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Abstract 

The oxidation of hydrazine, hydrazinium ion,1,2-diphenylhydrazine, L-tyrosine, D-ascorbic acid 

and D-fructose, by molecular iodine was studied using semi-empirical and density functional 

theory (DFT) methods, respectively. The computational method used for calculating geometries 

in this work is termed a ―cascade method‖ because of its use of molecular mechanics to remove 

strain energies followed by semi-empirical methods as precursors for more accurate DFT 

methods.The semi-empirical studies were carried out at either themodified neglect of diatomic 

overlap(MNDO) or parameterization method 3 (PM3) levels while all the DFT studies were 

carried out using 6-311+G** basis set of the density functional theory (DFT) method at 

the Becke 3 term, Lee Yang, Par (B3LYP) level of computation. For each system studied, 

molecular information such as net charges, values of frontier orbital energies, composition, 

proportions and bonding contribution were determined and analysed. Thus, through these means, 

possible reactive sites of molecules or reacting species were searched and obtained. Postulated 

transition states, intermediates and products were also searched and computed using the PM3 

and DFT methods. Based on the results of the computation for the different systems studied, 

different possible reaction mechanisms for the various systems were proposed. For the 1,2-

diphenylhydrazine – iodine reaction system, two possible reaction mechanisms were proposed, 

for the L-tyrosine – iodine reaction system, previously published reaction mechanism was 

modified based on the most favourable energetics of the transition states, for the L-ascorbic 

acid– iodine reaction system, two possible reaction mechanisms were proposed, for the D-

fructose – iodine reaction system, one reaction mechanism was proposed, while for the  

hydrazine / hydrazinium ion– iodine reaction system, four reaction mechanisms were proposed. 

For each system investigated, out of the various plausible mechanisms postulated, comparisons 

of the enthalpies of reactions of the various pathways as well as the activation barriers of the 

respective rate determining steps were made. The computed enthalpies of the oxidation reactions 
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were carried out at standard conditions of 298.15K and 1 atmosphere for the PM3 and DFT 

calculations. For each system, the pathway with the least activation barriers and enthalpy of 

reactions were chosen as the most probable mechanism of reaction for the system. Other 

thermodynamic parameters such as ΔG
o 

andΔS
o
 for reacting species, especially transition states 

and intermediates which were used to support the validity of the postulated mechanisms were 

also computed. The activation parameters for the most energetically favourable pathway for the 

respective reaction systems were calculated and given. The data obtained for the limiting step of 

the 1,2-diphenylhydrazine – iodine reaction system are: Δ‡G = -7.11 x10
3
 kJ/mol, Δ‡S = 2.71 

x10
1
 kJ/mol andEa = 44.40kJ/mol. For theL-tyrosine – iodine reaction system, Δ‡G = -1.10 

x10
5
kJ/mol,Δ‡S = 1.28 x10

5
 kJ/mol and Ea = 3.52 x10

3
kJ/mol.For the limiting step for the D-

ascorbic acid – iodine reaction system, Δ‡G = -2.93x10
4
kJ/mol, Δ‡S = 1.28 x10

5
kJ/mol and 

Ea = 3.14 x10
3
kJ/mol.For the limiting step for the D- fructose – iodine reaction system, Δ‡G = -

6.78 x10
4
kJ/mol, Δ‡S = 6.74 x10

4
kJ/mol and Ea = 3.82 x10

3
kJ/mol. While for the 

hydrazine / hydrazinium ion – iodine reaction system, activation parameters for the limiting step 

of the most energetically favourable pathway were determined as, Δ‡G = -8.01 x10
4
 kJ/mol, Δ‡S 

= -1.24 x10
6
 kJ/mol and Ea = 6.86 x10

3
kJ/mol. 
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CHAPTER ONE 

1.0 INTRODUCTION  

1.1 Iodine 

Iodine is an essential micronutrient for mammals including humans and appears to be the 

heaviest required element in a diet. Iodine compounds are useful in medicine and lack of it in 

the diet is a cause of goiter (Pearceet al., 2013;Olvera-Caltzontzin et al.,2013; Doggui and  El 

Atia, 2015). Iodine is absolutely necessary for a healthy thyroid as well as ovaries, breasts 

and prostate (Arroyo-Helguera et al., 2006; Zimmermann,2013; Doggui and  El Atia, 2015). 

Iodine deficiency, though easily treated, continues to be a problem for approximately a fifth 

of the world population.Goitre, or enlargement of the thyroid, has been recognized for many 

years assymptoms of iodine deficiency. These pathological conditions are normally grouped 

under the common name of Iodine Deficiency Disorders (IDD) (Hetzel et al.,1990; Koniget 

al., 2011; Doggui and  El Atia, 2015). Iodine deficiency is the largest preventable cause of 

mental retardation worldwide (Cao et al.,1994; Pearceet al., 2013).  In severe cases, it can 

result in cretinism, a form of mental retardation. Mshelia et al (2010) reported in their studies 

that volatization from oceans and precipitation of ocean water is the origin of most iodine 

content of diet (Miller and Heyland, 2013) and is considered critical to compensate for 

metabolic losses.  Goitre surveys conducted so far are limited to clinical symptoms, urinary 

iodine output and, to some extent, plasma thyroid hormone levels (Doggui and  El Atia, 2015; 

Aceves et al., 2013; Bizhanova and Kopp, 2009; Langer et al., 2003). 

 

The thyroid gland needs iodine to make hormones. If the thyroid doesn‘t have enough iodine 

to do its job, feedback systems in the body cause the thyroid to work harder. This can cause 

an enlarged thyroid gland (goiter), which becomes evident as a swollen neck. Other 
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consequences of not having enough iodine (iodine deficiency) are also serious. Iodine 

deficiency and the resulting low levels of thyroid hormone can cause women to stop 

ovulating, leading to infertility (Cao et al., 1994). Iodine deficiency can also lead to an 

autoimmune disease of the thyroid and may increase the risk of getting thyroid cancer (Cao et 

al., 1994). 

 

Iodine is used to prevent iodine deficiency and its consequences, including goiter. It is also 

used for treating a skin disease caused by a fungus (Cutaneous sporotrichosis), treating 

fibrocystic breast disease; preventing breast cancer, eye disease, diabetes, and heart disease 

and stroke, and as an expectorant(Agarwalet al., 2008;Bonifaz et al., 2007;Aroraet al., 2003; 

Cabezaset al.,1996).Iodine is applied to the skin to kill germs, prevent soreness inside the 

mouth (mucositis) caused by chemotherapy, and treat diabetic ulcers(Mahajanet al., 2010; 

Patrick, 2008). It is also reported that iodine has very specific protective effects against 

several common poisons like fluoride and bromide and, to a lesser extent, helps eliminate 

lead and mercury from the body (Apelqvist and Ragnarson, 1996). A number of compounds 

of pharmaceutical importance from a variety of chemical families, 

including thiocyanates, isothiocyanates, thiourea and derivatives, imidazoles, and various 

amines and proteins, were found to form charge transfer complexes with iodine(Yusubova 

and  Zhdankinb, 2015; Raby et al., 2013; Cunningham and Nuenke, 1959;Thomasand Aune, 

1977). All the studies cited showed that iodine acted as the oxidant or the electron acceptor. 

 

These are just a few of the reasons to become interested in iodine, and truly,  the study of the 

mechanism of oxidation of substrates by iodine has been  the  subject of  several  studies, but 

among which  no complete agreement  is  found (Mshelia et al., 2010; Funai and 

Blesa,1984;Hasty,1975;King et al., 1978;Palmer and Lietzke, 1982;Smith and Martell, 1976; 
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Chernov‘yantset al. 2013). The mechanisms of the oxidation of substances by iodine is not 

only as varied as the number of authors who have published such works, but also as the 

number of internationally recognized peer reviewed journals in which such works were 

published (Klebanoff, 1967; Hasty, 1975; Smith and Martell, 1976; King et al., 1978;Palmer 

and Lietzke, 1982;Funai and Blesa, 1984; Cao Xue et al, 1994; Aghaie et al., 2008, Mshelia 

et al., 2010; Zhu et al., 2013; Tang et al., 2013; Chernov‘yantset al. 2013).A further 

investigation seemed desirable (Bhatnagaret al.,1990;Goyal et al., 1989), because all these 

previously cited studies showed that iodine reactions with the hydrazines and various 

biomolecules are of physiological importance. This study was, therefore, undertaken to 

provide better mechanisms of the reactions of iodine with the hydrazinesand biomolecules 

discussed in the subsequent sub-sections (1.2 – 1.5).  

 

1.2  Hydrazine and Its Derivatives 

It is well known that hydrazine and its derivatives play important role in biological activity 

studies.  A number of hydrazide-hydrazones are claimed to possess interesting antibacterial 

and antifungal (Loncleet al., 2004), anticonvulsant (Sridhar et al., 2002), anti-inflammatory 

(Gaston et al., 1996) antimalarial (Gaston et al., 1996) and anti- tuberculosis activities 

(Maccariet al., 2005). It is also well known that iodine quantitatively oxidizes     substances 

containing the -NH-NH, group. This reaction  is the basis   of one   of the  standard   

analytical  procedures to titrate hydrazine  and  related  substances,  in  particular   

isonicotinoyl-hydrazide   which  is widely used  in the pharmaceutical  industry because  of 

its  bacteriostatic   properties    against  Mycobacterium tuberculosis  (Laidler, 1978;Funai 

and Blesa,1984;Sultanet al., 1985;Rao and Dalvi, 1990;  Cao-Xue et al., 1994;Mshelia et al, 

2010). 
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1,2-Diphenylhydrazine, a derivative of hydrazine and also known as  hydrazobenzene,  is 

used as an  antisludging additive to motor oil, a desuckering agent for  tobacco plants, a 

reductant in the reclamation  of rubber, a component  of  experimental  organometallic  

polymers,  an  ingredient  in  photo-chromic  resin compositions, and a component in  

polymerization  reactions.  It is also used in the manufacture of hydrogen peroxide(Mondal 

and Banerjee, 2009;Bhatnagar et al., 1990;Kellyetal., 1994;IPCS, 1993).  Some 1,2-

diphenylhydrazine  derivatives  are  used  as  flame retarding  agents (Ohnishiet al., 2000).  

Several aryl hydrazine interactions in small molecule complexes were studied to see how 

they might react with iron and other substances (Zdilla et al., 2008). The study found that a   

3mM solution of benzene completely disproportionate 6 equivalents of 1,2-

diphenylhydrazine into aniline and azobenzene.  Their  effort  to  shift  the  chemistry  in  a  

different  direction  was  only  partially successful.    Several  others  (Globig and  Freundt, 

1996; Globigetal.,1996; Assi etal., 1996;Khalil et al., 1999;Homer et al., 1985) have  also  

reported  that  the  reactions  of  1,  2-diphenylhydrazine  and  its  derivatives  are  pH  

dependent  and  will  yield  different  products depending  on  the  pH  of  the  reaction  

medium.  These  studies (Zdillaet al., 2008;Globig and  Freundt, 1996; Globiget al., 1996; 

Assietal., 1996; Khalilet a.l, 1999; Homeret al., 1985) concluded  that  1,2-diarylhydrazines  

and  their  derivatives enjoy  complicated  chemistries  that include structural rearrangement 

and disproportionation and  that their  interactions with metal ions are  complex and 

incompletely understood. Although 1,2-diphenylhydrazine is known to be oxidized readily by 

many oxidants (Ayuband Mahmood, 2013; May and Halpern, 1961; Whalley et al., 1956; 

Blackmoreet al., 2008; Zarkesh et al., 2008; Luu et al., 2007), only in a few other cases have 

the reaction mechanisms been examined, especially its reaction mechanisms with 

iodine(Ayub and Mahmood, 2013; Shallangwa et al., 2014a). It is alsonoteworthy to state 

that the various mechanisms proposed were not conclusive and needed to be revisited. 
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1.3 L-Tyrosine 

The study of the oxidation of proteins and amino acids is of interest because of their 

biological significance and selectivity towards oxidant to yield different products (Laloo and 

Mahanti, 1990; Giulivi and Davies, 2001). Amino acids act not only as the building block in 

protein synthesis but also  play a  significant  role  in  metabolism,  nutrition,  fortification  of  

seeds, biochemical research and have been oxidized by a variety of oxidizing   agents (Malika 

et al., 2010; Hung and Stanbury, 2005; Faller et al., 2002). 

 

L-tyrosine (L-Tyr) is a nonessential or a semi-essential amino acid the body makes from 

another amino acid called phenylalanine (Xiashi  and  Suqin, 2010; Poustie and 

Wildgoose, 2010; Hoffman et al., 2010). It is a building block for several important brain che

micals called neurotransmitters, including epinephrine, norepinephrine and dopamine(Webste

r and Wildgoose, 2013; Mahoneyet al., 2007). Tyrosine is used for the treatment of 

tuberculosis, myelitis, encephalitis, thyroid bacterial infections and as a nutritional 

supplement. Parkinson‘s disease, albinism, depression, and other mood disorders were 

generally found when L-tyrosine levels are abnormal (Gelenberget al., 1982;Meyers, 

2000;Parry, 2001). Tyrosine also helps produce melanin, the pigment responsible for hair and 

skin colour. It helps in the function of organs responsible for making and regulating 

hormones, including the adrenal, thyroid, and pituitary glands. It is involved in the structure 

of almost every protein in the body (Marquez and Dunford, 1995;vanSpronsen et al., 2001; 

Tumiltyet al., 2011;Bergès et al., 2011; Azoriet al., 2011).  

It has been reported (Klebanoff, 1967;Aghaie et al., 2008;Doggui and  El Atia, 2015) that 

free iodine reacts with the protein of bacteria (presumably by iodinating tyrosine residues) 



6 
 

and thus kills the bacteria. At pH = 6.8, iodine reacts with tyrosine as well as with 

cysteine(Klebanoff, 1967; Aghaie et al., 2008). Iodine deficiency is currently the most 

preventable cause of the world‘s cretinism, brain damage and thyroid disorders as well as 

those of ovaries, breasts and prostate(Aghaie et al., 2008; Cao Xue et al., 1994). These are 

just a few of the reasons why the study of iodine is interesting. Biologically, iodine is most 

essential in the synthesis of thyroid hormones, which serve in the differentiation, growth, 

metabolism and physiological function of virtually all tissues (Yen, 2001). In the thyroids 

colloid, iodide is collected and concentrated. After concentration, iodide is oxidized to I
+
 by 

the enzyme thyroid peroxidase (TPO) in the presence of H2O2 (Aghaie et al., 2008). The 

oxidized iodine is then bound to tyrosine residues of the protein thyroglobulin to produce 

monoiodothyrosine (MIT) and diiodothyrosine (DIT). Thyroglobulin (Tg) acts as the 

substrate for thyroid hormone (T3, T4) biosynthesis (Malletet al., 1995). Aghaei et al(2008) 

proposed four different possible transition states for the oxidation of L-tyrosine by iodine but 

could not decide which of the four possible transition state would be the most favoured one. 

