28.7825085 
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8 No 8 H 1 2 3 1.0946082 109.8635020 136.1495370 
9 No 9 H 6 1 2 2.6561801 76.1739683 -93.8656420 
10 No 10 O 4 2 1 2.7465573 117.1150079 6.3198230 
11 No 11 H 10 4 2 0.9845257 2.9211698 103.7438848 
12 No 12 O 3 2 1 2.9560306 89.8769034 71.5975066 
13 No 13 H 12 3 2 0.9711740 90.7212322 5.4297266 
14 No 14 H 12 3 2 0.9714687 11.6508992 178.6363737 
15 No 15 C 1 2 3 1.5175608 117.0358267 5.4799765 
16 No 16 H 15 1 2 1.0942844 110.9618346 -178.7923996 
17 No 17 H 15 1 2 1.0929000 111.0263127 -57.9909450 
18 No 18 H 15 1 2 1.0962590 110.5026579 61.7112233 
Transition state2 for CH3CH2COO-HOradical with 3 explicit water molecules 

 
Row Highlight Tag Symbol NA NB NC Bond Angle Dihedral 
1 No 1 C       
2 No 2 C 1   1.5343462   
3 No 3 O 2 1  1.2530900 118.2602367  
4 No 4 O 2 1 3 1.2724199 117.2117626 179.5054190 
5 No 5 H 1 2 3 1.1462174 105.3623284 -125.6694231 
6 No 6 H 1 2 3 1.0956659 109.0447424 123.0547221 
7 No 7 O 1 2 3 2.7094283 106.9919660 -133.6937350 
8 No 8 H 7 1 2 0.9960068 85.2436440 -67.6624737 
9 No 9 O 4 2 1 2.6866377 118.0111551 -1.2101089 
10 No 10 H 9 4 2 0.9648969 106.8014570 60.7724196 
11 No 11 H 9 4 2 0.9941746 4.0884612 108.5822093 
12 No 12 O 3 2 1 2.9136887 92.8579024 79.8113703 
13 No 13 H 12 3 2 0.9771523 89.8770876 30.2056087 
14 No 14 H 12 3 2 0.9708366 12.9845529 -171.5157841 
15 No 15 O 7 1 2 2.8376560 83.3472372 20.8335262 
16 No 16 H 15 7 1 0.9730415 90.5461907 -41.7350974 
17 No 17 H 15 7 1 0.9784949 10.6120701 146.3603513 
18 No 18 C 1 2 3 1.5191149 116.7261927 -5.4207093 
19 No 19 H 18 1 2 1.0954359 110.8904300 63.0550075 
20 No 20 H 18 1 2 1.0943028 110.7166208 -177.3195043 
21 No 21 H 18 1 2 1.0935090 110.8057937 -56.8534975 
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APPENDIX G: DEVELOPMENT OF ADOX2TM FOR OZONE AND 

OZONE/HYDRPGEN PEROXIDE ADVANCED OXIDATION 

PROCESS SIMULATION SOFTWARE 

 This appendix addresses the background knowledge and software manual for 

Adox2TM for ozone and ozone/hydrogen peroxide process simulation software.  This 

software enables one to simulate reaction kinetics during ozonation and ozone/hydrogen 

peroxide processes.  This also includes several options for mitigating bromate formation.       

Introduction to Bromate and THMs Formation Software during 
Ozonation and O3/H2O2 Advanced Oxidation Process.  
 
 Ozonation has been widely used as a disinfectant to inactivate microorganisms for 

potable water.  Ozonation was in part replaced chlorine, chloramines or chlorine dioxide 

at the pre-oxidation and main-oxidation stages in many cities around the world, including 

Los Angeles, Barcelona, Singapore, Paris, and Zurich.  Because a molecular ozone is 

such a strong oxidant in the aqueous phase (E0 = 2.07 V), ozone has shown its superior 

ability against inactivate microorganisms (e.g. Cryptosporidium, Giardia lamblia cysts, E. 

Coli, Poliovirus and Rotavirus) to chlorine, chloramines and chlorine dioxide.  In 

addition, ozonation does not form trihalomethanes (THMs) which is regulated under the 

current drinking water standard.  It is well-known fact that ozonation produces 

biodegradable dissolved organic compounds (BDOC), and therefore, it is common 

practice to implement ozonation along with the subsequent biological treatment (e.g. 

GAC and BAC).  When the aqueous ozone is degraded at higher pH (>7.5), more strong 

oxidant (HO radical) (i.e. E0 = 2.59 V (aqueous)) is produced.  The HO radical is also 
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formed by the reactions of ozone with natural organic matter (NOM).  Therefore, 

ozonation works as one of Advanced Oxidation Processes (AOPs) and is expected to 

oxidize refractor trace organic compounds.  Although ozonation hardly achieves a 

mineralization of toxic organic compounds, it is possible to degrade organic compounds 

into carbon dioxide, water, and minerals when used with hydrogen peroxide (H2O2) and 

ultraviolet (UV).  As a consequent, ozonation and/or ozone based AOPs (i.e. O3/H2O2, 

O3/UV, O3/UV/H2O2) are attractive and promising technologies.  

 When bromide ion (Br-) is presented in the source waters, ozonation forms 

bromate ion (BrO3
-) which is regulated under the current drinking water standard (U.S., 

Japan, and WHO, <10 µg/L).  As a result, many studies have exploited the strategies to 

reduce formation of BrO3
- kinetically (e.g. pH depression, NH3 addition, Cl2-NH3 process 

) or remove BrO3
- physically after ozonation (e.g. BAC, GAC, membrane-filtration).  In 

engineering point of view, it would be ideal to control the formation of BrO3
- kinetically 

without installing an additional treatment process.  Designing inexpensive ozonation 

and/or O3/H2O2 processes to control the BrO3
- formation for commercial applications 

requires the determination of important design and operational variables.  Carefully 

controlled laboratory and/or pilot plant studies can be used to design bromate mitigation 

processes.  However, these studies can be time consuming and expensive if they are not 

properly planned.  A complementary approach is taking advantage of the predictive 

capabilities of mathematical models that can effectively simulate the dynamics of 

ozonation and O3/H2O2 system.        