In one of the published papers from this work, Shallangwa et al(2014c) revisited this reaction 

computationally and the authors were able to determined, energetically, the most favourable 

transition state.  

 

1.4 L-Ascorbic Acid 

Ascorbic acid is water soluble sugar acid with antioxidant properties or with strong reducing 

action and it is an important co-enzyme for internal hydroxylation reaction (Rahmanet al., 

2007). The L-isomer of ascorbic acid is commonly known as vitamin C and is foundnaturally 

in fruits and vegetables (Kennedy et al., 1989; Rahman Khanet al., 2006; Dioha et al., 2011; 

Okieiet al., 2008). Vitamin C (ascorbic acid) is an important component of human diet. Some 

of its functional roles include its use as a nutrition food additive, antioxidant, reducing agent, 
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stabilizer, modifier andcolour stabilizer (Kapuret al., 2012).   Its absence in human leads to 

scurvy, a deficiency disease (Eitenmilleret al., 2008), where the protein, collagen, cannot 

form fibres properly and this results in skin lesions and blood vessel fragility (Kuninori and 

Nishiyama, 1993;Ryley and Kajda, 1994; Cheema and Pant, 2011).  

 

Ascorbic acid is susceptible to oxidation in acidic, basic or neutral media. The oxidation of 

ascorbic acid is a very important redox reaction, as it has interesting biological properties and 

is also a powerful reductant. Ascorbic acid is a lactone with a 2,3-endiol group (Khan and 

Sarwar, 2001; Mateiet al., 2008). It is very effective as a reducing agent and is quantitatively 

reversibly oxidized in aqueous solution by different oxidizing agents. The products of the 

oxidation depend largely on the pH of the reaction; however, its oxidation by various 

oxidizing agents in acid solution produces dehydroascorbic acid, a lactone whose ring can be 

easily hydrolyzed to give the free carboxylic group Linda (Khan and Sarwar, 2001; Matei et 

al., 2008; Linda,2001).  

 

A number of articles have been written on the oxidation of ascorbic acid in acidic and basic 

media with various inorganic (Rajannaet al., 1996; Palet al., 1994;Perolav and Pedersen, 

1994; Kagayamaet al., 1994; Lealet al., 1993; Martinez et al., 1992) and organic substrates 

(Vermaet al., 1996; Rao, et al., 1987;Helleret al., 2001). However, the 

reduction of iodine with ascorbic acid though severally reported, were somewhat limited in 

kinetic and mechanistic details (Khan and Sarwar, 2001; Sitti and Bunbun, 2009). Given the 

importance of the vitamin in human health and its widespread use as an antioxidant 

inprocessed foods, study of its degradation products by iodine is worthy of investigation 

(Khan and Sarwar, 2001). 

 



8 
 

1.5  Reducing Sugars 

The study of sugars or carbohydrates in general is one of the most exciting fields of 

biochemistry (Tao and Raffel, 2009; Bare et al., 2007) and organic chemistry (Mahmoodet 

al.,2009; Finar, 1978;Olusanya and Odebunmi, 2013) and has been the subject of extensive 

research in recent years. Sugars serve as the major fuel for biological systems, supplying 

living cells with the required energy for daily functioning and, therefore, the understanding of 

the oxidation of sugars is of immense importance. Sugars serveas the body's primary source 

of energy. Abundant energy is primarily stored in the complex molecular structure of the 

sugars or carbohydrates (Kim et al., 2002; Bond and Lovley, 2003). Carbohydrates must be 

burned or oxidized if energy is to be released. When complex compounds are metabolized, 

the atoms rearrange themselves into simpler compounds and, in the process, release 

thestoredenergy for use.  

 

A vast amount of literature (Martin et al., 2002; Hao et al., 2003; OdebunmiandOwalude, 

2005;Odebunmi and Owalude, 2007;Pigman and Anet, 1972; Jin et al., 2014, Hietanen et al., 

2012; Marzorati et al., 2005,) is available on the kinetics of oxidation of carbohydrates by 

various organic and inorganic oxidants. The oxidations of some reducing sugars by 

diperiodatoargentate (III), diperiodate Arsenate (III) and osmium tetraoxide in alkaline 

medium have been reported (Raoetal., 1995; Venkate and Jaya, 1995; Singh et al., 1991). 

Oxidation of maltose and lactose by copper (II) ion and hexacyanoferrate (III) ion, have been 

also studied in alkaline medium(OlusanyaandOdebunmi, 2011), whileOkeolaet al (2010) 

investigatedthe kinetics of catalyzed oxidation of glucose and galactose by hexacyanoferrate 

(III) ion and copper sulphate in alkaline medium. Oxidation  of  D-glucose,  D-fructose  and  

D-mannose  by  12-tungstocobaltate(III)  has  been  investigated  by  several others(Banerjee 

et al., 1988;Babasahebet al., 2012)too.  
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The catalyzed and non-catalyzed oxidation of sugars has been investigated in detail using 

organic oxidants such as N-halo compounds (Singh et al., 2002;Singh et al., 2004a;Singh et 

al., 2006a; Singh et al., 2006b;Lyengaret al.,1990; Gowdaetal., 2005; Rangappa et al., 

1998a;Rangappa et al., 1998b). Inorganic oxidants such as Cu(II), ammonical Ag(I) and 

Nessler's reagent have been used in the non-catalyzed oxidation of sugars in an aqueous 

alkaline medium (Singh et al., 1975; Singh et al., 1978; Singh et al., 1980). The mechanism 

for the oxidation of some aldoses by Cr(VI), V(V) and Ce(IV) investigated in acidic media  

has also been reported (SenGuptaet al., 1998).The oxidations of sugars have been carried out 

in both acidic and alkaline media using such oxidants as transition metal ions, inorganic 

acids, organometallic complexes and enzymes.  

 

The use of periodate in the non-catalyzed oxidation of carbohydrates and Ru(III) and the 

ruthenate ion-catalyzed oxidation of reducing sugars in an alkaline medium are also 

available(Tizianiet al., 2003; Singhet al., 2004b).The oxidation of sugars especially the mono 

and disaccharides occurs under different conditions of pH, temperature and ionic strength 

giving products that depend on the oxidants used. The results showed that the mechanism 

may depend on the nature of the substrates; in some cases, it involves the formation of 

intermediate complex, free radical or transition states. The mechanism of oxidation of 

reducing sugars, especially the mono and disaccharides, by different oxidants has been the 

subject of several studies, but despite the vast studies on the oxidation sugars those involving 

iodine are scarce. An investigation of oxidation of sugar with iodine is, therefore, desirable. 

1.6 Statement of the Research Problem 

Iodine as an element has many uses in different areas as highlighted in the preceding sections. 

Iodine reduces thyroid hormone and can kill fungus, bacteria, and other microorganisms such 
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as amoebae. Iodine, in the form ofpotassium iodide, is also used to treat (but not prevent) the 

effects of a radioactive accident (WHO, 2002; Majidnia and Idris, 2015). It is well known 

that iodine quantitatively oxidizes substances such as hydrazine, hydrazine derivatives, amino 

acids like tyrosine, ascorbic acid, reducing sugars as highlighted in sections 1.2 - 1.5. The 

substrates mentioned above are, in their own rights, quite interesting molecules and deserved 

to be studied. But more than that, their reactions with iodine, another very interesting 

substance, is not well studied, and if studied the mechanisms were not well understood, or the 

mechanisms proposed by the various researchers were always at variance with others who 

studied similar or same reactions(Mshelia et al, 2010; Funai and Blesa, 1984). 

 

The seemed to be a gap in knowledge related to the reaction mechanisms of iodine, a very 

important molecule with great physiological and biological activities and the molecules 

studied. May and Halpern (1961) studied the reaction of iodine with 1,2-diphenylhydrazine 

and gave a mechanism that was not consistent with their stoichiometry of reaction. Funai and 

Blesa (1984), Sultan et al (1985), Mshelia et al(2010) also investigated the reaction 

mechanisms of iodine with hydrazine and its derivative, and proposed dissimilar mechanisms 

of the same reactions. Aghaie et al (2008)investigated the reaction mechanismof iodine 

withL-tyrosine and gave a mechanism in which they proposed four different like transition 

states, but could not determine which of the transition states could be the most favourable 

one. Several groups (Morelli, 1976; Rao et al.,1987; Sitti and Bunbun, 2009; Canterbury, 

2014) studied and gave dissimilar mechanisms for the oxidation of L-ascorbic acid by iodine. 

The studies of Odebunmi and Owalude (2008), Mahmood et al (2009), Olusanya and 

Odebunmi (2013) also showed that reported mechanisms of reducing sugars are varied. The 

dissimilar mechanisms reported are as results of the inability of the researchers to deduce the 

correct nature of the transition states involved in the reactions. It is documented that that 
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transition states of reactions have not been isolated and characterized experimentally in the 

laboratory. 

 

1.7Justification of the Research 

In writing a reaction mechanism, a step-by-step account of the bond (electron) 

reorganizations that take place in the course of a reaction is given. These mechanisms do not 

have any objective existence, as more often, they cannot be proven; they are merely the 

Chemist‘s attempt to represent what is going on in a reaction. Although experiments can 

suggest that some mechanisms are reasonable  and  others  are  not,  for  many  reactions,  

there  is  no evidence regarding the   mechanism, and the authors are free to write whatever 

mechanism they choose as accepted mechanistic patterns, subject only to the constraint that 

they have not contravened any established chemical law (Miller and Solomon, 1999; Moore 

and Pearson, 1980). 

 

Reaction mechanisms offer the practicing Chemists insights into how molecules react, enable 

them to manipulate the course of known reactions, aid them in predicting the course of 

known reactions using new substrates, and help them to develop new reactions and reagents. 

In order to understand and write reaction mechanisms, it is essential to have a detailed 

knowledge of the structures of the molecules involved and to be able to notate these 

structures unambiguously (Miller and Solomon, 1999; Atkin and de Paula, 2006; Koch and 

Holthausen, 2000). But it is often difficult to predict what will actually happen in the course 

of a reaction, especially with regard to the intermediates and transition states, as more often 

the transition states cannot be isolated and characterized. This explained why there could be 

different mechanism for the same reaction when the mechanism is written on the basis of 

experiments. But modern computational methods have now been developed that could search 
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for the transient species, such as intermediates and transition states, and really confirm, by 

vibrational analysis, whether they are true transition states or not. The methods also take the 

further step of providing the reaction energetics for various proposed reaction pathways. This 

allows for the selection between mechanisms on the basis of the predicted lowest energy 

pathway (Jordan, 2007; Levine, 1988; Becke, 1988; Lee et al., 1988; Wanno and 

Ruangpornvisuti, 2006). 

 

It is these advantages that the computational methods have over the experimental that makes 

it possible to re-investigate the various ambiguously published reaction mechanisms of the 

oxidation ofthe following substrates: hydrazinium ion, hydrazine molecule, 1,2-

diphenylhydrazine, L-tyrosine, L-ascorbic acid and D-fructose by molecular iodine. The 

investigation would specifically address and: 

i.  resolve all the conflicts (dissimilar mechanisms for same reaction) associated with 

the  reactions of iodine with substrates listed above and proposed new mechanisms 

for each of them; 

ii.  establish all possible reaction pathways and the most favourable one for each 

 reaction;  

iii.  identify and characterize all the transient species which are not accessible 

 experimentally for all the reaction pathways;  

iv.  calculate thermodynamic and some physico-chemical parameters of all reactive 

 species and products of reactions 

v.  derive rate-law for each of the pathways that are consistent with the 

 mechanisms proposed. 

vi.  calculate and compare the rate constants of the reactions based on the proposed 

 logical reaction mechanism. 
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1.8The Research Questions 

The computational chemistry modelling experiment reported in this study is exploratory. 

Both semi-empirical and DFT methods would be used to optimize the structures of reactants, 

intermediates, transition states and products of each reaction. Semi-empirical and DFT 

methods would be used to search for intermediates and transition state and, to calculate the 

thermochemical and other physicochemical properties of the optimized reactants, 

intermediates, transition states and products of each reaction. Logical reaction mechanisms 

based on the information gathered from the use of the computation tools highlighted above 

would be explored and derived. 

 

To achieve the purpose of the study, the followingresearch questions were asked and 

addressed. They include: 

i. What doesthisresearch want to find out or know abouttheoptimized structures 

of reactants, intermediates, transition states and products of each 

reaction?Usually, the total energies, thermodynamic, activation and other 

physicochemical parameters would be sufficient. 

ii. What level of accuracyis expected from the calculations on the optimized 

structures of reactants, intermediates, transition states and products of each 

reaction to be? Semi-empirical methods use more severe approximations 

and/or empirical data to increase the speed of calculations, but give less 

accurate results, while the DFT methods are more exact but more time 

consuming (Springborg, 1997;Jensen, 1999; Cramer, 2002). 

iii. How much time is available for the research to be completed? The semi-

empirical calculations are fast and can be completed in hours, but the DFT 
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calculations can take days, weeks or even months to complete depending on 

how large the molecules are and also depending on how big the basis set 

chosen.Ab initiomethods take even longer time than the DFT methods to 

complete a single calculation(Parr and Yang, 1989; Ochterski, 2000). 

iv. What approximations would be made or would be acceptable? Whereas semi-

empirical methods,  use more severe approximations to increase the speed of   

calculations, the DFT methods, which are more exact in their approximations, 

areconsidered to be fairly robust (Lewars, 2003; Gao, 1996;Hehre et al., 

1986). 

 

1.9The Research Hypotheses 

The study was guided by the following null and alternative hypotheses: 

i. Null hypothesis: All the published reaction mechanisms of the oxidation of substrates by 

 iodine are correct; 

ii. Alternative hypothesis: Some or all of the published reaction mechanisms of the oxidation

 of substrates by iodine needed to be modified. 

 

1.10Conceptual Framework 

The conceptual framework of the research work is as given in Figure 1.1showing the various 

tasks that are expected to be carried out on the reaction of iodine with the hydrazines and 

biomolecules. 
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 Figure 1.1: The research conceptual framework 
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1.11    Theoretical Framework 

The past 35 years have seen rapid developments in the field of computer science and these 

developments have in turn brought about a rapid development of the relatively, new area of 

computational chemistry (Clementi, 1980; Ostlund et al., 1982; Hopfinger, 1984; 

Leszczynski, 2000; Dykstra et al.,2011; Crammer, 2013;  Floudas and Pardalos, 

2013).Armed by the contemporary computational power, the computational chemists are able 

to formulate high level theoretical models describing the real interactions between reacting 

species. Various methods are available for simulations of the interactions and possible 

behaviour. Opposed to chemical experimental procedures, computational methods are 

relatively fast and, combined with optimization methods, quite reliable (Jensen, 1999; 

Leszczynski, 2000; Cramer, 2002;Al-Hashimi and Hussein, 2010; Kortagere et al., 2010; 

Dykstra et al.,2011; Crammer, 2013;  Floudas and Pardalos, 2013). As for the investigation 

of the reaction mechanisms of the redox reactions of some bio-substrates with molecular 

iodine, the best solution seems to be molecular modeling. 

 

The primary characteristic of any mutual interaction betweentwo molecules is the energy. 

Computational chemistry is capable of calculating theoretical values of such interaction at 

different levels of simplification (Al-Hashimi and Hussein, 2010). Like the most applications 

in computational chemistry, the important task is to find a proper level of simplification 

that allows the computations to be relatively fast, yet providing satisfactory results with 

regard to the real, experimentally determined behavior of the system. 

 

For investigating interactions between a large molecule and a small molecule that binds to the 

larger one, there are several possibilities of addressing this problem. Probably the best-

explored, and nowadays basics, are the semi-empirical and density functional theory 
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(DFT)methods (Motaet al., 2010). This aim is realized by carrying out the tasks enumerated 

in the aim and objectivesof this study.  

 

1.12Aim and Objectives 

The researchwas aimed to computationally investigate the reaction mechanisms of the 

oxidation of some hydrazines(hydrazinium ion, hydrazine, 1,2-diphenylhydrazine) and 

biomolecules(L-tyrosine, L-ascorbic acid, D-fructose) by moleculariodine. The aim would be 

achieved through the following objectives:To 

i. use both semi empirical and density functional theory (DFT) methods to optimize 

the structures of reactants, intermediates, transition states and products of each 

reaction. 

ii. use both semi empirical and DFT methods to search for intermediates and 

transition states. 

iii. calculate the thermochemical and other physico-chemical properties of the 

optimized reactants, intermediates, transition states and products of each reaction. 

iv.  plotthe potential energy surface diagrams of the various elementary steps of the 

reactions 

v. write a logical reaction mechanism based the information gathered from (i) – (iv) 

above. 

vi. calculate the kinetic data of the reactions based on the proposed logical reaction 

mechanism. 
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CHAPTER TWO 

2.0  LITERATURE REVIEW 

2.1  Computational Approaches for  Investigation of the Reaction Mechanisms 

Reaction mechanism is the step by step sequence of elementary reactions by which overall 

chemical change occurs (Espenson, 2002; Atkins and de Paula, 2006; Tro, 2010; Masterton et 

al., 2012).A chemical mechanism describes in detail exactly what takes place at each stage of 

an overall chemical reaction (Atkins and de Paula, 2006; Masterton et al., 2012). It also 

describes each reactive intermediate, activated complex, and transition state, and which bonds 

are broken, and which bonds are formed. A complete mechanism must also account for all 

reactants used, the function of a catalyst, stereochemistry, all products formed and the amount 

of each (Manz and Sholl, 2010). It must also describe the relative rates of the reaction steps 

and the rate equation for the overall reaction (Atkins and de Paula, 2006; Tro, 2010; 

Masterton et al., 201). Reaction intermediates are chemical species, often unstable and short-

lived, which are not reactants or products of the overall chemical reaction, but are temporary 

products and reactants in the mechanism's reaction steps. Reaction intermediates are often 

free radicals or ions. Transition states can be unstable intermediate molecular states even in 

the elementary reactions. Transition states are commonly molecular entities involving an 

unstable number of bonds and/or unstable geometry. They correspond to maxima on the 

reaction coordinate, and to saddle points on the potential energy surface for the reaction 

(Lewars, 2003;  Atkins and de Paula, 2006; Engel and Reid, 2006;Manz and Sholl, 2010). 

 

There are various studies on reactions of iodine ( Bhatnagar et al., 1990; Agarwal et al., 

2008; Zhang and Hase, 2010; Ayub and Mahmood, 2013; Raby et al., 2013), hydrazines ( 

May and Halpern, 1961; Barca et al., 1967; Funai and Blesa, 1984; Homer et al., 1985; 
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Sultan et al., 1985; Assi etal.,1996; Globig et al., 1996; Jia et al., 2000; Blackmore et al., 

2008;  Zdilla et al, 2008; Mondal and Banerjee, 2009; Mshelia et al., 2010), L-tyrosine 

(Azori et al., 1990;  Foppoli et al., 1997;  Giulivi and Davies, Faller et al.., 2002; Aghaieet 

al., 2008; Heneberg, 2009; Barr, 2010;  Malika et al., 2010; Xiashi and Suqin, 2010; Karver 

et al., 2010;  Tumily et al., 2011; Obiri  et al., 2012;), L-ascorbic acid (Khan and Sawar, 

2001;  Cheema and Pant, 2011;Dioha et al., 2011; Kapur et al., 2012; Canterbury, 2014), and 

D-fructose (Banerjee et al., 1988; Gowda et al., 2005; Mahmood  et al., 2009; Tao et al., 

2009)  but for which detailed mechanisms are not available or require development. Even 

when information is available, identifying and assembling the relevant data from a variety of 

sources, reconciling discrepant values and extrapolating to different conditions can be a 

difficult process without expert help. Rate constants or thermochemical data are often not 

available in the literature, so computational chemistry techniques must be used to obtain the 

required parameters (Zhang and Zhang, 2007). Computational chemistry methods can also be 

used to calculate potential energy surfaces for reactions and determine probable mechanisms 

(Lewars, 2003; Schramm, 2005b;  Atkins and de Paula, 2006; Zhang and Zhang, 2007; Tro, 

2010; Masterton et al., 2012). 

 

A series of computational approaches can be used to overcome the limitations of 

experimental techniques in studying reaction mechanisms (Cummins and Gready, 2005; 

Atkins and de Paula, 2006; Domingo et al., 2013; Shallangwa et al., 2015). Identifying the 

most critical energetic components of the reaction is of crucial importance for understanding 

reaction mechanisms (Schramm, 2005b; Giraldo et al., 2006; Domingo et al., 2013). Several 

algorithms of varying accuracy and computational cost have been developed to study reaction 

mechanisms. From ligand binding and activation to the oxidation process itself, including 

formation of the transition state and final generation of products, different modelling and 
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simulation techniques can be applied (Bruice and  Bruice, 2005; Domingo et al., 2013; 

Barhoumi et al., 2015; Hammal et al., 2015). Selection of the appropriate computational tool 

is not straightforward; it is one of the first challenges a computational chemist must face. 

Therefore, no single simulation technique will be adequate to address all events occurring 

during oxidation – reduction processes, and it will be necessary to use a range of theoretical 

approaches (Araujo et al., 2007; Huey et al, 2008).  

 

Nearly all of a material‘s physical properties can be related to free energy values. In turn, any 

property that is related to energies (or differences in energies) can be determined theoretically 

if a method exists which is both reliable and capable of accurately determining these values 

(Araujo et al., 2007; Huey et al, 2008). With the advent of high speed parallel computing, the 

modern theoretical methodologies required to explore atomic interactions to high degrees of 

accuracy are made available for routine use. Ab initio, Density functional theory (DFT) and 

semi-empirical (SE) methods are fast becoming the method of choice for exploring chemical 

reactivity (Jensen, 2007; Cramer, 2013). The ability of these methods to simulate bond 

breaking and forming events allows for valuable information to be gathered on the 

interactions taking place. They can also help to facilitate the elucidation of the reaction 

mechanisms involved (Leszczynski, 2000; Bruice and Bruice, 2005). In this chapter a brief 

summary of the main computational techniques used is presented, describing the underlying 

principles of the approaches, their applications and limitations. 

 

The practice of chemistry, in one form or another, has been around for millennia, but only in 

the past two centuries has the practice of chemistry evolved from archaic alchemy to a pure 

and applied science.  Modern  chemistry  is  able  to  probe  the  structure,  microscopic 

properties, and reactions of atoms and molecules through systematic laboratory methods that 
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include synthetic techniques, such as directly reacting a substance with another substance in a 

controlled  environment;  instrumental  techniques,  including  the  myriad  of  spectroscopic 

techniques;  and,  more  recently,  computational  techniques.   

 

With the advent of quantum mechanics in the early 20th century, the way in which chemical 

properties traditionally are elucidated changed dramatically.  Schrödinger‘s wave mechanics, 

simultaneously introduced alongside Heisenberg‘s matrix mechanics, offered ways of 

calculating both static and dynamic properties of quantized systems. Following the 

construction of the first electronic computer, chemists and physicists began to submit atomic 

and molecular properties for calculation using Schrödinger‘s and Dirac‘s mathematics. The 

amount of information acquired about chemical properties during the early years of quantum 

mechanics was not substantial, limited primarily by  the  computational  expense  of  both  

the  underlying  mathematics  and  the  physical computational resources (i.e. storage, time, 

and software). 

  

Computational chemistry has become an interdisciplinary subject that straddles physics, 

chemistry, biology, and geophysics. This field can alsobe considered as the art of the 

computer experiment and certainly computational chemistry or computer experiments have 

enlarged and deepened the scope of understanding from traditional laboratory experiments. 

Generally speaking, one can say that the experiment in the laboratory will tell us what 

happens in most cases, while in principle, computational chemistry would allow one to find 

out why some reactions would take place and hopefully, also predict, what will happen under 

certain conditions or circumstances(Tro, 2010; Masterton et al., 2012). Furthermore, 

computer experiments can readily access reaction conditions which laboratory experiments 

cannot easily reach (Alfe et al,, 2000; Gillan et al., 2006 ). For example, reactions can  
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readily be carried out at temperatures of zero or sub-zero Kelvin, and at pressures other than 

standard pressure, which would be out of reach in a laboratory experiment setting, yet could 

be computed without any particular difficulty computationally. 

 

The key point with all simulations or computational modeling is how reliable they are and 

whether they accurately model reality. Traditionally, pre-parameterized empirical potentials 

were used to model the interaction between collections of atoms or molecules. These have 

achieved considerable success in many areas. Increasingly popular though, but, 

computationally much more expensive, are the so-called first principles approaches.  In this 

work, a variety of first principles approaches have been applied, often with the goal of 

executing calculations with the highest possible accuracy. 

 

The central task in first principles simulations is to solve the many-body Schrodinger 

equation and obtain the total energy and wave function of the system which are the starting 

point for most of the physical properties of the reacting species. There are many and varied 

first principles approaches. Often it is useful to categorize them as wave function based 

methods, e.g., quantum chemistry methods and quantum Monte Carlo, or electron-density 

based (density-functional theory (DFT)) methods (Zhao and Truhlar,  2008; Perdew and 

Schmidt, 2001). Both methods have gained great success and particularly in condensed 

matter electronic structurecalculations, DFT predominates. One reason for this is that 

calculations can bedone for large systems (hundreds or even thousands of atoms) at modest 

computational costs (Perdew et al., 2005). 

 

There is no doubt that DFT is exact in principle (Jensen, 1999). However, DFT relies on 

approximations to the exchange-correlation functional in practice (Cramer, 2002; Kresse et 
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al., 2003; Feibelman et al., 2001). Although DFT has proven to be very successful, the 

deficiencies of DFT are also well documented. One prominent example in surface physics is 

that DFT with the local density approximation (LDA) and generalized gradient 

approximation (GGA) predict the wrong adsorption site for CO on Pt(111) and other close-

packed metal surfaces  (Kresse et al., 2003; Feibelman  et al., 2001) because of the intrinsic 

error in these approximations. In addition, adsorption energies of atoms and molecules on 

surfaces can often differ by large amounts (50%) from experiment depending on the choice of 

approximation for the exchange-correlation functional (Hammer et al., 1999; Tran et al., 

2007; Fuentes-Cabrera et al., 2008). Although there exists a useful scheme now for 

categorizing DFT exchange-correlation functionals (so-called Jacob's ladder) (Perdew and 

Schmidt, 2001), systematically improving DFT exchange-correlation functionals is difficult. 

By contrast, quantum chemistry methods which begin with Hartree-Fock as a base and 

gradually add in increasing accounts of electron correlation provide an alternative when high 

precision, beyond that available with current exchange-correlation functionals, is required. 

The difficulty with these wave function approaches is that they are not amenable to very large 

or periodic systems. Thus, applying quantum chemistry to condensed matter is not 

straightforward, but it is something that is becoming increasingly popular.  

 

The ultimate goal of computational chemistry is to predict and understand the electronic 

structure of chemical compounds and their reactions using concepts and techniques of both 

the static and dynamical approaches. The first task confronting the chemist is to identify the 

compound reactive sites as a function of the molecular structure, and to determine their 

relative reactivity trends. For these, the density functional theory (DFT) provides an 

appealing framework of investigation in chemistry due to its relatively low cost of 

calculations (when compared with the more demanding calculations of ab initio methods), 
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highly accurate results and due to its offering of a perspective on the interpretation and 

prediction of experimental or theoretical reactivity (Perdew, 1985; Perdew and Levy, 1997). 

 

2.2  Computational Chemistry 

Computational chemistry can perhaps be loosely defined as chemistry modeling, based on a 

molecular or atomic level description. In other words, computational chemistry is a set of 

techniques for investigating chemical problems on a computer (Lewars, 2003). The term 

covers a fairly broad range of theories and methods. 

Some of the common computational investigations are: 

i. Molecular geometry: This provides informationon the shapes of molecules – bond 

lengths, angles, and dihedrals. 

ii. Energies of molecules and transition states: This tells us which conformer and/or 

isomer is favoured at equilibrium, and (from transition state and reactant energies) 

how fast a reaction can go. 

iii. Chemical reactivity: Knowing where the electrons are concentrated (nucleophilic 

sites) and where electrons are deficient (electrophilic sites) enables us to predict 

the reactive sites in a molecule. 

iv. IR, UV, Raman and NMR spectra: These can be calculated, and if the molecule is 

known or unknown, its properties can be studied. 

v. The interaction of a substrate with an enzyme: Seeing how a molecule fits into the 

active site of an enzyme is one approach to designing better drugs. 
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vi. The physical properties of substances: These depend on the properties of 

individual molecules and on how the molecules interact in the bulk material, 

especially in the field of materials science. 

The various methods of computational chemistry can be thought of as offering a toolbox. For 

different problems studied, choices must be made as to what methods are best suited. The 

main tools available belong to five broad classes as briefly described below. 

 

In the present work, several different issues related to the reactions of iodine with several 

biomolecules and hydrazines are studied. In studying these problems an eclectic approach has 

been chosen, namely to attempt to find the method best suited to each problem. As a result, a 

fairly large number of methods have been employed and these methods again draw on 

different fields of theory. No attempt will be made to cover the underlying theory in any 

detail here. The present chapter will rather focus on presenting the various branches of 

computational chemistry in general terms. The introduction is intended to give general insight 

into the various methods, in particular their strengths, weaknesses and limitations. In 

addition, the terminology to be used in the following chapters and papers will be introduced. 