According to Peyton (1990), AOPs can be mathematically modeled at several 

different levels, depending on the amount of known kinetic information, computer 
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resources available and motivation for the application.  Compared to other types of 

mathematical models, a kinetic model gives the most information and provides the best 

check of the model against actual laboratory data, because all defined or proposed 

reactions in the system are considered and the rate equations are written for all the main 

species in solution.   

 In the last decades, several models are developed to describe the kinetics of O3 

degrdation and O3/H2O2 AOP combined with a bromate formation model.  These kinetic 

modes were able to predict concentration of some contaminants as a function of time in 

different strategies of bromate mitigation.  Although most of models that have been 

developed can be applied to laboratory scale reactors with different levels of success, 

their widespread application is limited for one or more of the following reasons: i) 

invoking pseudo-steady state assumption to simplify the governmental equations with the 

expense of losing accuracy and ii) constant pH though several important equilibrium 

reactions (e.g. OBr-/HOBr, HO2
-/H2O2) significantly affect the bromate formation.       

AdOxTM was developed to aid design engineers in the design of AOPs.  Compared 

to most of the previous models, AdOxTM does not invoke the pseudo-steady-state and 

constant pH assumptions and thus provides a more accurate simulation of real systems.  

AdOxTM includes the following capabilities: 

(1) AdOxTM provides a comprehensive understanding of the impact of key design and 

operational variables on process performance.   

(2) AdOxTM can dynamically simulate parent organic compound destruction and O3 

(and/or H2O2) consumption in both completely mixed batch reactors, completely 
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mixed flow reactors in series and plug flow reactors.  (Steady state solutions are also 

provided.) 

(3) AdOxTM can analyze dye study results to determine the number of tanks that are 

required in the tanks in series model to simulate non-ideal mixing in the 

photochemical reactor.  

(4) AdOxTM includes all identified and reasonably proposed chemical reactions with 

regard to the degradation of parent organic compounds so it is the most 

comprehensive model to date. 

(5) AdOxTM can simulate the destruction of all of the target compounds whose reaction 

mechanism and corresponding rate constants are known.  

The AdOxTM software is designed for the Microsoft Windows™ environment with a 

graphical user interface (GUI) in order to maximize user-friendliness.  Making use of the 

Microsoft Windows interface, with its built-in file and hardware control features, frees 

the engineer from concerns over printer drivers and other “machine” issues and allows 

you to give more attention to the computational algorithms.  The GUI consists of a front-

end shell written in Visual Basic™ that calls FORTRAN subroutines to perform the 

calculations. 

This manual presents a description of the AdOxTM software capabilities including 

theoretical development, model descriptions and sample calculations where applicable.  

The manual also presents a description of the windows in the software and an example 

problem in order to aid the user. 

References to specific commercial product, processes, or services by trademark, 

manufacturer, or otherwise does not necessarily constitute or imply 
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endorsement/recommendation by the authors or the respective organizations under which 

the software was developed. 

Description of the Models 

Ozonation and O3/H2O2 Model Combined with Bromate Formation 
Model (Background) 

 
An original kinetic model of bromate formation was developed by von Gunten 

and Hoigné (1994) using a non-linear differential equation solver, LARKIN, based on the 

experimental studies (Haag and Hoigné, 1983). Since then, a von Gunten’s group has 

developed a kinetic model of bromate formation using ACUCHEM software by including 

different reaction mechanisms, such as bromate formation in ozone-based AOPs (von 

Gunten and Oliveras, 1998), bromate minimization using pH depression and NH3 

addition (Pinkernell and von Gunten, 2001), bromate control with the chlorine-ammonia 

process (2004).  Other kinetic model combining ozone decomposition with bromate 

formation was developed by Westerhoff (1998; 1994).   

Although most of models that have been developed can be applied to laboratory 

scale reactors with different levels of success, their widespread application is limited for 

one or more of the following reasons: i) invoking pseudo-steady state assumption to 

simplify the governmental equations with the expense of losing accuracy and ii) constant 

pH though several important equilibrium reactions (e.g. OBr-/HOBr, HO2
-/H2O2) 

significantly affect the bromate formation.  For example, Mariñas’s group has developed 

a software with which cryptosporidium parvum oocyst inactivation and bromate 

formation are simultaneously predicted (Kim et al., 2007).  This software includes the 

hydrodynamics in each chamber of the ozone contactor and implements the steady-state 
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governing equations for the concentrations of dissolved ozone, fast ozone demand (i.e. a 

portion of water constituents that consume dissolved ozone at a relatively fast rate during 

the initial phase of ozonation), gas-phase ozone, viable microorganisms, and bromate.  

However, this software does not invoke either i) or ii).   

Elementary Reactions  
Table A-G1 summarizes all elementary reactions implemented in this model with 

the reaction rate constants reported in the literature.   

 

Table A-G1: Elementary reactions 
 

  Elementary reaction                                        Rate constant References 
1 - - 1 1

3 2 2 1O + OH HO + O 70k M s− −→ • • =  Staehelin and Hoigné, 1982  
2 - - 9 1 1

3 2 3 2 2O + O O + O 1.6 10k M s− −• →• = ×  Bühler et al., 1984 
3 5 1

3 2 3HO HO + O 1.1 10k s−•→ • = ×  Bühler et al., 1984 
4 - - 6 1 1

3 2 2 4O + HO HO + O 2.2 10k M s− −→ • • = ×  Staehelin and Hoigné, 1982 
5 9 1 1

2 2 5HO +HO H O 5.0 10k M s− −• •→ = ×  Staehelin et al., 1984 
6 - 10 1 1

2 2 6HO + O OH + O 1.0 10k M s− − −• • → = ×  Staehelin et al., 1984 
7 9 1 1

3 2 2 2 7HO +HO H O O 5.0 10k M s− −• •→ + = ×  Staehelin et al., 1984 
8 9 1 1

3 3 2 2 2 8HO + HO H O 2O 5.0 10k M s− −• •→ + = ×  Staehelin et al., 1984 
9 - - 10 1 1