 

This presentation followed the outline used by Grant and Richards (1995) in their textbook 

―Computational Chemistry‖ as well as that used by Cramer (2002) in his textbook ―Essentials 

of Computational Chemistry‖, which was also followed, to some extent, by da Silva (2005).  

 

2.3  Ab initio (Quantum Mechanics) 

Ab initio calculations (ab initio is from the Latin: ―from first principles‖) are based on 

quantum mechanics which uses the Schrödinger equation. This is one of the fundamental 
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equations of modern physics and describes, among other things, how the electrons in a 

molecule behave. The Schrödinger equation cannot be solved exactly for any molecule with 

more than one electron; thus approximations are used. Regardless of the level of 

approximation, an ab initio calculation is based only on basic physical theory (quantum 

mechanics) and is in this sense ―from first principles‖. 

 

Dirac (1929) made this statement: ―The underlying physical laws necessary for the 

mathematical theory of a large part of physics and the whole of chemistry are thus 

completely known, and the difficulty is only that exact application of these laws leads to 

equations much too complicated to be soluble”. The statement attributed to Dirac regarding 

the laws of chemistry and physics quoted above referred mainly to the postulation of the 

Schrödinger equation which, in its barest and most innocent  form, can be written as in 

equation  (2.1)  (Szabo and  Ostlund, 1989; Levine, 2000; Young, 2001): 

^

H E           (2.1) 

^

H is the shorthand form of the Hamilton operator which takes into account the contributions 

to the energy of the system.E is the energy of the system and ψ is the wave function that 

describes the system. The energy has only certain allowed values, with a corresponding wave 

function for each allowed energy level. 

 

The Hamiltonian operator consists of the potential and kinetic energy contributions. In the 

absence of external magnetic and electrical fields, and ignoring relativistic effects, it takes the 

form of equation (2.2) (Szabo and Ostlund, 1989; Levine, 2000; Young,2001; Cramer, 2002; 

Helgaker et al. 2004):  
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is the Laplacian operator, 
I JR R is the distance between particles (Helgaker et 

al. 2004). The terms represent respectively the kinetic energy of the electrons, the kinetic 

energy of the nuclei, the attraction between the electrons and the nucleus, the interelectronic 

repulsion and the internuclear repulsion. From the Hamilton operator, it could be seen that the 

Schrödinger equation is a set of differential equations (Cramer, 2002). 

 

For the wave function itself, it is difficult to give a simple definition or direct physical 

interpretation. The product of the wave function with its complex conjugate │ψ*ψ│ does, 

however, have a physical interpretation; it gives the probability density for the system. For an 

electron, │ψ*ψ│ multiplied with a volume element would give the probability of the electron 

being in that volume element. The normalized integral of │ψ
2
│, over all space, must be 

unity. The wave function can, therefore, be thought of to be a kind of road-map to how the 

electrons are localized (Levine, 2000; Young, 2001; Cramer, 2002; Helgaker et al. 2004). 

  

There is no way to directly derive the wave function itself, but there are some conditions it 

must meet. It must be ―well-behaved‖, displaying only smooth changes and going to zero at 

infinity. The variational principle states that the lower the ground state energy calculated by a 

wave function is, the higher is the quality of the wave function (Cramer, 2002). Assuming 
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that each electron can be treated separately, one can operate with one electron wave functions 

also called atomic orbital. In a system with more than one atom, i. e. a molecule, we deal with 

molecular orbitals.All electrons are characterized by a spin quantum number, with two 

possible eigenvalues. The Pauli principle states that two electrons cannot have the same set of 

quantum numbers. One molecular orbital is therefore limited to two electrons with opposite 

spin. 

 

The Schrödinger equation is a postulate believed to be entirely accurate (Helgaker et al. 

2004). The complexity of it is, however, such that the largest system for which it is 

analytically solvable is the hydrogen atom. It was this that led Dirac to make his observation 

quoted above. Since Dirac made his observation, a lot of work has gone into making 

approximations that make it possible to make calculations on systems of practical interest. 

Some of the main approximations will be briefly outlined below. 

 

2.3.1  The Born-Oppenheimer Approximation 

The nuclei of atoms in a system are much heavier and move much more slowly than the 

electrons. It is therefore assumed that the movements can be decoupled. The energy of the 

electrons is calculated with the nuclei of atoms in fixed positions (Young, 2001; Lewars, 

2003). This approximation is in most cases entirely reasonable and universally applied. 

 

The Born-Oppenheimer approximation tries to separate the electronic and nuclear degrees of 

freedom even though they are coupled by the electron-nuclear potential energy VeN (r, R). 

This can be done because the electrons are much lighter than the nuclei, and so with respect 

to the electrons, the nuclei are almost stationary. Thus, the movements can be decoupled in 
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the following ways (Jensen, 1999; Lewars, 2003; Helgaker et al. 2004; Kraka and Cremer, 

2010): 

i. Fix the nuclei at some chosen configuration Ra 

ii. Solve for the motion of the electrons for this nuclear configuration, giving an 

electronic energy Ee (Ra) and wave function Ψ(r; Ra). 

iii. Repeat for other nuclear configurations Rb of interest, building up a potential 

energy surface Ee (R). 

2.3.2  Potential Energy Surface 

A potential energy surface is a plot of the energy of a collection of nuclei and electrons 

against the geometric coordinates of the nuclei – essentially, plot of molecular energy versus 

molecular geometry (or it may be regarded as the mathematical equation that gives the energy 

as a function of the nuclear coordinates). The nature (minimum, saddle point or neither) of 

each point was discussed in terms of the response of the energy (first and second derivatives) 

to changes in nuclear coordinates. The potential energy surface (PES) is a central concept in 

computational chemistry. A PES is the relationship – mathematical or graphical – between 

the energy of a molecule (or a collection of molecules) and its geometry. The Born–

Oppenheimer approximation says that in a molecule the nuclei are essentially stationary 

compared to the electrons. This is one of the cornerstones of computational chemistry 

because it makes the concept of molecular shape (geometry) meaningful, makes possible the 

concept of a PES, and simplifies the application of the Schrodinger equation to molecules by 

allowing us to focus on the electronic energy and add in the nuclear repulsion energy later 

(Combeset al., 2000; Jensen, 1999; Murrel et al., 1984). 
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The most interesting points on PES‘s are the stationary points, where the gradients with 

respect to all internal coordinates are zero; and are listed below:  

i. Minima:In mathematics, minima (or minimums) of a function, known collectively 

as extrema (singular: extremum), are the smallest value that the function takes at a 

point either within a given neighbourhood (local or relativeextremum) or on the 

function domain in its entirety (global or absoluteextremum) (Press et al. 1992). 

The minima correspond to stable or quasi-stable species; i.e., reactants, products, 

and/or intermediates (Young, 2001). 

ii. Transition states:By definition, the transition state is the transitory of molecular 

structure in which the molecule is no longer a substrate but not yet a product. All 

chemical reactions must go through the transition state to form a product from a 

substrate molecule. The transition state is the state corresponding to the highest 

energy along the reaction coordinate. It has more free energy in comparison to the 

substrate or product; thus, it is the least stable state. The specific form of the 

transition state depends on the mechanisms of the particular reaction (Manz and 

Sholl, 2010). These correspond to saddle points which are minima in all 

dimensions but one; a maximum in that dimension (Young, 2001). 

iii. Higher-order saddle points:  In mathematics, a saddle point is a point in the 

domain of a function that is a stationary point but not a local extremum, a point at 

which a function of two variables has partial derivatives equal to zero but at which 

the function has neither a maximum nor a minimum value (Widder, 1989). These 

correspond to a minimum in all dimensions but n, where n > 1; maximum in the 

other n dimensions (Young, 2001). 
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2.3.2.1 Hessian Index 

The Hessian index is the number of negative eigenvalues of the force constant matrix. For a 

stationary point, the Hessian index corresponds to the number of internal degrees of freedom 

along which the stationary point is a potential energy maximum. The Hessian index is 0 for 

minima, 1 for transition states, > 1 for higher-order saddle points. The Hessian index also 

corresponds to the number of imaginary vibrational frequencies (Valeev and Sherrill, 2003). 

  

A geometry optimization, when run to completion, will provide stationary point geometry. 

Typically, this is a potential energy minimum. However, the optimization might get stuck on 

a saddle point. A vibrational analysis can verify the nature of the stationary point via the 

Hessian index. 

 

2.3.3  Geometry Optimization 

The characterization (the ―location‖ or ―locating‖) of a stationary point on a potential energy 

surface (PES), i.e. demonstrating that the point in question exists and calculating its geometry 

and energy, is a geometry optimization. The stationary point of interest might be a minimum, 

a transition state, or, occasionally, a higher-order saddle point. Locating a minimum is often 

called an energy minimization or simply a minimization, and locating a transition state is 

often referred to specifically as a transition state optimization. Geometry optimizations are 

done by starting with an input structure that is believed to resemble (the closer the better) the 

desired stationary point and submitting this plausible structure to a computer algorithm that 

systematically changes the geometry until it has found a stationary point (Young, 2001; 

Lewars, 2003). The curvature of the PES at the stationary point, i.e. the second derivatives 

ofenergy with respect to the geometric parameters may then be determined to characterize the 
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structure as a minimum or as some kind of saddle point (Hehre, 1995; Foresman and Frisch, 

1996). 

 

2.3.4  Hartree-Fock Self-Consistent Field Method 

Much of the difficulty of solving the Schrödinger equation stems from the need to 

simultaneously determine the energy of each electron in the presence of all other electrons. In 

the Hartree-Fock (HF) method, this is avoided by calculating the energy of each electron in 

the averaged static field of the others. Initially, a guess is made of the electron orbital 

energies. The energy of each electron orbital is then calculated in the field of the initial 

electron configuration. This procedure is repeated in an iterative loop until convergence (self-

consistent referring to this iterative calculation) is achieved (Lewars, 2003). 

  

The Hartree-Fock method can therefore be thought of as a kind of mean-spherical 

approximation at the electron level. The difference between the Hartree-Fock energy and the 

energy for the full Schrödinger equation is called the correlation energy. Hartree-Fock 

calculations are sufficiently accurate to provide insight into many problems and they are 

widely used. As Hartree-Fock calculations have been applied to different problems, it has 

however, become increasingly clear that the correlation energy is of great significance in 

determining the properties of a system. Efforts have, therefore, been made to improve on the 

Hartree-Fock energy (Jensen, 1999).  

 

2.3.5  Post Hartree-Fock Methods 

There a number of different methods that go beyond Hartree-Fock calculations, one of the 

widely used approaches is perturbation theory. In perturbation theory, the Hartree-Fock 

solution is treated as the first term in a Taylor series. The major problem in the Hartree-Fock 
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method is that it completely neglects correlations between electrons with same spin (beyond 

exchange). In quantum chemistry (Löwdin, 1959), it is common to define the energy 

associated with themissing electron correlation energy as: 

 Ecorr = Eexact- EHF(2.3) 

where Eexact is the exact energy of the system and Ecorr is thus the missing energyassociated 

with correlations in the exact many body ground state wave function.Ecorr is negative because 

EHF is always the upper bound of the Eexact. The missingcorrelation energy is typically a very 

small fraction of the total energy. However, it can be a very important contribution to many 

systems of physical and chemicalinterest. For example, the restricted Hartree-Fock method 

cannot describe the dissociationof H2 into two open-shell H atoms. Or, at least one quarter of 

the strengthof hydrogen bonds between water molecules comes from correlations beyond HF 

(Santra et al., 2007).Post-Hartree-Fock methods in quantum chemistry aim to improve on 

Hartree-Fock by taking account of electron correlation. These methods include configuration 

interaction (CI), Moller-Plesset perturbation theory, and coupled cluster(Moller and Plesset, 

1934). For CImethods, a linear combination of Slater determinants rather than one single 

Slaterdeterminant in Hartree-Fock is used to approximate the wave function. 

 

The perturbation terms added involve the electron repulsion. One of the more common forms 

was developed by Møller and Plesset (1934). The second order perturbation form is referred 

to as MP2(Szabo and Ostlund, 1982). It should be noted that the electron-electron repulsion 

energy is not necessarily a small perturbation. In cases where this term is large the application 

of perturbation theory can become more difficult (Jensen, 1999; Lewars, 2003).  
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There are a number of other techniques that include electron correlation which can potentially 

provide very accurate results. Such calculations can, however, become very time consuming 

and at present they tend to be used for small molecules with maybe 3-4 heavy (non-

hydrogen) atoms. The molecules studied in the present work are somewhat larger and the 

decision has been made not to use such time consuming methods.  

 

2.4   Semi-Empirical Calculations 

Semi-empirical (SE) calculations, like ab initio, are based on the 

Schrödingerequation(Lewars, 2003). However, more approximations are made in solving it, 

and the very complicated integrals that must be calculated in the ab initio method are not 

actually evaluatedin SE calculations: instead, the program draws on a kind of library of 

integrals thatwas compiled by finding the best fit of some calculated entity like geometry or 

energy(heat of formation) to the experimental values. This plugging of experimental 

valuesinto a mathematical procedure to get the best calculated values is called 

parameterization (or parametrization).It is the mixing of theory and experiment that makes 

themethod ―semi-empirical‖: it is based on the Schrödinger equation, but parameterizedwith 

experimental values (empirical means experimental). SE calculations have been found to give 

good solutions for molecules for which the program has not been parameterized (Stewart, 

1990; Zerner, 1991; Hehre, 1995; Thiel, 1998; Hall, 2000; Lewars, 2003). 

 

The advantage of semi-empirical calculations is that they are much faster than ab initio 

calculations. The disadvantage of semi-empirical calculations is that the results can be erratic 

and fewer properties can be predicted reliably. If the molecule being computed is similar to 

molecules in the database used to parameterize the method, then the results may be very 

good. If the molecule being computed is significantly different from anything in the 
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parameterization set, the answers may be very poor. However, semi-empirical methods are 

not as sensitive to the parameterization set as are molecular mechanics calculations. The 

following are some of the most commonly used semi empirical methods, especially as 

obtained in Spartan program package used in this work. 

 

2.4.1  Modified Neglect of Diatomic Overlap  

The modified neglect of diatomic overlap (MNDO)(Young, 2001) method has been found to 

give reasonable qualitative results for many organic systems. It has been incorporated into 

several popular semi empirical programs as well as the MNDO program. Today, it is still 

used, but the more accurate AM1 and PM3 methods have surpassed it in popularity. 

 

There are some known cases where MNDO gives qualitatively or quantitatively incorrect 

results. Computed electronic excitation energies are underestimated. Activation barriers tend 

to be too high. The correct conformer is not always computed to be lowest in energy. Barriers 

to bond rotation are often computed to be too small. Hypervalent compounds and sterically 

crowded molecules are computed to be too unstable. Four-member rings are predicted to be 

too stable. Oxygenated functional groups on aromatic rings are predicted to be out-of-plane. 

The peroxide bond is too short by about 0.17Å. The ether C-O-C bond angle is too large by 

about 90
o
. Bond lengths between electronegative elements are too short. Hydrogen bonds are 

too weak and long (Murrell and Harget, 1972; Sadlej, 1985; Young, 2001). 

 

2.4.2  Austin Model 1 

The Austin Model 1 (AM1)(Young, 2001) method is still popular for modelling organic 

compounds. AM1 generally predicts the heats of formation (ΔHf) more accurately than 

MNDO, although a few exceptions involving Br atoms have been documented (Young, 2001; 
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2002). Depending on the nature of the system and information desired, either AM1 or PM3 

will often give the most accurate results obtainable for organic molecules with semi-empirical 

methods. There are some known strengths and limitations in the results obtained from these 

methods. Activation energies are improved over MNDO. AM1 tends to predict results for 

aluminium better than PM3. It tends to poorly predict nitrogen parameterization. AM1 tends 

to give O-Si-O bonds that are not bent enough (Murrell and Harget, 1972; Sadlej, 1985; 

Young, 2001). 

 

There are some known limitations to AM1 energies, such as predicting rotational barriers to 

be one-third the actual barrier and predicting five-member rings to be too stable. The 

predicted heat of formation tends to be inaccurate for molecules with a large amount of 

charge localization. Geometries involving phosphorus are predicted poorly. There are 

systematic errors in alkyl group energies predicting them to be too stable. Nitro groups are 

too positive in energy. The peroxide bond is too short by about 0.17 Å. Hydrogen bonds are 

predicted to have the correct strength, but often the wrong orientation. On the average, AM1 

predicts energies and geometries better than MNDO, but not as well as PM3. Computed bond 

enthalpies are consistently low. 

 

2.4.3  Parameterization Method 3 

Parameterization method 3 (PM3)(Young, 2001) uses nearly the same equations as the AM1 

method along with an improved set of parameters. The PM3 method is also currently 

extremely popular for organic systems. It is more accurate thanAM1 for hydrogen bond 

angles, but AM1 is more accurate for hydrogen bond energies. The PM3 and AM1 methods 

are also more popular than other semi-empirical methods due to the availability of algorithms 

for including solvation effects in these calculations. 
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There are also some known strengths and limitations of PM3. Overall heats of formation are 

more accurate than with MNDO or AM1. Hypervalent molecules are also predicted more 

accurately. PM3 tends to predict that the barrier to rotation around the C-N bond in peptides 

is too low. Bonds between Si and the halide atoms are too short. PM3 also tends to predict 

incorrect electronic states for germanium compounds. It tends to predict sp
3
nitrogen as 

always being pyramidal. Some spurious minima are predicted. Proton affinities are not 

accurate. Some polycyclic rings are not flat. The predicted charge on nitrogen is incorrect. 

Nonbonded distances are too short. Hydrogen bonds are too short by about 0.1Å, but the 

orientation is usually correct. On average, PM3 predicts energies and bond lengths more 

accurately than AM1 or MNDO (Murrell and Harget, 1972; Sadlej, 1985; Young, 2001). 

 

2.4.4  Partial Retention of Diatomic Differential Overlap  

The PRDDO (partial retention of diatomic differential overlap) method is an attempt to get 

the optimal ratio of accuracy to CPU time. It has been parameterized for the periodic 

elements through Br, including the 3rd row transition metals. It was parameterized to 

reproduce ab initio results. PRDDO has been used primarily for inorganic compounds, 

organometallics, solid-state calculations, and polymer modeling. This method has seen less 

use than other methods of similar accuracy mostly due to the fact that it has not been 

incorporated into the most widely used semi-empirical software. 

 

There are several variations of this method. The PRDDO/M (Young, 2001)method is 

parameterized to reproduce electrostatic potentials. The PRDDO/M/FCP (Young, 

2001)method uses frozen core potentials. PRDDO/M/NQ (Young, 2001) uses an 
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approximation called ―not quite orthogonal orbitals‖ in order to give efficient calculations on 

very large molecules. The results of these methods are fairly good overall, although bond 

lengths involving alkali metals tend to be somewhat in error(Murrell and Harget, 1972; 

Sadlej, 1985; Young, 2001). 

 

2.4.5  Parameterization Method 3 with Extension for Transition Metals 

PM3/TM (Young, 2001)is an extension of the PM3 method to included orbitals for use with 

transition metals. Unlike the case with many other semi-empirical methods, PM3/TM's 

(Young, 2001) parameterization is based solely on reproducing geometries from X-ray 

diffraction results. Results with PM3/TM can be either reasonable or not depending on the 

coordination of the metal center. Certain transition metals tend to prefer a specific 

hybridization for which it works well (Murrell and Harget, 1972; Sadlej, 1985; Young, 2001). 

 

2.5  Density Functional (Theory) Calculations 

Density functional calculations (often called density functional theory (DFT) calculations) 

are, like ab initio and SE calculations, based on the Schrödinger equation (Jensen, 1999). 

However, unlike the other two methods, DFT does not calculate a wave function, but rather 

derives the electron distribution (electron density function) directly.  That is, density 

functional theory (DFT) is based on determining the electron density rather than the wave 

function (Jursic, 1996; Truong et al., 1996; Hehre and Lou, 1997). The electron density 

unlike the wave function is a physically observable quantity. It has been proven (Truong et 

al., 1996; Hehre and Lou, 1997) that, given the electron density, the Hamiltonian operator is 

also determined. A variational principle has also been established for DFT(Truong et al., 

1996; Hehre and Lou, 1997). Unlike HF theory, DFT in itself contains no approximations. 

There is, however, no way to derive an energy contribution in DFT known as the exchange-
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correlation energy. The quality of the models is usually determined by some form of 

comparison with experimental data. DFT models are, in a sense, semi-empirical models and 

once assumptions about the exchange-correlation energy are introduced (as they must 

be),there is no variational principle. This means that for DFT, unlike HF and post-HF 

methods, there is no a priori way to establish how good a given method is and no systematic 

way to improve upon it (Jensen, 1999; Koch and Holthausen, 2000; Young, 2001).  

 

It has, however, become clear that DFT methods often produce results of comparable quality 

to the much more expensive post-HF methods. It has also become fairly well established for 

what type of molecules and properties DFT methods are reliable(Jensen, 1999; Koch and 

Holthausen, 2000; Young, 2001). One of the most common DFT methods is the so-called 

B3LYP method, which is a form of hybrid between DFT and HF methods. It is considered to 

be fairly robust, perhaps because it balances some of the weaknesses of DFT and HF 

methods. B3LYP is the DFT method that was used in the present work. DFT is also relatively 

new (serious DFT computational chemistry goes back to the 1980‘s, while computational 

chemistry with the ab initio and SE approaches was been carried out since the 1960s) 

(Lewars, 2003; Gao, 1996;Hehre et al., 1986). 

 

2.5.1  Basis Sets 

HF and Perturbation Theory (Lewars, 2003) have taken us from the Schrödinger equation to a 

solvable set of equations (DFT offering an alternative route). In order to carry out 

calculations, a representation of the wave function is also needed. Each molecular orbital is 

constructed from linear combinations of basis functions. 
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For computational reasons, Gaussian type orbitals (

2re ) are commonly used, as basis 

functions (Lewars, 2003). Gaussian type orbitals do not, however, have the correct shape 

required to reproduce the form of an electron distribution. Orbitals are therefore usually 

constructed as combinations of a set of Gaussians in order to reproduce the correct shape 

(Lewars, 2003; Cramer, 2002 ). 

 

Basis-sets must be sufficiently flexible to allow the description of electron distribution in 

various forms of molecules and the quality of the results obtained do, in general, improve 

with increasing size and flexibility of the functions employed. On the other hand, calculations 

will also become more time consuming with increasing basis set size. One of the common 

approaches is to add more basis sets for the valence electrons compared to inner orbitals 

(Young, 2001). 

 

In the present work, the common B3LYP and 6-311+G** basis sets were utilized. 3-21G 

indicates a single basis set consisting of 3 Gaussian functions for inner electrons and two 

separate basis functions, one consisting of 2 Gaussians functions and the other 1 Gaussian 

function for valence electrons. In 6-31G, the number of Gaussian functions to represent the 

basis sets is increased and in 6-311G the number of separate basis functions for valence 

electrons is also increased. 

 

It is common to add further sets of basis functions. One approach is to add higher level 

orbitals to electrons at a given level ((Jensen, 1999). One may, for example, add d-orbitals to 

electrons in a p-orbital and p-orbitals to electrons occupying s-orbitals. Such orbitals are 

called polarizable orbitals and the inclusions of such d-orbitals are usually indicated with a 

(d) and p-orbitals with (p). It is also common (Jensen, 1999; Young, 2001) to indicate the use 
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of polarizable orbitals with a (x, y) notation, where x is the number of polarizable orbitals on 

heavy (non-hydrogen) atoms and y indicates the polarizable functions on the hydrogen atoms. 

Another notation that is sometimes used is to indicate (d) polarization with a ―*‖ and (d, p) 

polarization with ―**‖. 

 

Finally, there is, in some cases, a special need to allow electrons to localize far from the atom 

center. Standard basis-sets are in such cases augmented with the so called diffuse basis sets. 

This notation is utilized in the present work, as this is the default notation type in wave 

function Spartan package.  In the present work, such diffuse basis-sets on heavy (non-

hydrogen) atoms are indicated with a ―+‖.  If they are also included on hydrogen atoms, it is 

indicated with ―++‖. One of the circumstances in which such diffuse basis sets are required is 

in the accurate modeling of hydrogen bonds (Levine, 2000; Jensen, 1999; Young, 2001). 

 

Some basis-sets are regarded as being better than others in providing quality results for a 

given amount of computation time. Some basis sets have therefore become standard for 

calculations. In the present work, all calculations were done with such widely used basis-sets. 

The discussions that follow try to give details as to how the notation of the Gaussian set 

evolved. 

  

A commonly used highly accurate basis set of atomic orbitals involves the Slater-type 

orbitals (STOs) having the following form (Jensen, 1999): 

 , ,
, , , yx z

x y z

l rl lSTO

l l l x y z Nx y z e  

whereN is normalization constant and the sum of lx, lyand lz(referred to as angular 

momentum, L = lx + ly + lz determines the type of orbital (L= 0, 1, 2, 3, 4, 5, 6 designated as s, 
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p, d, f, g, h, i). The orbital exponent, ζ (zeta), controls the width of the orbital (large ζ gives 

tight function, small ζ gives diffuse function). It is based on hydrogen-like wave functions. 

Since computer evaluation of some integrals over STO basis set is very time consuming and 

not well suited to numerical manipulation, in order to speed up molecular integral evaluation, 

the Gaussian-type orbitals (GTOs), in turn, can be used: 

 

2

, ,
, , , yx z

x y z

ll lGTO r

l l l x y z Nx y z e
 

where is the GTO exponent. Despite the advantages of GTOs, however, there are some 

serious shortcomings. Unlike the STOs, the GTOs do not have a cusp at the origin and, for    

|r | , they also decay towards zero more quickly. It is found that replacing a STO by a 

single Gaussian function leads to unacceptable errors(Levine, 2000; Jensen, 1999; Young, 

2001). However, this problem can be overcome by contracted Gaussian-type orbital (CGTO) 

(imitating a particular STO ,µ

STO r ) represented as a linear combination of primitive 

GTOs. 

 1

,, , .
n

CGTO GTO

p p p p p

p

r n d d rµ µ µ µ µ µ

 

Where dp is the coefficient of the primitive Gaussian function GTO

pµ µ
 and n is the number 

of functions in the combination.  

 

Although the STO basis set, relative to the GTO basis, is able to describe the motion of an 

electron better, especially near the nucleus, the evaluation of AO integrals and their 

derivatives is very intricate problem with STO basis. The recurrence relations for GTO 

integrals are an advantage compared to the STO for evaluating the integrals and integral 
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derivatives. By applying a larger number of basis functions, any deficiency of the GTO basis 

can finally be removed with a reasonable computational time. 

 

According to Jensen (2007), the different types of basis sets can be extensively classified 

into: 

Minimal basis setscontain the minimum number of basis functions that are needed for each 

inner-shell and valence-shell AO of each atom like GTO, or STO-nG ≈ CGTO. 

A double-zeta (DZ) basis setis constructed by replacing each STO of a  minimal 

basis set by two STOs having different orbital  exponents. 

  

A triple-zeta (TZ) basis setcan be composed similarly by splitting each function of 

the minimal basis into three STOs that differ in their orbital  exponents. 

 

A split-valence (SV) basis set is a practical simplification of previous basis sets. It uses two 

(or more) STOs for each valence AO but only one STO for each inner-shell (core) AO. An 

SV basis set is minimal for inner-shell AOs and double zeta (or triple zeta or ...) for the 

valence AOs. Split-valence sets are called valence double zeta (VDZ), valence triple-

zeta(VTZ), etc., according to the number of STOs used for each valence AO, e.g., 3-21G or 

6-21G. Here the digit before the dash (3 or 6) denotes the number of primitive GTOs in one 

CGTO for each core AO, the digits after dash – such numbers for inner part (2) and outer part 

(1) of valence AOs. 

 

Polarization functions: since AOs are distorted in shape and have their centres of charge 

shifted upon molecule formation, the improvement of basis set for this polarization can be 

done by adding STOs whose l quantum numbers are greater than the maximum l of the 



44 
 

valence shell of the ground-state atom. In Pople-type sets, polarization functions are denoted 

with an asterisk,*. A  common example is a 6-31G (d) or 6-31G* and 6-311G (d, p). 

 

Diffuse functions are those basis sets with additional diffuse functions which are large by size

 versions of s- and p- type split valence basis sets. Diffuse orbitals spread over a larger region

 of space. Basis sets with diffuse functions are important for systems where electrons maybe f

ar from the nucleus. In Pople type sets, diffuse function can be denoted by a plus sign, +, 

while in Dunning-typesets by "aug" (from "augmented") 

. 

Dunning’s correlation consistent basis setsare developed for post HF calculations. 

They include shells of polarization (correlating) functions (d, f, g, etc.) that can improve        

convergence of the electronic energy to the complete basis set limit. Some examples are cc-

pVDZ, cc-pVTZ, cc-pVQZ, and cc-pV5Z (collectively denoted as cc-pVXZ), designed for 

use in calculation methods (such as configuration interaction) that include electron 

correlation. Here, for example,cc-pVDZ stands for correlation consistent (cc), polarized 

valence (pV) double zeta. Another example, aug-cc-pVDZ stands for augmented versions of 

cc-pVDZ in which the diffuse functions are added. 