3 2 2 9HO O OH 2O 1.0 10k M s− −•+• → + = ×  Staehelin et al., 1984 
10 8 1 1

3 2 2 10O HO HO O 2.6 10k M s− −+ •→ •+ = ×  Staehelin et al., 1984 
11 7 1 1

2 2 2 2 11HO + H O HO + H O 2.7 10k M s− −• → • = ×
 

Buxton et al., 1988 

12 9 1 1
2 2 2 12HO + HO O + H O 7.5 10k M s− − − −• →• = ×  Christensen et al., 1982 

13 1 1
2 2 2 2 2 13HO + H O HO + H O O 3k M s− −• → • + =  Koppenol et al., 1978 

14 - 1 1
2 2 2 2 2 14O + H O HO + O OH 0.13k M s− − −• → • + =  Judith et al., 1979 

15 9 1 1
2 2 2 15HO + HO H O O 6.6 10k M s− −• •→ + = ×

 
Sehested et al., 1968 

16 5 1 1
2 2 2 2 2 16HO + HO H O O 8.3 10k M s− −• •→ + = ×  Bielski et al., 1985 

17 7 1 1
2 2 2 2 17HO + O HO O 9.7 10k M s− − − −• • → + = ×  Bielski et al., 1985 

18 1 1
2 2 3 2 2 18H O + O H O + O 0.0065k M s− −→ =  Neta et al., 1988 
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19 - 6 1 1
3 3 2 19HO + HCO CO H O 8.5 10k M s− − −• → • + = ×  Buxton et al., 1988 

20 2- - 8 1 1
3 3 20HO + CO CO OH 3.9 10k M s− − −• → • + = ×  Buxton et al., 1988 

21 4 1 1
21HO + NOM 1.9 10 (mg/L)k s− −• → = ×  Westerhoff et al., 2007 

22 2 7 1 1
3 3 2 4 22CO + CO CO CO 2.0 10k M s− − − − −• • → + = × Westerhoff et al., 1997 

23 2 8 1 1
3 2 3 2 23CO + O CO O 6.5 10k M s− − − − −• • → + = ×  Holcman et al., 1982 

24 2 7 1 1
3 3 3 3 24CO + O CO O 6.0 10k M s− − − − −• • → + = ×

 
Buxton and Elliot, 1986 

25 9 1 1
3 2 2 25CO + HO CO HO 3.0 10k M s− − − −• • → + = ×  Westerhoff et al., 1997 

26 2 7 1 1
3 2 3 2 26CO + HO CO HO 5.6 10k M s− − − − −• → + • = ×

 
Crapski et al., 1999 

27 5 1 1
3 2 2 3 2 27CO + H O HCO HO 8.0 10k M s− − − −• → + • = ×

 
Crapski et al., 1999 

28 2 8 1 1
3 2 4 4 3 28O + H PO HPO HO 2.1 10k M s− − − − −• → + • = ×  Bühler et al., 1984 

29 2 7 1 1
4 3 3 2 4 29HPO HO O + H PO 2.0 10k M s− − − − −+ •→ • = ×  Bühler et al., 1984 

30 2 5 1 1
4 2 4 30HPO HO OH + H PO 1.5 10k M s− − − − −+ •→ • = ×  Maruhamuthu and Neta, 

1978 
31 4 1 1

2 4 2 2 4 31H PO HO H O + H PO 2.0 10k M s− − − −+ •→ • = ×  Maruhamuthu and Neta, 
1978 

32 1 1
3 2 32O + Br OBr O 160k M s− − − −→ + =  Sehested et al., 1984 

33 1 1
3 2 33O + OBr Br 2O 330k M s− − − −→ + =  Sehested et al., 1984 

34 1 1
3 2 2 34O + OBr BrO O 100k M s− − − −→ + =  Sehested et al., 1984 

35 1 1
3 2 2 35O + HOBr BrO O H 0.013k M s− + − −→ + + =  Haag and Hoigné, 1983 

36 4 1 1
3 2 3 2 36O + BrO BrO O 5.7 10k M s− − − −→ + = ×  Sehested et al., 1984 

37 8 1 1
3 2 37O + Br BrO O 1.5 10k M s− −•→ • + = ×  von Gunten and Oliveras, 

1998 
38 9 1 1

2 38HO + HOBr BrO H O 2.0 10k M s− −• → • + = ×  Nicoson et al., 2002 
39 - - 9 1 1

39HO + OBr BrO OH 4.2 10k M s− −• → • + = ×
 

Sidgwick, 1952 

40 - - 9 1 1
2 2 40BrO + BrO H O BrO OBr 2H 5.0 10k M s+ − −• •+ → + + = ×  Sidgwick, 1952 

41 - 8 1
3 2 41Br Br Br 8.3 10k s− −→ + = ×  Mamou et al., 1977 

42 - 10 1 1
2 3 42Br Br Br 1.0 10k M s− − −+ → = ×  Mamou et al., 1977 

43 9 1 1
2 2 3 43Br Br Br Br 2.0 10k M s•− •− − − − −+ → + = ×  Kläning and Wolff, 1985 

44 9 1 1
44OBr Br BrO Br 4.1 10k M s− − − −+ •→ •+ = ×  Nicoson et al., 2002 

45 9 1 1
2 2 45BrO HO BrO OH 1.9 10k M s− − − −+ •→ •+ = ×  von Gunten and Oliveras, 

1997 
46 9 1 1

2 2 2 4 46BrO BrO Br O 1.4 10k M s− −• + • → = ×  Amichai and Treinin, 1970 
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47 7 1
2 4 2 2 47Br O BrO BrO 7.0 10k s−→ • + • = ×  Amichai and Treinin, 1970 

48 - + 8 1 1
2 4 2 3 48Br O OH BrO BrO H 7.0 10k M s− − − −+ → + + = ×  Sidwick, 1952 