 

2.5.1.1 Basis Set Superposition Error 

When atoms interact, the basis sets allocated to each of them will overlap. This overlapping 

gives electrons greater freedom to localize and can result in a reduction of the energy. This 

reduction in energy would, however, not have occurred if the basis sets had been infinitely 

large. This energy reduction is therefore an artifact of working with limited basis sets. This is 

called the basis set superposition error (BSSE) (Valdes et al., 2008; Jensen, 1999; Young, 

2001). 
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For atoms on different molecules there are schemes to correct for the BSSE. Most common 

BSSE is the so-called Counterpoise correction. For interactions within the same molecule, 

application of such corrections is, however, more difficult (Li et al., 1998; Li et al., 1999; 

Caspar, 1995). This is of importance in the present work because some of the biomolecules 

display intramolecular hydrogen bonding. The BSSE is expected to become smaller with 

increasing basis set and in calculating intramolecular hydrogen bonds it would therefore, 

seem that larger basis sets are more reliable. In the present work, the general approach, 

therefore, adopted was to use large basis-sets in order to obtain more accurate results. 

 

2.5.1.2   Temperature  

Standard quantum mechanical calculations are usually carried out on a single or small 

number of molecules at 0K, and without accounting for the zero-point energy (Young, 2001). 

The intramolecular effects of temperature are usually calculated by using the harmonic 

oscillator approximation. This relies on calculating the second derivative of the energy with 

respect to the displacement (r). It is worthy of notice that because quantum mechanical 

calculations are usually carried out on very small number of molecules in vacuum, pressure 

effects are not accounted for (Jensen, 1999; Young, 2001). 

 

2.5.1.3  Performance  

The quantum mechanics based methods are often referred to as ab initio methods, as none of 

the methods rely on parameterization to experimental data. This is an important point because 

it distinguishes quantum mechanical calculations from many other forms of modeling carried 

out in science(Jensen, 1999; Young, 2001). The development of such calculations has, 

however, not taken place without experimental input (this being particularly true for DFT 

methods). Comparison with experimental data is used to validate the calculations. Sometimes 
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comparisons with experiment have shown the methods to be less reliable than expected, 

while others have proven more reliable(Jensen, 1999; Young, 2001). This partly happens 

because there can occur various forms of fortuitous cancellation of errors. 

It has already been noted(Jensen, 1999; Young, 2001) that quantum mechanical calculations 

can be time consuming. Some of the calculations in the present work took 5-7 days of CPU 

time. Quantum mechanical calculations can today be carried out for systems of more than 

100 atoms. The calculation time can increase quite steeply when increasing the size of the 

basis set or using more advanced methods. In the present work, quantum mechanical 

calculations were used to calculate geometries and energies of the molecules.  

 

For geometry optimization, most quantum mechanical methods are fairly reliable. High level 

calculations are of quality comparable to experimental data. HF calculations with smaller 

basis sets also tend to be reasonably accurate. Calculation of energy is in general more 

difficult. Results can vary quite significantly with the level of theory. Prediction of absolute 

energy values are difficult, but relative trends in energies can usually be calculated with 

reasonable accuracy (Jensen, 1999; Young, 2001). 

 

2.6  Molecular Mechanics 

Quantum mechanical calculations are, as have already been mentioned, time consuming 

(Jensen, 1999; Young, 2001). Molecular mechanics (MM) offer a simplified form of 

molecular representation that makes it possible to perform significantly faster calculations. 

Molecular mechanics measures the energy separations between different vibrational levels, 

which are quantized. The typical photon energy for the excitation falls in the infra-red region 

of the optical spectrum (Crammer, 2002). A molecular mechanics representation can best be 
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summarized as soft spheres attached by springs to represent bonds. The potential energy 

between non-bonded atoms is usually expressed as the sum of Lennard-Jones and Coulomb 

potential functions as given in equation (2.4) (Jorgensenet al., 1984; Jensen, 1999; Young, 

2001): 

 

12 6

4
ij ij

ij

i j ij ij

U
r r

i j

i j ij

q q

r
  ……….. (2.4) 

where the sums are over all pairs of interaction sites and ε and σ are the Lennard - Jones 

potential parameters, qi and qj are the partial electric charge of interaction sites i and j 

respectively, and rij is the separation between interaction sites. Interaction sites are usually, 

but not always, atomic centers. This form of representation only accounts for two-body 

interactions. In a real system, many-body effects, such as three-body and four-body 

interactions, can also play a part. There is, therefore, an approximation involved in the form 

of such potential functions. To correct for this, parameters can be set to implicitly account for 

the many-body effects. 

 

For bond-lengths, simple harmonic stretching functions are often used where the energy 

increases as the bond-length deviates from some equilibrium bond-length. For bond angles, 

harmonic functions of the following form are often utilized as in equation (2.5): 

 

2

0 0U k
                 ………………… (2.5) 

where θ is the bond angle and the subscript 0 denotes the equilibrium valuethe bond angle. kθ 

is the spring constant. Dihedral angle energies around bonds are given by some form of a 

Fourier series. One of the common forms is the following equation (2.6): 
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where ɸ  is the dihedral angle and the Ci isa constant. 

 

2.6.1  Force Field Parameterization 

One of the key motivations in early force field design was the development of the energy 

functional that would allow facile optimization of molecular geometries (Jensen, 1999; 

Young, 2001). While the energy of an arbitrary structure can be interesting, real molecules 

vibrate thermally about their equilibrium structures, so finding the minimum energy 

structures is key to describing equilibrium constants. Therefore, one priority in force field 

development is to adopt reasonably simple functional form so as to facilitate geometry 

optimization (Crammer, 2002; Jensen, 1999). 

 

The quality of the results produced by MM calculations obviously depends on the parameters 

chosen for the various interactions and some form of parameterization must be undertaken. A 

set of parameters for a single molecule or groups of molecules are called force fields. 

A fairly large number of schemes have been proposed to develop force fields, partly 

reflecting the fact that different researchers are looking at different applications. One of the 

main applications is biological systems, in which case the focus is often on reproducing the 

structural characteristics of molecules of biological importance. A second application is the 

modeling of liquids. In the modeling of liquids, parameters are often chosen to reproduce the 

properties of liquids as determined from experimental work. There are, however, a number of 

different properties one can choose to reproduce. Among them are density, diffusion rates, 

dielectric constants and radial distribution functions. An example of such work is the 
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―Optimized Parameters for Liquid Simulations‖ (OPLS) force field developed by Jorgensen 

and coworkers (Jorgensen et al., 1996 and Rizzo and Jorgensen 1999). In addition, there is 

the choice of attempting to reproduce the properties for a given temperature, or to attempt the 

more ambitious task of reproducing properties over a range of temperatures as done by 

Warshel and Levitt, (1976); Warshel, (1992); Winget et al., (2000). For some solvents such 

as water, a fairly large body of experimental data is available (Hulsmann and Reith, 2013; 

Hulsmann et al., 2011). 

 

Quantum mechanical calculations are often used for setting force field parameters. They can 

for example be used for determining molecular geometries and atomic charges. 

 

2.6.2  Atomic Charges 

One of the most important and difficult issues in the design of a force field is the selection of 

charges. In most common force fields, fixed charges are used and they are often, but not 

always, located at the atom centres (Jensen, 1999). These atomic charges are intended to 

reproduce the net effect of electrons and nuclei for a given atom. As electrons are not located 

at a single point operating with charges situated at the atomic centres does represent an 

approximation. Operating with fixed charges is also an approximation, as the location of 

electrons can be affected by the environment the molecule finds itself in. 

 

Two main approaches to determining atomic charges can be identified in the literature. One 

approach is to fit the charges in simulations intended to reproduce various experimental 

properties. Such fitting is usually done for small organic molecules. For larger molecules, 

experimental data is often more sparse and the number of charges to fit is much larger. In 

such cases, one will often rely on atomic charges being transferable parameters. Having 
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determined charges for alcohol groups, amine groups and alkane groups in small molecules, 

one assumes these to be the same in larger molecules. The OPLS force field is based on this 

approach (Jorgensen et al., 1996). The second approach is to determine the atomic charges 

from quantum mechanical calculations, an example of this is the work by Kollman and 

coworkers (Cornell et al., 1995). This second approach is very appealing because it reduces 

the need for experimental data and gives the modeling a stronger predictive character 

(provided it works). 

 

Even if a quantum mechanical calculation contains information about position of nucleus and 

electrons, the task of determining atomic charges is still a difficult one. Atomic charges are 

not uniquely defined and the task of assigning parts of the electron distribution to atoms in a 

molecule is ambiguous. The first of such schemes was the Mullikan population, which is 

based on determining how much each atomic basis set contributes to the wave function. 

While Mullikan populations have been widely used, they have come to be regarded as 

unreliable (Franckl and Chirlian, 2000). One of the newer schemes is to reproduce the 

electrostatic potential around the solute, and even for this approach, there are, however, a 

number of different implementations (Franckl and Chirlian, 2000). Singh and Kollmann 

(1984) developed a procedure based on reproducing the electrostatic potential on grid points 

distributed spherically around each solute atom center, outside the van der Waals volume of 

the solute. These types of charges are referred to by their common acronym ―MK‖. It has 

become clear that the calculated charges are sensitive to the specific procedure chosen to fit 

the electrostatic potential (Franckl and Chirlian, 2000). Other difficulties are that such 

procedures tend to work poorly for atoms buried inside a molecule and that charges can 

display a high degree of conformer dependency (Bayly et al., 1993). 
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There are also schemes that attempt to use the quantum mechanical representation while at 

the same time reproducing some experimentally measured property. One such hybrid scheme 

is CM2 charges (Liet al., 1998) that reproduces experimental dipole moments. 

 

While selection of atomic charges is a difficult issue, it should also be noted that in many 

contexts different force fields produce quite similar results. In such cases, one does not have 

to worry too much about the selection of charges. In general, different schemes to calculate 

atomic charges do also produce charges that are in reasonable qualitative agreement (da Silva 

and Svendsen, 2004). 

 

2.6.3  Polarizable Force Fields 

One of the most important approximations in standard simulations with molecular mechanics 

representation is the use of fixed charges (Jensen, 1999). Introduction of polarizability is one 

way to improve the representation while avoiding the expense of quantum mechanical 

calculations. Such models were covered in the review by Rick and Stuart (2002). There are 

some main approaches to adding polarization in simulations. Among them are shell models 

based on polarizable point dipoles, where fixed charges are attached to each other with 

harmonic springs. Another form of model is based on charges being allowed to fluctuate 

between sites in a molecule. 

 

The charges in a molecule do depend on the surrounding environment. It is, therefore, to be 

expected that a model with fixed charges will have problems representing a molecule in 

different states such as solids, liquids and gases. Polarizable models should have the potential 

to represent a molecule in different states. Another difficulty with fixed charges is that they 

cannot reflect changes in charge distribution that may take place as a molecule changes 
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conformer(Jensen, 1999). This is again something that a polarizable model has the potential 

to handle. On the other hand, simulations with polarizable models do take longer time than 

simulation with fixed charges. 

 

Rick and Stuart (2002) concluded that polarizable models in several respects do perform 

better than models with fixed charges. Compared to a model with fixed charges, there are, 

however, a greater number of parameters to be set in a polarizable model and these present 

some additional challenges. 

 

While a polarizable model is in form more realistic than a model with fixed charges, it is not 

given that it will (Frenkel and Smit, 2002; 2006) produce more realistic results. In using a 

ball and-stick representation of molecules, there is a number of assumptions involved, and in 

it is not given that overall performance will improve by improving on one of the 

approximations. 

 

2.7  Simulations 

There are two forms of simulations that are used in computational chemistry: Molecular 

Dynamics (MD) and Monte Carlo (MC). These are used for calculations on ensembles of 

molecules. Simulation techniques are described in detail in the textbooks ―Computer 

Simulations of Liquids‖ (Allen and Tildesley, 1987) and ―Understanding Molecular 

Simulation‖ (Frenkel and Smit, 2002;2006). 

 

Molecular dynamics calculations are based on calculating the forces between molecules and 

atoms in a system and allowing them to move according to Newton‘s laws of motion. From 

the calculated forces, the acceleration and velocity of the particles in the system are 
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calculated. The particles are moved over a small time-step, forces and velocities are 

recalculated and the system is moved forward a new time-step. For each time-step, the 

properties of the system such as energy and temperature are monitored. A simulation is 

carried out for whatever number of time-steps is deemed necessary to obtain reliable 

averages. 

 

Monte Carlo simulations are, on the other hand, based on random alterations of the 

coordinates of the system. The energy change for each alteration is calculated, the probability 

of the alteration being accepted depending on the associated change in energy. For changes 

leading to lower energy, the probability is higher. The standard approach is Metropolis 

sampling in which the sampling has a Boltzmann-weighted probability. As in MD, the 

simulation is continued for whatever number of steps deemed necessary for sampling. 

 

Often, in simulations, the purpose is to simulate the bulk behavior of liquids. Simply placing 

a number of molecules in a vacuum would produce a cluster that might have properties 

different from bulk liquid. It is, therefore, customary both in MD and MC to do calculations 

with periodic boundary conditions. The cell containing the ensemble is then surrounded by 

replicas of itself. 

 

Simulations are usually carried out with a molecular mechanics level representation. 

Simulations with such a molecular representation can be carried out on ensembles of 

thousands of molecules. This is significantly more than in QM calculations, but is still an 

extremely small number compared to the number of molecules present in even the smallest 

droplet of water. In the present work, most simulations are done on ensembles of less than 

256 molecules. Such an ensemble is usually regarded as large enough for reliable 
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calculations, at the same time as such calculations can be carried out in reasonable amounts 

of time. 

 

The Lennard-Jones and Coulomb interactions are usually truncated at some value. This is 

mainly done to save time in the calculations. The Lennard-Jones potential decays steeply as a 

function of distance and its truncation is unproblematic. Coulomb interactions have a slower 

decay, but for neutral species, the truncation can still be a reasonable simplification. For ionic 

species, truncation is, however, usually not an acceptable option. Although there are schemes 

to handle long-range forces, simulations of ionic systems are challenging. The standard way 

of handling long-range electrostatics is the use of Ewald sums (Harris, 1998; Yeh and 

Berkowitz, 1999).  

 

Simulations are often carried out in microcanonical (NVE), canonical (NVT) and constant 

number of particles-constant pressure-constant temperature (NPT) ensembles. The grand-

canonical ensemble with constant free energy, volume and temperature (µVT) is also used in 

some types of simulation. 

 

When carrying out simulations, the statistical sampling is always a concern. The question of 

whether the system has sampled sufficiently the full set of configurations it can take on (the 

phase space) must be addressed. Verifying this is difficult and is not only an issue of doing a 

long enough simulation(Jensen, 1999).. If one can imagine the potential energy of phase 

space as a kind of landscape, one can think of the simulation as risking becoming trapped in a 

valley. As simulations are based on statistical averaging of properties, there is always some 

degree of statistical uncertainty in the results obtained. 
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While MD and MC can be used to calculate many of the same properties, they differ in some 

important respects(Jensen, 1999). In MC simulations, time is not a parameter and there is no 

easy way to obtain time-dependent properties such as diffusion-rates. MD has been 

developed further in handling of long-range electrostatic interactions. MC calculations can 

sometimes provide more efficient sampling of phase space.  