49 + 9 1 1
2 3 49BrO HO BrO H 2.0 10k M s− − −•+ •→ + = ×  Amichai and Treinin, 1970 

50 8 1 1
2 2 50BrO BrO OBr BrO 4.0 10k M s− − − −•+ → + • = ×  Schwarz and Bielski, 1986 

51 7 1 1
2 2 51Br BrO OBr BrO + Br 8.7 10k M s•− − − − − −+ → + • = ×  Sidwick, 1952 

52 10 1 1
2 52Br Br Br 1.0 10k M s− •− − −• + → = ×  Haag and Hoigné, 1983 

53 5 1
2 53Br Br Br 1.0 10k s•− − −→ • + = ×  Haag and Hoigné, 1983 

54 10 1 1
54HO + Br BrOH 1.1 10k M s− •− − −• → = ×  Haag and Hoigné, 1983 

55 7 1 1
55BrOH HO + Br 3.3 10k M s•− − − −→ • = ×  Haag and Hoigné, 1983 

56 - 2- 7 1 1
3 3 56OBr + CO BrO + CO 4.3 10k M s− − −• → • = ×  Sidwick, 1952 

57 - 2- 8 1 1
2 3 2 3 57BrO + CO BrO + CO 1.1 10k M s− − −• → • = ×  Sidwick, 1952 

58 4 1 1
2 2 2 2 58HOBr + H O Br + H O O H 7.0 10k M s− + − −→ + + = ×  von Gunten and Oliveras, 

1997 
59 - 6 1 1

2 2 2 2 59OBr + H O Br + H O + O 1.2 10k M s− − −→ = ×  von Gunten and Oliveras, 
1997 

60 8 1 1
2 2 2 60HOBr + HO Br + H O O 7.6 10k M s− − − −→ + = ×  Buxton and Dainton, 1968 

61 - 7 1 1
2 3 2 2 61HO + Br Br + H + Br O 10k M s− − + − −• → + =  Bielski et al., 1985  

62 - 9 1 1
2 3 2 2 62O + Br Br + Br O 3.8 10k M s− − − − −• → + = ×  Bielski et al., 1985 

63 10 1 1
2 63BrOH + H Br H O 4.4 10k M s•− + − −→ •+ = ×  Haag and Hoigné, 1983 

64 - + 8 1 1
2 2 2 64HO + Br Br + Br O H 1.1 10k M s− −• → + + = ×  Bielski et al., 1985 

65 - 9 1 1
2 2 65O + HOBr Br + OH O 3.5 10k M s− − −• → • + = ×  Beckwith et al., 1996 

66 6 1 1
66BrOH Br + OH 4.2 10k M s•− − − −→ • = ×  Haag and Hoigné, 1983 

67 + - 1
2 2 67Br + H O HOBr + H Br 97k s−→ + =  Neta et al., 1988  

68 + - 10 1 1
2 2 68HOBr + H Br Br + H O 1.6 10k M s− −+ → = ×  Neta et al., 1988 

69 - 8 1 1
2 69BrOH + Br Br + OH 2.0 10k M s• − •− − − −→ = ×  Zahavi and Rabani, 1972 

70 7 1 1
3 2 2 70HOBr + NH NH Br + H O 7.5 10k M s− −→ = ×  Wajon and Morris, 1982 

71 - - 4 1 1
3 2 71OBr + NH NH Br + OH 7.6 10k M s− −→ = ×  Wajon and Morris, 1982 

72 - - 6 1 1
2 3 72OH + NH Br NH + OBr 7.5 10k M s− −→ = ×  Pinkernell and von Gunten, 

2001 
73 1

2 2 3 732NH Br NHBr + NH 250k s−→ =  Pinkernell and von Gunten, 
2001 

74 1 1
2 3 2 74NHBr + NH 2NH Br 100k M s− −→ =  Pinkernell and von Gunten, 

2001 
75 1 1

75HOCl + Br HOBr + Cl 1550k M s− − − −→ =  Kumar and Margerum, 1987 
76 - - 1 1

76OCl + Br OBr + Cl 0.001k M s− − − −→ =  Kumar and Margerum, 1987 
77 - 1 1

2 3 3 2 77NH Br +3O NO Br 3O 2H 40k M s− + − −→ + + + =  Haag et al., 1984 
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The Mechanisms of Aqueous Ozone Decomposition and O3/H2O2 
Process for Bromate Formation  

Chemical reactions for mechanistic representation of ozone decomposition and 

bromate formation consist of four categories of reactions: i) reactions responsible for 

ozone self-decomposition and corresponding production of secondary oxidants such as 

HO radical, ii) O3/H2O2 process as one of AOPs, iii) reactions leading to the formation of 

bromate from bromide, and iv) reactions involving carbonate and phosphate species.  In 

the presence of natural organic matter (NOM), additional reactions involving NOM need 

to be considered in each category.       

78 6 1 1
3 2 2 78HOCl + NH NH Cl + H O 4.2 10k M s− −→ = ×  Morris and Issac, 1983 

79 - 1 1
2 2 79NH Cl + Br NH Br + Cl 0.014k M s− − −→ =  Trofe et al., 1980 

80 10 1 1
80Br + OH BrOH 1.3 10k M s− •− − −• → = ×  Nicoson et al., 2002 

81 - 4 1 1
81Br + NOM Br 8.3 10k M s− −• → = ×  Pinkernell and von Gunten, 

2001 
82 1 1

2 82NH Br + NOM 0.0017k M s− −→ =  Assumed 
83 1 1

83HOCl + NOM 0.0004k M s− −→ =  Westerhoff et al., 2004 
84 1 1

84HOBr + NOM 0.011k M s− −→ =  Westerhoff et al., 2004 
85 8 1 1

2 85HO + NH Cl 5.0 10k M s− −• → = ×  Johnson et al., 2002  
   
 - +

2 2HO O + H 4.8apK•↔ • =  Staehelin and Hoigné, 1982 
 - +

3 3HO O + H 8.2apK•↔• =  Bühler et al., 1984 
 +

2 2 2H O HO H 11.6apK−↔ + =  Staehelin and Hoigné, 1982 
 - +

2 3 3H CO HCO + H 6.38apK↔ =  Stumm and Morgan, 1996. 
 - + 2

3 3HCO H + CO 10.3apK−↔ =  Stumm and Morgan, 1996. 
 - +

3 4 2 4H PO H PO + H 2.1apK↔ =  Stumm and Morgan, 1996. 
 2- +

2 4 4H PO HPO + H 7.2apK− ↔ =  Stumm and Morgan, 1996. 
 + +

4 3NH NH + H 9.3apK↔ =   
 +HOCl OCl + H 7.5apK−↔ =   
 +HOBr OBr + H 8.8apK−↔ =  Haag and Hoigné, 1983; von 