 

2.7.1  Free Energy Perturbations 

The free energy of solvation is the energy associated with a molecule going from the gas 

phase to solution and is a central concept in understanding chemistry in solution. 

Determination of free energies is also one of the main issues in this thesis. Kollman (1993) 

provided a review of the main simulation techniques for determining free energies. The main 

techniques are free energy perturbations (FEP), thermodynamic integration and slow growth. 

FEP sees the widest use and is also the technique adopted in this work. The fundamental 

equation that free energy perturbations are based on is the followingequation (2.7) (Kollman, 

1993; Dick et al., 2009): 

 

ln
H

RT
B A

A

G G G RT e
    …………… (2.7) 

where ∆H = HB - HAare the energies of two systems, A and B, where the difference between 

A and B is the nonbonded terms of the solute particle, and A  refers to an ensemble average 

over a system represented with the Hamiltonian HA. Ris the gas constant and T is the 

temperature of the system. If the systems differ in a significant way, the equation will, 

however, not lead to a meaningful result. This problem can be overcome by performing 

multiple simulations over intermediate steps between A and B. A coupling parameter (λ) is 

introduced that allows the smooth conversion of system A to B. The mutation of any 
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geometry or potential parameter of the system can then be represented in the formof equation 

(2.8)(Jorgensen and Ravimohan, 1985): 

0 1 0  ………………… (2.8) 

The total free-energy change is obtained by adding together the contributions from each 

single perturbation. Sometimes, calculations are performed with the double-wide sampling 

scheme (Jorgensen and Ravimohan, 1985). In this scheme, the free energy difference for

1i i   and 1i   are evaluated in a single ensemble. 

 

The mutation will usually be between two different solute molecules. The essence of the FEP 

is to mutate one molecule into another and compute the energy associated with the 

transformation. FEPs are, in general, more accurate for calculating differences between 

molecules with similar properties. More accurate results are, for example, obtained when 

perturbating between molecules of the same charge, as opposed to between species with 

different charges. Calculating the absolute free energy of solvation is more difficult than 

simply calculating relative free energies. 

 

While the general concept of FEP calculations is easily understood, the technical issues 

involved are far from trivial. Kofke and Cummings (1997, 1998) have concluded that 

perturbations that involve growth are superior to those involving shrinking or deletion of 

molecules. They conclude that shrinking offers loss of accuracy due to biases in the sampling. 

More recently, Kofke (2005) has, however, concluded that the error involved in insertion and 

deletion approaches may vary from system to system. The development of optimal FEP 

methods does, therefore, appear to be still in progress.  

 



57 
 

2.8  Molecular Dynamics Calculations 

Molecular dynamics calculations apply the laws of motion to molecules. Thus, one can 

simulate the motion of an enzyme as it changes shape on binding to a substrate, or the motion 

of a swarm of water molecules around a molecule of solute (Jensen, 1999; Guevara-Carrionet 

al., 2012). 

 

2.9  Computational Chemistry and Experiment  

Computational chemistry will never be a full replacement for doing experiments, which 

remains the final arbiter of truth about nature, but can often supplement experimental work. 

Furthermore, to make something, such as, new drugs, new materials, one has to go into the 

laboratory. Very often, neither experiment nor computational chemistry can, by itself, gives 

us the full insight we could desire. In many cases, one must therefore piece together whatever 

information can be drawn from either source, to draw whatever conclusions that can be 

drawn. Sometimes, computational chemistry can be used to calculate properties that are not at 

all available from experimental work, while some issues can be difficult both in the 

laboratory and on the computer. Computational chemistry has grown as a field rather quickly, 

and many researchers are perhaps not fully aware of the potential of its methods. But, 

computation has become so reliable in some respects that, more and more, scientists in 

general are employing it before embarking on an experimental project; and the day may come 

when to obtain a grant for some kinds of experimental work, one will have to show to what 

extent one has computationally explored the feasibility of the proposal. 

 

The approach in this work has, therefore, been somewhat pragmatic. The most effort has been 

put into areas where computational chemistry was thought to give the most valuable new 

insight. 
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CHAPTER THREE 

3.0  MATERIALS AND METHODS 

3.1  Materials 

The following are the materials used in carrying out this computational research work: 

A. System Softwares 

       i.  Microsoft windows XP professional version 2002 SP3 computer system, with 

  Intel(R) Pentium(R) Dual CPU, E2200@2.20 GHz 219 GHz,   

  3.24GBof RAM. 

  ii.       Microsoft windows 7 ultimate version 2008 SP1 computer system, with Intel 

  (R) Pentium(R) Dual CPU, E2200@2.20 GHz 219 GHz, 4.00 GB of RAM. 

       iii.  Microsoft windows 8 professional version 2012 SP1 computer system, AMD 

  E-450  APU with Radeon(tm) HD Graphics 1.65 GHz, 4.00 GB of RAM. 

 

B. Application Softwares 

i. ChemBioOffice 2008 software. 

ii. Spartan ‘08 V1.1.0 program package. 

iii. Spartan ‘14 V1.1.0 program package. 

iv. DreamCalc  DCP 4.9.0 professional calculator program package . 

v. Design Science MathType 6.9 program. 

vi. GraphPad Prism 5.0 

 

C. Reactants Used 

i. Iodine molecule (formula = I2; mol. wt.= 253.809 amu).  

ii. Hydrazine molecule (formula = H4N2; mol. wt.= 32.045 amu). 
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iii. Hydrazinium ion (formula = H5N2
+
;  mol. wt.= 33.053 amu). 

 

iv. 1,2-diphenylydrazine molecule (formula = C12H12N4; mol. wt.= 184.237amu). 

 

v. L-tyrosine molecule (formula = C9H11NO3; mol. wt.=176.032 amu). 

 

vi. L-ascorbic acid molecule (formula = C6H8O6; mol. wt.= 181.189 amu). 

 

vii. D-fructose molecule (formula = C6H12O6; mol. wt.= 180.156 amu). 

 

3.2  Methodology 

The Spartan ‘08 v1.1.0 semi-empirical (AMI, PM3 and MNDO)  and DFT methods were 

used on Microsoft windows XP professional version 2002 SP3 computer system, with 

Intel(R) Pentium(R) Dual CPU,E2200@2.20 GHz 219 GHz, 3.24GB of RAM for the 

computational studyof the hydrazine – iodine and hydrazinium ion – iodine reaction systems. 

 

The Spartan‗14v1.1.0 semi empirical (PM3 and MNDO) and density functional theory (DFT) 

methods were used on Microsoft windows7 ultimate version 2008 SP1 computer system, 

computer system, with Intel(R) Pentium(R) Dual CPU,E2200@2.20 GHz 219 GHz, 3.24GB 

of RAM for the computational study of the L-tyrosine – iodine and 1,2-diphenylhydrazine – 

iodine reaction systems. 

 

The Spartan‗14v1.1.0 semi empirical (PM3 and MNDO) and density functional theory (DFT) 

methods were used on Microsoft windows 8 professional version 2012 SP1 computer system, 

AMD E-450 APU with Radeon(tm) HD Graphics 1.65 GHz, 4.00 GB of RAM for the 

computational study of the L-ascorbic acid – iodine and D-fructose – iodine reaction systems. 

 

The starting geometries for all of the semi empirical and DFT calculations were first 

optimized using AMI, followed by PM3 and MNDO, then finally by the DFT method in the 
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Spartan Global calculations environment work space of the various Spartan packages as listed 

above. The geometries and all the electronic structure calculations included in the reaction of 

all substrates with iodine were fully optimized using the density functional theory (DFT) 

method (Hehre et al., 1986; Izadyara, 2004). To check the influence of basis set, PM3, 

MNDO of semi empirical method and 6311+G** basis set of DFT at the B3LYP level of 

computation were employed to optimize the geometries of the reactants, intermediates, 

transition states and products (Stewart, 1986; 2007; Zhang and Hase, 2010). There were 

marked differences between the semi empirical method and the DFT method. It thus 

indicated that the geometrical parameters were sensitive to the sizes of the basis sets or 

computational levels (Bingham, et al., 1975; Dewar and Thiel, 1977; Dewar, et al., 1985). 

The starting geometries for all the DFT calculations were at first optimized in the Spartan 

Global calculations environment work space at the AM1, PM3 and MNDO levels, and then 

followed by the DFT  B3LYP  calculations at 6311+G** basis set level. The optimized 

geometries of the reactants, intermediates, transition states and products were confirmed in 

terms of vibrational analysis (Schlegel,1986; Kalkanis and Shields, 1991; Kahn and Bruice, 

2000). The transition state for each step was located and confirmed by animating the 

vibration corresponding to the reaction coordinate by selecting the imaginary frequency at the 

top of the list of frequencies on the IR tab. No arbitrary assumptions were imposed on finding 

the most likely geometries for the transition state in each case. 

 

3.3  Details of the ComputationProcedures 

The computational method used for calculating geometries in this work is termed a ―cascade 

method‖ because of its use of molecular mechanics to remove strain energies followed by 

semi-empirical methods as precursors for more accurate DFT methods (Hehre, 1995). The 

method has been described elsewhere (Hehre, 1995; Hehre et al. 1998). The attractiveness of 
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the method lies in its ability to make calculations less computationally taxing by relegating 

initial geometry calculations to less computationally intensive (and possibly more inaccurate) 

methods. The initial calculations, which may be initialized in geometry far from that of 

equilibrium, are performed by those methods requiring less computational effort, allowing 

equilibrium geometries to be ―honed in on‖ in later stages, leaving the refining to the more 

accurate and computationally intensive theories. 

Details of how the computation tasks were carried out are given the subsequent sub-sections.  

 

3.3.1 Geometry OptimizationofReactants, Activated Complexes, Intermediates and 

 Products Using Semi-Empirical Methods 

 

To optimize a structure, first the Spartan software package was launched. On the Spartan user 

interface the file menu was selected. On the file menu ―New build‖ was selected to launch the 

(organic, inorganic, peptide, nucleotide or substituent) tool kit for building molecules, 

depending on the molecule to be constructed. Atoms that constitute the molecule to be built 

were selected and clicked on, taking care to select the correct geometry of the atom involved, 

before pasting on the opened Spartan window. This step is repeated until the whole molecule 

is built.  Next, the minimization option was clicked to remove any strain in the molecule. 

 

After the previous steps, the ―set up‖ menu on the open window was selected and on the drop 

down menu ―calculation‖ was clicked followed by ―Equilibrium Geometry‖ at ―Ground 

state‖. On the same interface,‖ Semi-empirical‖ at the desired level of computation was 

selected (usually, current or MMFF). ―Total charge‖ of the molecule together with the 

calculated ―multiplicity‖ of the molecule was also selected.  ―IR‘‘, ‗‗Orbitals & 

Energies‘‘,―Thermodynamic‖ ―Vibrational Modes‖ and ―Charges & bond Orders‖ tabscould 
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be selected. ―Global Calculations‖ would be selected before submission. The file was then 

saved with the appropriate name. 

 

The calculation was then started by clicking ―Ok‖ on the calculation windows. After the 

calculation has completed, the ―Display‖ menu was selected to see the output. On the output 

menu, properties, orbital energies, surfaces, spectra, Formula, spreadsheet, plots, similarities 

or reactions could be selected,   depending on the feature wanted. 

 

3.3.1.1Geometry Optimization of Reactants, Activated Complexes,  Intermediates 

 and Products Using DFT Methods 

Since the cascade method is used (Hehre, 1995; Hehre et al. 1998),the optimized and saved 

reactants, activated complexes, intermediates and products using semi-empirical methods 

described in section 3.3.1 were copied and pasted on new windows. Each semi-empirical 

optimized molecule or specie was open anew. On the ―Set Up‖ menu ―Calculation‖ was 

clicked followed by selecting ―Equilibrium Geometry‖ at ―Ground‖ state with ―Density 

Functional, BLYP, 6-311++G**‖ level of computation in ―Vacuum‖ selected. Next, 

―Current‖ geometry was selected.―Total charge‖ of the molecule together with the calculated 

―multiplicity‖ of the molecule was also selected.  ―IR‘‘, ‗‗Orbitals & Energies‘‘, 

―Thermodynamic‖ ―Vibrational Modes‖ and ―Charges & bond Orders‖ tabs could be 

selected. ―Global Calculations‖ would be selected before submission. The file was then saved 

with the appropriate name. 

 

The calculation was then started by clicking ―Ok‖ on the calculation windows. After the 

calculation has completed, the ―Display‖ menu was selected to see the output. On the output 

menu, properties, orbital energies, surfaces, spectra, Formula, spreadsheet, plots, similarities 

or reactions could be selected,   depending on the feature wanted. 
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3.3.2 Calculation of HOMO and LUMO of Optimized Molecules 

The display environment for both semi-empirical and DFT calculations are the same, 

therefore, the calculation processes of HOMO and LUMO are the same. After the 

optimization process, the HOMO and LUMO could be calculated by selecting ―Surfaces‖ on 

the display menu. On the surface menu, one can click on ―Add‖ to select HOMO, LUMO, 

which would then display the HOMO or the LUMO of the molecule under consideration. 

 

3.3.3  Determination of Chemical Reactivity of Optimized Molecules: Mapping of

 HOMO and LUMO Densities of Optimized Molecules 

Optimized structures of molecules that would collide to form the transition states or activated 

complex were copied and pasted on a new Spartan window. The two would be oriented such 

that the HOMO of one would be facing the LUMO of the other with the right orientations. 

Next, on the ―search‖ menu ―Transition State‖ was selected to activate the colliding 

molecules. To form new bond, the ―Shift‖ key is held down, followed by a click on the atom 

bearing the HOMO, then the atom bearing the LUMO and back. To break a bond, the bond to 

be broken is clicked on followed by clicking on the centre that would accept the electrons. 

These operations would result in a curved arrow being drawn on the reactant structure, 

extending from an atom, or acentre of a bond, or the centre of a dotted line that has been 

drawn between atoms that were to be broken or bonded. After all reaction arrows have been 

properly designated, the button at the bottom right of the screen would be clicked to replace 

the reactants with a guess of the transition state structure.  

  

Next, from the  ―set up‖ menu,  ―calculation‖  is then selected, followed by ―Transition State 

Geometry‖ and then either ―Semi-empirical‖ or ―Density Functional ― as the case may be, 

followed by the chosen basis set of interest. The file would be saved with a chosen name. 
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Before submission, all the parameters to be calculated(―IR‘‘, ‗‗Orbitals & Energies‘‘, 

―Thermodynamic‖ ―Vibrational Modes‖ and ―Charges & bond Orders‖ tabs) could be 

selected. ―Global Calculations‖ would be selected as done in the optimization process 

discussed above (section 3.3.1 for semi-empirical and section 3.3.1.1 for DFT calculations). 