Gunten and Hoigné, 1994 
86 [TTHMs] = [Cl2]{ATTHM(1-exp(-kt)}              see Equation.XX Sohn et al., 2004  
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Ozone Self-Decomposition  
The elementary reactions of ozone decomposition were extensively studied in 

1970s and 1980s using the technique of pulse radiolysis (one group Hert & one group 

from Steahelin Buhler Hoigne).  There are mainly two representative models to formulate 

the ozone decomposition, such as SBH model (Staehelin and Hoigné) and TFG model 

(Tomiyasu et al., 1985).  The SBH model is established based on the experiments 

conducted in the solutions from weak acid to weak base, whereas the TFG model was 

from the experiments in the base solutions.      

 Figures A-G1 and A-G2 show the overview of SBH and TFG model.  Figures 

include the elementary reactions used in each SBH and TFG model.  In the both model, 

ozone initially reacts with hydroxyl ion, producing either hydroxyl peroxyl radical or 

hydrogen peroxide ion, respectively.  Hydrogen peroxide ion is in equilibrium with super 

oxide anion at pKa = 4.8.  In the solutions from neutral to base, the superoxide anion is 

dominant, which produces an ozonide radical in both the SBH and the TFG model.  The 

ozonide radical further produces HO radical.  In the SBH model, an O3OH radical is 

produced by the reaction of ozone with hydroxyl radical.  The O3OH radical reacts with 

hydroxyl proxyl radical, reproducing ozone.  In the TFG model, the ozonide radical 

reacts with hydroxyl radical, reproducing ozone.  In both the SBH and the TFG model, as 

a total, three moles of ozone produce two moles of hydroxyl radical through the radical 

chain reactions (3O3 + OH- + H+ → 2HO• + 4O2).   
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Figure A-G1: Ozone decomposition reaction scheme and elementary reactions of SBH 
model  
 
 

 
 Figure A-G2: Ozone decomposition scheme and elementary reactions of TFG model.  

 
 

 

Figure A-G3 demonstrates the scheme of ozone decomposition in this model.  

Figure A-G3 also includes the scheme of species that are involved in O3/H2O2 process 

(detailed explanation of O3/H2O2 AOP will be given in the subsequent session).    
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Figure A-G3: Ozone decomposition scheme 

  
 
In the presence of NOM, O3 directly reacts with NOM to produce low levels of HO 

radical (initiation reaction) via the following reaction:  

O3 + NOM → HO• + byproducts  

The HO radical that may be produced from the reaction above may also be quenched by 

the reaction with NOM as shown below:  

HO• + NOM → byproducts  

The quenching of HO radical with NOM is usually more important than quenching by 

bicarbonate and carbonate (discussed later) or metal species.  Therefore, in this model, 

only quenching reaction is implemented (21).  In fact, moieties of NOM react with HO• 

to form carbon centered radical which subsequently reacts with aqueous oxygen to 

produce peroxyl radical.  The peroxyl radical eventually end up with super oxide anion 

radical •O2
- or hydroperoxyl radical HO2• by uni- or bi-molecular reactions.  This process 

is called “promotion reaction” (Staehelin and Hoigné, 1985).  The detailed reaction 

scheme is demonstrated in Figure A-G4.  The extent of initiation, promotion, and 
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scavenging reactions depends on the types of NOM.  Due to the complex and ambiguity 

of NOM structure, this model only consider the scavenging reaction of HO• with NOM.   

 
 

 
Figure A-G4: Ozone decomposition reaction scheme in the presence of initiators, 
promoters, and scavengers. 
 

O3/H2O2 model 
 In the presence of hydrogen peroxide (H2O2), hydroperoxide ion (HO2

-), a 

disprotonated form of H2O2, reacts with O3 to produce HO• (i.e. initiation reaction) 

(Staehelin and Hoigné, 1982).  The pKa of hydrogen peroxide is 11.65.  Consequently, 

hydroperoxide ion is dominant at around neutral pH, which produces HO radical in the 

reaction with ozone (4).  However, it should be noted that hydrogen peroxide or hydrogen 

peroxide ion also reacts with HO radical, producing hydrogen peroxide radical (11 and 

12).  Therefore, excess dose of hydrogen peroxide is detrimental to production of HO 

radical.   

Bromate Formation Mechanisms  
 When ozone is used as an oxidant, bromate ion (BrO3

-) is formed from the 

oxidation of bromide ion (Br-) through a combination of ozone and HO radical reactions.  

Because bromine (Br) is transformed into 6 oxidation states (Br-(oxidation state; -I), Br• 
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(0), HOBr (+I), OBr- (+I), BrO• (+II), BrO2
- (+III), BrO3

- (+V)), the whole reaction 

contributing to the formation of bromate ion is extremely complicated.  The past 

extensive studies have revealed the general reaction pathway for the formation of 

bromate ion (shown in Figure A-G5).      

  

 
Figure A-G5. Bromate formation scheme via ozone and HO radical 

  
 
 
Three major pathways have been identified for the formation of bromate ion, including  

i) Br- 
Oయሱሮ OBr-/HOBr 

Oయሱሮ BrO3
- 

ii) OBr-/HOBr 
HO•
ሱۛሮ BrO• 

Oయሱሮ BrO2
- 
Oయሱሮ BrO3

- 

iii) Br- 
HO•
ሱۛሮ Br• 

Oయሱሮ BrO• 
Oయሱሮ BrO2

- 
Oయሱሮ BrO3

- 

Because the equilibrium constant between hypobromite (OBr-) and hypobromous acid 

(HOBr) is 8.8, HOBr is dominant for the typical drinking water treatment conditions (i.e. 
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pH = 6.5-8.0).  OBr- undergoes two reactions with O3: i) attack of O3 on the oxygen atom 

to produce OOBr- and eventually Br- (33) and ii) attack of O3 on the bromine atom to 

produce BrO2
- (34).  The reported reaction rate constants of (33) and (34) indicate that 

one-fourth of OBr- is oxidized by O3 leading to BrO2
- and eventually BrO3

- (von Gunten, 

2003) (pathway i).  Although HOBr undergoes the oxidation by O3, the reaction rate 

constant for HOBr is approximately 5 magnitudes of order smaller than that for OBr-.  As 

a result, lowering pH is one of the strategies to reduce the BrO3
-.  The detailed discussion 

on the bromate mitigation will be given in the subsequent session.  The OBr-/HOBr is 

oxidized by HO radical to produce BrO• (38 and 39).  The BrO• disproportionates to 

bromite ion (BrO2
-) and eventually to BrO3

- (pathway ii).  The Br- is oxidized by HO 

radical to produce a bromine radical (Br•), which subsequently reacts with O3 to produce 

BrO• (pathway iii).  The Br• also undergoes the several reactions that radical species 

involved and eventually produces OBr-/HOBr (41, 42, 52, 53, 64, 65, 67).    

 It is important to notice that BrO3
- is not produced without O3.  This is ensured by 

the fact that the BrO• is only formed from Br• in the presence of O3.  Furthermore, the 

BrO2- is only oxidized by O3 to produce BrO3
-.  As a consequent, where HO radical is the 

only oxidant (e.g. UV/H2O2 process, gamma-irradiation), the BrO• does not play any 

roles.  In this manner, the Br• only reacts with Br- to produce OBr-/HOBr, which is the 

decisive intermediate, BrO•.   

 Because the reaction pathway of the formation of BrO3
- is not linear, it is not 

intuitive to predict the formation of BrO3
-.  Nevertheless, the known elementary reactions 

enable us to estimate the fraction of Br- and OBr-/HOBr oxidized by O3 and HO radical, 

respectively, with use of the ratio of HO radical to O3.  It is straight-forward to examine 
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the fraction for the pH-independent Br-.  The equation for the oxidation of Br- can be 

expressed as below:  

[ ]- -
32 3 54

Br
[O ][Br ] HO Br

d
k k

dt

−⎡ ⎤⎣ ⎦ ⎡ ⎤= − − • ⎣ ⎦          

By using the ratio, Rc = [HO•]/[O3], the fraction of Br- reacting with O3 and HO•,

- -
3HO• of Br O  of Br

andf f , can be written as below, respectively,:  

-
54

HO• of Br
32 54

c

c

k Rf
k k R

=
+

  

-
3

32
O  of Br

32 54 c

kf
k k R

=
+

 

 

 Figure A-G6 represents the fraction of Br- reaction with O3 and HO• as a function 

of Rc (= [HO•]/[O3]), respectively, calculated from the equations above.  It is observed 

that only for higher Rc > 10-7, a relatively larger amount of HO• oxidizes Br-.  In the 

range of typical drinking water treatment (i.e. Rc ≈ 10-8), most part of Br- is oxidized by 

O3.        

 

 
Figure A-G6: Fraction of Br- reaction with O3 and HO• as a function of Rc (= 

[HO•]/[O3]) 
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 For the case of the pH-dependent OBr-/HOBr species (pKa = 8.8), the fraction of 

OBr-/HOBr reacting with O3 and HO• dramatically changes with pH and the Rc (Figure 

7).  At lower pH (<7.0), almost entire oxidation of OBr-/HOBr takes place by HO radical 

(i.e. HOBr is major oxidized species).  At the neutral pH, approximately 80% of OBr-

/HOBr is oxidized by HO radical when the typical drinking water treatment Rc value is 

applied.  As increase of pH (i.e. increase the fraction OBr-), O3 contributes more to the 

oxidation of OBr-/HOBr at the lower Rc.  Although there is significant difference in 

reactivity of O3 and HO radical with OBr-/HOBr (i.e. magnitude of 7 for OBr- (33 and 

39) and of 11 for HOBr (35 and 38)), increase of pH considerably leads to the larger 

fraction of O3 reacting with OBr-/HOBr.  Equation below represents the fraction of HO 

radical reacting with OBr-/HOBr as an example.      

HO OBr-/HOBr

-
HOBr/HO OBr-/HO

- -
HOBr/HO OBr-/HO HOBr/HO 3 OBr-/HO 3

=

(  [HO ][HOBr]+ [HO ][OBr  ])
(  [HO ][HOBr]+ [HO ][OBr  ])+(  [O ][HOBr]+ [O ][OBr  ])

off

k k
k k k k

i

i i

i i i i

i i
i i
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Figure A-G7: Fraction of HO radical and O3 reacting with OBr-/HOBr as a function of Rc 
(=[HO•]/[O3]) 
 
  

 The investigations in the fraction of HO• and O3 reacting with OBr-/HOBr reveals 

that those ratios significantly depend on the Rc ratios.  In the initial reaction phase of 

ozonation (i.e. higher Rc ≈ 10-7), Br- is oxidized by HO radical to produce Br•.  At around 

neutral pH, OBr-/HOBr undergoes further oxidation from HO radical to produce BrO• 

and eventually to BrO3
-.  At the secondary phase of ozonation (Rc ≈ 10-8-10-9), Br- is 

significantly oxidized by O3 to produce OBr-/HOBr.  The HO radical oxidizes OBr-

/HOBr to produce BrO•.  The disproportionation of BrO• occurs and BrO2
- produced is 

further oxidized by O3 to produce BrO3
-.          

 In the presence of NOM, Br• reacts with NOM to produce Br- or bromo-organic 

compounds (81).  Thus, the reactions of Br• with NOM fall into the same order of 

magnitude as those of Br• with bromide or ozone (e.g. 52 and 37).  OBr-/HOBr also 
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of bromo-organic compounds.  As a result, products are not considered in the kinetic 

model.   

 In Advanced Oxidation Processes (AOPs) where HO radical is a main oxidant, 

bromate formation is dominated by the HO radical induced in the pathway ii) and iii).  

When hydrogen peroxide (H2O2) is used as an oxidant, the reactions of OBr-/HOBr with 

HO2
- (H2O2) leading to Br- are important reactions (von Gunten, 2003).    

Effect of Carbonate and Phosphate      
 The mechanism of carbonate species scavenging HO radical has been investigated 

by several researchers (Glaze et al., 1988, 1989, Peyton et al., 1988).  Carbonate and 

bicarbonate ions (CO3
2-/HCO3

-) react with HO radical to produce carbonate radicals, 

CO3•- and HCO3•, respectively.  In this model, these two reactions are reported to be 

similarly active (Chen et al., 1975; Larson et al., 1988), and therefore, can be referred to 

as one term, CO3•- (19, 20).  The CO3•- reacts itself, superoxide anion radical, •O2-, 

ozonide ion radical, •O3-, and HO radical, respectively, at the comparable reaction rates 

to other radial involving reactions (22-25).  In the O3/H2O2 AOP, the reaction of CO3•- 

with H2O2 to form superoxide radical, HO2•, is significant (27).  Since CO3•- is a weak 

oxidant, it may react with some target organic compounds.  But for the treatment of most 

organic pollutants, these reactions are ignored because this reaction is insignificant.   

The role of phosphate ions is similar to that of carbonate ions.  Hydrogen phosphate 

ion, HPO4
2-, reacts with HO3• and HO• (29, 30), whereas dihydrogen phosphate ion, 

H2PO4
-, reacts with •O3

- and HO• (28, 31) to form phosphate radical ions and reactive 

oxygenated species (ROS) further.  In general, the reactions of phosphate ions do not 

significantly affect ozone-self decomposition.        
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The CO3•- also reacts with OBr- (56) and BrO2
- (57) at the comparable rate to the 

other ions which are produced from ozone self-decomposition.   

Although the typical reaction rates that are induced from carbonate/bicarbonate ion 

or carbonate radicals are one or two magnitude of order smaller than those of HO•, the 

relatively higher concentrations of carbonate/bicarbonate present in the environmental 

waters make the scavenging reaction of carbonate/bicarbonate ions with HO• significant.                  

Bromate Mitigation Strategies    

pH depression  
 Lowering pH shifts OBr-/HOBr equilibrium towards HOBr, and therefore, BrO3- 

precursor, BrO2-, is less produced by the reactions of O3 with HOBr (35) as compared to 

those with OBr- (34).  In addition, as was observed in Figure X, OBr-/HOBr oxidation is 

dominated by HO radical.  As a consequence, lowering pH leads to the smaller fraction 

of O3 reacting with OBr-/HOBr and reduces the formation of BrO3-. 

 In addition to shifting the OBr-/HOBr equilibrium by lowering pH, it slows the O3 

degradation because of (1).  As a result, integral of O3 concentration as a function of time 

(i.e. ∫[O3]dt, ozone exposure) will be larger, whereas ∫[HO•]dt, HO radical exposure, will 

be constant.  Accordingly, a ratio of ∫[HO•]dt and ∫[O3]dt (i.e. Rct (von Gunten and 

reference)) will be smaller.  Pinkernell and von Gunten (2001) observed a reduced 

bromate formation at lower Rct values.  Although the Rct values do not have linear 

relationship with the bromate formation, the Rct would be one of the important factors to 

assess the bromate formation.    
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 Because the initial fast transformation of O3 into HO radical is almost 

independent of pH, lowering pH does not lead to the significant decrease of the initial 

BrO3
- formation.  Accordingly, the effect of pH depression is expected to be small.           

Ammonia addition  
 The addition of ammonia (NH3) only interferes with OBr-/HOBr producing 

monobromamine (NH2Br) (70 and 71) (Figure A-G8).  As was discussed, Br- is 

dominantly oxidized by HO radical in the initial phase at the neutral pH.  The Br• 

undergoes the oxidation by O3 to produce BrO• and eventually to BrO3
-.  In this process, 

the NH3 addition is not effective to reduce BrO3
-.  As a result, the NH3 addition is only 

effective to the secondary phase of ozonation.  Because the reaction of NH3 with OBr- is 

a base-catalyzed equilibrium reaction (72), it is not effective if source waters already 

have high levels of NH3.    

 
    

 
Figure A-G8: Bromate mitigation by adding ammonia and/or hypochlorous acid  
 

Cl2-NH3 process  
 A Cl2-NH3 process is comprised of three major steps: i) pre-chlorination, ii) 

ammonia addition, and iii) mono-bromamine oxidation.  With the condition that [NH3] > 
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[HOCl] > [Br-], Br- is initially oxidized by hypochlorous acid (HOCl) to HOBr (75 and 

76).  The HOBr is masked by the addition of NH3 to form NH2Br (70 and 71).  The NH3 

added in this step also reacts with the excess HOCl to produce monochloramine (NH2Cl) 

(78).  The reaction of NH3 with HOCl does not compete with those of NH3 with HOBr 

due to the 20 times smaller reaction rate constants.  The NH2Br undergoes the oxidation 

by O3 to form nitrate (NO3-) and Br- (77).  An advantage of the Cl2-NH3 process over the 

single NH3 addition is a hindrance of the reaction of HO radical with Br- producing Br• 

during the initial phase. 

  It should be noted that the presence of NH3 in the source waters significantly 

affect the efficacy of the Cl2-NH3 process.  The NH3 reacts with HOCl to produce NH2Cl 

before reacting with Br- according to (75) and (78).  The NH2Cl further reacts with Br- to 

produce monobromamine, which is negligible due to the smaller reaction rate constant 

(79).     

 In addition to the hindrance of HO radical pathway for the BrO3
- formation, the 

presence of NOM significantly contributes to the reduction of BrO3
- by hindering HO 

radical.  According to Buffle et al., (2004), two NOM-involving mechanisms could 

explain a decrease of HO radical by adding HOCl in the NH3-containing source waters: i) 

HOCl and/or NH2Cl oxidizes specific and reactive moieties of NOM toward O3 and ii) 

HOCl or its oxidation or substitution products scavenge HO radical.  NOM undergoes the 

oxidation by HOCl (83) and HOBr (84).  The latter reaction producing total organic 

brominated compounds (TOBr) also contributes to minimize the BrO3
- formation.  

However, products resulting from these reactions are not included in the model due to the 
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complex reactions of NOM.  For the reaction mechanism ii), the HO radical scavenge 

reaction by NH2Cl is represented (85).                   

Formation of TTHMs and TOX  
 The addition of HOCl and the presence of HOBr lead to the formation of 

halogenated organic compounds (TOX or THMs) by reacting with NOM (Figure A-G9).  

 
    

 
Figure A-G9: TOX and TTHMs formation scheme in the presence of NOM  

 

 Several empirical power function models are available for predicting total-

trihalomethanes (TTHMs).  Amy et al. developed models implemented in EPA 1998 

models that were based on lower chlorine doses applied to either raw/untreated waters or 

chemically coagulated (conventionally treated) waters (Amy et al., 1998).  This software 

implemented the improved EPA 1998 model developed by Sohn et al. (2004).  In this 

improved model, chlorine consumption is splited into two phases, including i) fast initial 

phase of chlorine consumption (< 5h) and ii) the following second phase of slow chlorine 

consumption (5 h <).     

 The TTHMs predicting model in the initial phase is used.  The empirical 

parameters were determined using the EPA 1998 database.      
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[TTHMs] = [Cl2]{ATTHM(1-exp(-kt)}       

where,  

ln(k) = 5.41 – 0.38 lnቀ ሾC୪మሿ
ሾDOCሿ

ቁ + 0.27 ln([NH3-N]) – 1.12 ln(Temp) + 0.05 ln([Br-]) – 

0.854 ln(pH) 

ln(ATTHM)=-2.11-0.87 lnቀ ሾC୪మሿ
ሾDOCሿ

ቁ -0.41 ln([NH3-N]) + 0.21 ln([Cl2]) + 1.98 ln(pH)  

 [TTHM]=predicted trihalomethane conc. in initial phase (~5h), µg/L 

 [Cl2]=applied chlorine dose, mg/L 

 [DOC] = dissolved organic carbon, mgC/L 

 [NH3-N] = ammonia-nitrogen conc., mg/L as N 

 [Br-]= bromide concentration, µg/L 

 Temp = temperature, °C 

 t = reaction time, h 

The reactions of HOCl, HOBr, and NH2Br with NOM to form the total organic 

halides (TOX) are complex due to the ambiguity of NOM properties.  There are little 

studies attempted in the quantitative formation analysis of TOX.  Therefore, in this 

model, the products from these reactions are not considered (82-84).  Although the TOX 

is not currently regulated under the drinking water standard, the toxicity of TOX was 

reported much higher than bromate ion.     

Modeling Equations  

Kinetic Rate Expressions 
 Based on the elementary reactions in Table X, the overall kinetic rate expressions 

can be written as below.  These species include: O3, HO3•/•O3
-, •O2

-/HO2•, HO•, 
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H2O2/HO2
-, HPO4•-, H2PO4

-/HPO4
2-, Br-, OBr-/HOBr, BrO2

-, BrO3
-, Br•, BrO•, Br2

-, Br3
-, 

Br2•-, BrOH•-, Br2O4, NH2Br, NHBr2, OCl-/HOCl, NH4
+/NH3, NH2Cl, and NOM.   
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The equlibrium relationships implemented in this model are as follows: 
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The ordinary differential equations resulting from the substitution of above rate 

expressions into the mass balances are solved using a backward differentiation formula 

method (Gear’s method) called DGEAR.  DGEAR and the associated nuclei are 

adaptations of a package designed by A.C.Hindmarsh based on C.W.Gear’s subroutine 

DIFSUB (Hindmarsh, 1974).   

Reactor Specific Equations  
The mass balance for a species, “A”, in a completely mixed batch reactor (CMBR) 

or a completely mixed flow reactor (CMFR) yields following two ordinary differential 

equations: 

 dC
dt

ra
a=                              (CMBR)  

 dC
dt

(C C ra
ao a a= − +

1
τ

)       (CMFR)  
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Where Cao is the influent concentration of species A, Ca is the concentration of A at time 

t, τ is the hydraulic retention time of the reactor, and ra is the overall kinetic rate 

expression of the species A in the reaction system.  

Model equations for a plug flow reactor (PFR) and a real flow reactor (RFR) 

which has mixing characteristics somewhere between CMFR and PFR, can also be 

solved using the DGEAR algorithm using a Tanks-in-Series model.  The same rate 

expressions describing the kinetics of the H2O2/UV process can also be used for modeling a 

PFR or RFR.  The program can determine how many tanks are needed for modeling PFR 

or RFR according to dye study data provided by you. 

Kinetic Parameters 
The use of the AdOx software requires kinetic information and physicochemical 

properties of the target compounds.  AdOxTM contains a database in which you can get 

information for more than 600 types of compounds.  Kinetics parameters needed for the 

modeling are listed below. 

 Dissociation constant(s) of the compound if dissociation(s) of that compound exists.  

 Rate constants of the reaction between target compounds with OH., HO2
., O2

., 

radicals.  

 Rate constants of the reaction between the dissociated formats of target compound 

with OH., HO2
., O2

.  radicals (default as 0 if not applicable). 
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