 

When the job is completed, ―Spectra‖ is selected from the display menu and the IR tab 

clicked to display the IR spectrum of the activated complex. Presence of only one imaginary 

frequency would be a confirmation that a transition was found. If not, the whole processes 

would be repeated until a transition state is found. 

 

3.3.4  Calculation of Thermodynamics, Molecular and other Physicochemical 

 Properties of Reacting Species and Products 

After successful completion of optimization process or transition state search calculation, the 

―Display‖ menu is selected and on the Display‖ menu, ―Molecule properties‖ is selected. On 

the ―Molecule properties‖ menu, the following would be displayed: Formula, CAS, Energy, 

Energy (aq), Solvation E, E HOMO, E LUMO, Heat, T1 Heat, Weight, Dipole Moment, Pt. 

Group, Tautomers and Conformers. 

 

When ―thermodynamics‖ is selected on the Molecule properties dialogue box, the calculated 

thermo chemical properties, i.e. H
o
, S

o
, G

o
, ZPE and Cv are displayed. The values of these 

data were then converted to the desired units for further use in the discussion of results. 

 

3.3.5  Construction of Potential Energy Surface Diagrams 

To construct the potential energy surface diagrams for a system, H
o 

for reactants, transition 

state and products for each proposed elementary step were tabulated and exported into Micro 

Soft Excel sheet or the GraphPad Prism 5 Excel sheet for plotting the diagrams. This is 
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achieved by copying the appropriate values for H
o
 and pasting them into columns for 

reactants (R), transition states (TS) and products (P). The values for reactants (R) and 

products (p) are usually, the sum of the reactant molecules and the sum of the product 

molecules, respectively, for each elementary step. The values in the three columns are then 

used to plot the potential energy surface diagrams. 

 

3.3.6  Enthalpy of Reaction and Rate Constant Calculations (Ochterski, 2000;

 McQuaid and Rice, 2006; McQuaidet al. 2004; 2002) 

 

The enthalpies of reaction were calculated by using the heats of formation at standard 

temperature of 298.15K and pressure of 1 atmosphere obtained from Spartan software 

package as described in section 3.3.4. The calculations were done by taking the appropriate 

sums and differences as given in equation (3.1). 

tan

298.15 298.15 298.15o o o

r f prod f react

products reac ts

prod reactH K n H K n H K

         

……………………. (3.1) 

Where prodn and reactn are the stoichiometric coefficient of the products and reactants, 

respectively, and (298.15 )o

r H K ,  (298.15 )o

f prodH K  and (298.15 )o

f reactH K are the 

standard heat reaction,standard heat formation of products and standard heat formation of 

reactants, respectively, at the specified standard temperature of 298.15K. 

 

In instances where there were no convergences or completion of calculation during 

optimization, some of the thermodynamic parameters such as ΔG
o
and ΔS

o
 would not be 

calculated by default by the Spartan software package. In such instances therefore, these 

parameters were calculated by using the Eyring equation (Engel and Reid, 2006; Mee, 1971) 

as given in equation (3.2).   
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ln
o o oG S H

K
RT R RT       ……………. (3.2) 

Alternatively, the entropy of reaction and free energy of reaction can be evaluated   from 

equations (3.3) and (3.40, respectively (McLauchlan, 2004; Sousa et al., 2013). 

(298.15 ) (298.15 ) (298.15 )o o o

r prod prod react react

prod react

S K n S K n S K  ....(3.3) 

o o o

r r rG H T S   ……………………………… (3.4) 

Activation energies (Ea) of the various elementary steps were calculated according to 

equation (3.5)(McQuaid and Rice, 2006; McQuaid et al., 2004; 2002). 

(298.15 ) (298.15 ) (298.15 )o o
a trans trans trans reactf f

trans react

E K n H K n H K

   ……………………….. (3.5) 

Where 1transn  and reactn  are the stoichiometric coefficient of thetransition state and 

reactants, respectively, while (298.15 )o

f transH K  and (298.15 )o

f reactH K  are standard heat 

formation of transition state and standard heat formation of reactants, respectively, at the 

specified standard temperature of 298.15K. 

For DFT calculations(McQuaid and Rice, 2006; McQuaid et al., 2004; 2002),

(298.15 )o

f transH K  and (298.15 )o

f reactH K  are usually written as ( )eE trans and  ( )eE react , 

which are total electronic energies of formation of transition state and reactants, respectively. 

In this case, equation (3.5) can be written as equation (3.6) below. 

( ) ( )(298.15 ) (28.15 ) (298.15 )e trans e reacta trans trans
trans react

E EE K n K n K  

          …….… (3.6) 
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The rate constant calculations were computed according to equation (3.5)(McLauchlan, 

2004Ochterski, 2000;  McQuaid and Rice, 2006).  

/‡ oG RTB
o

k T
k T e

hc
       ………….. (3.5) 

Where k(T) = reaction rate constant at temperature(298.15K);  kB= Boltzmann constant 

(1.380662 x 10
-23

 J/K); T = temperature(298.15K); h = Planck‘s constant (6.626176 x 10
-34

 

Js); C
o
 = concentration (taken to be 1); Δ‡G

o
 = Gibbs free energy of activation (kJ/mol);  R = 

gas constant (8.31441 J/mol. K). 

 

3.4 Post Computation Processing 

After the computation of all reactants, intermediates, transition states and products of every 

system, all structures were sketched using ChemBioOffice 2008 software. All equations used 

in this work were created with Design Science MathType 6.9 program while all calculations 

of the  heat of formations, heat of reactions,thermodynamic parameters,activation parameters 

andrate constants were calculated using DreamCalc  DCP 4.9.0 professional calculator 

program package. 
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CHAPTER FOUR 

4.0 RESULTS  

4.1 Structure Optimization of Reactants, Transition States, Intermediates and 

 Products 

 

The optimized structures of all the reaction systems studied are provided in sub- sections 

4.1.1 - 4.1.5. Sub sections 4.1.1 - 4.1.6 provide the keys and explanations to Figures 4.1 – 

4.10. 

 

The mapped and calculated HOMO and LUMO of the oxidant (iodine) and the various 

reductant biomolecules (1,2-diphenylhydrazine, L-tyrosine,  L-ascorbic acid,  D-

Fructose,hydrazinium ion and  hydrazine) are shown in Figures 4.6 – 4.10. Each Figure 

showed the solid and transparent form of the mapped and calculated HOMO and LUMO of 

the reactants with the E HOMO and E LUMO value given. 

 

4.1.1 Optimized Geometries of 1,2-Diphenylhydrazine – Iodine Reaction System 

The optimized geometries of the reactants, intermediates, transition states and products are 

shown in Figure 4.1, where I2 is iodine molecule; AH2, is 1,2- diphenylhydrazine ;  AH is 1,2-

diphenyl-hydrazyl radical; A is trans-1,2-diphenyldiazene (Azobenzene); HI is hydrogen 

iodide; I
-
iodide ion; TS1 is transition state 1; TS2 is transition state 2; TS3 is transition state 3 

and TS* is transition state for the one-step cyclic complex mechanism. 
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Figure 4.1: Optimized geometries of the reactants, intermediates, transition   

 states and products for 1,2-diphenylhydrazine – iodine reaction system. 

 

 

 

 
 I2 
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4.1.2 Optimized Geometries of L-Tyrosine – Iodine Reaction System 

 

I2  

LTyr 
TS1 

TS2 

TS3  TS4 

MIT TS* 
DIT 

HI 

 

 

Figure 4.2: Optimized geometries of the reactants, intermediates, transition   

 states and products for L-tyrosine – iodine reaction system. 

 
Key:where I2 is iodine molecule; L-Tyr, is L-tyrosine; MIT is monoiodo tyrosine; DIT is diiodo tyrosine; HI is 

hydrogen iodide; TS1 is transition state 1; TS2 is transition state 2; TS3 is transition state 3; TS4 is transition  state 

4 and TS* is transition state for step 2.  
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4.1.3 Optimized Geometries of L-Ascorbic Acid – Iodine Reaction System 

 

 

I2 

AA TS1 

TSB1 TSB2 

 

DAA 

 I
-
 

HI  

 

 

Figure 4.3: Optimized geometries of the reactants, intermediates, transition states and 

 products for L-ascorbic acid – iodine reaction system. 

 

Key: where I2 was iodine molecule, AA was L-ascorbic acid, TS1 was transition state for route 1, DAA was 

dehydroascorbic acid, HI was hydrogen iodide molecule. TSB1 was the first transition state for route 2, I
-  

was 

iodide ion, TSB2 was the second transition state for route 2. 
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4.1.4 Optimized Geometries of D-Fructose – Iodine Reaction System 

 

Fruc TS1 (A) Int (B) 

 H2O 
HOI 

I2 

TS2 (C) TS3 (D) 
E (Product) 

 

Figure 4.4: Optimized geometries of the reactants, intermediates, transition states and 

 products for D-fructose – iodine reaction system. 

 

Key: where I2 is iodine molecule, Fruc is D-Fructose, H2O is water molecule,  TS1 is transition state for step1, 

`HOI is hypoiodous acid, HI is hydrogen iodide molecule, TS2 and  TS3 are the  transition states for steps 2 and 

3, respectively. E is (E,4R,5R)-hex-2-ene-1,2,3,4,5,6-hexol, the product of oxidation of D-fructose. 
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4.1.5 Optimized Geometries of Hydrazine/Hydrazinium Ion – Iodine Reaction System 

 

Hyd Hyd
+ 

 TS1 

H
+ 

I2 
Int 

TS2A 

TS3A TSB 

TSC 

TSD 
TSE 

HOI 
H2O HI 

N2 

 

Figure 4.5: Optimized geometries of the reactants, intermediates, transition states and 

  products for hydrazine/hydrazinium ion – iodine reaction system. 
 
Key:where I2 is iodine molecule, H2O is water molecule, Hyd

+
 is hydrazinium ion, Hyd is hydrazine, HI is 

hydrogenstep1 for all the proposed four routes, N2 is nitrogen molecule.TS2A and TS3A are second and third 
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transition states in route 1. TSB and TSC are the transition states for the second steps of route 2 and route 3, 

respectively, while TSD and TSE are the respective transition states for second and third steps for the proposed 

route 4. 

 

 

4.1.6 Mapping and Calculation of HOMO and LUMO of Reactants 

 

 
 

 

    

 

 

 

 

Iodine molecule 

 

 

 

 

HOMO 

E HOMO = -8.62eV 

 

LUMO 

E LUMO = -0.05eV 

 1,2-diphenylhydrazine molecule 

HOMO 

E HOMO = -7.25eV 

LUMO 

E LUMO = -4.16eV 

 

Figure 4.6a:  Solid model of HOMO and LUMO for 1,2-diphenylhydrazine – iodine 

 reaction system 
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HOMO  

E HOMO = -7.25eV 
LUMO  

E LUMO = -4.16eV 

 Iodine molecule  

 

 

 

HOMO 

E HOMO = -8.62eV 

LUMO E 

LUMO = -0.05eV 

 1,2-diphenylhydrazine molecule 

 

 

Figure 4.6b:  Transparent model of HOMO and LUMO for 1,2-diphenylhydrazine – 

 iodine reaction system 
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 Solid model 

   

                         Transparent model 

                             HOMO                                      LUMO 

HOMO 

E HOMO = -9.39eV 

LUMO 

E LUMO = -0.09eV 

 

 

Figure 4.7: Solid and transparent models of HOMO and LUMO for L-tyrosine 
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Solid model 

 

HOMO LUMO 

Transparent model 

HOMO 

E HOMO = -9.65eV 

LUMO 

E LUMO = -0.52eV 

 

Figure 4.8: Solid and transparent models of HOMO and LUMO for L-ascorbic acid  
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Solid model 

 

HOMO LUMO 

Transparent model 

 

HOMO 

E HOMO = -10.74eV 

LUMO 

E LUMO = -0.09eV 

 

Figure 4.9: Solid and transparent models of HOMO and LUMO for D-fructose  
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Solid model 

HOMO 
LUMO 

 

HOMO 
LUMO 

Transparent model 

HOMO 

E HOMO = -

14.24eV 

LUMO 

E LUMO = -5.11eV 

 

 

HOMO 

E HOMO = -

7.28eV 

 

LUMO 

E LUMO = 1.78eV 

Hydrazinium ion  Hydrazine 

 

Figure 4.10: Solid and transparent models of HOMO and LUMO for hydrazine / 

 hydrazinium ion. 
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4.3 Searches for Transition States and Intermediates 

4.3.1 Transition States and Intermediates for 1,2-Diphenylhydrazine – Iodine 

 Reaction System 

For thefor 1,2-diphenylhydrazine – iodine reaction system, two reaction pathways were 

proposed. Three transition states, TS1, TS2 and TS3 were found for route 1, while one 

transition state, TS*, was found for the second route. The transition states are provided in 

Figure 4.11. 

TS1 
TS2 

 

TS3 

 

TS* 

 

Figure 4.11: Transition states for 1,2-diphenylhydrazine – iodine  reaction system 
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4.3.2 Transition States and Intermediates for L-Tyrosine – Iodine Reaction System 

For theL-tyrosine – iodine reaction system, five transition states, TS1, TS2, TS3, TS4 and TS*, 

were found.  The transition states are provided in Figure 4.12. 

TS1 

 

TS2 

 

TS3 

 

TS4 

 

TS* 

 

MIT 

 

Figure 4.12: Transition states and intermediates for L-tyrosine – iodine reaction system 
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4.3.3 Transition States and Intermediates for L-Ascorbic Acid – Iodine Reaction 

 System 

For theL-ascorbic – iodine reaction system, two reaction pathways were proposed. One 

transition state, TS1, was found for route 1, while two transition states, TSB1 and TSB2, were 

found for the second route. The transition states are provided in Figure 4.13. 

 

TS1 

 

TSB1 

 

TSB2 

  

 Figure 4.13: Transition states and intermediates for L-ascorbic acid – iodine  

  reaction system 
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4.3.4 Transition States and Intermediates for D-Fructose– Iodine Reaction System 

For the D-fructose– iodine reaction system, three transition states, TS1, TS2, and TS3. Two 

intermediates, Int,(B)  and Int.2 (D) were also found. The transition states and the 

intermediate are provided in Figure 4.14. 

TS1 (A) 
Int (B) 

TS2 (C) 

 

TS3 (D) 

  

      Figure 4.14: Transition states and intermediates for D-fructose – iodine  

   reaction system 
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4.3.5 Transition States and Intermediates for Hydrazine/Hydrazinium Ion– Iodine 

 Reaction System 

For thehydrazine/hydrazinium ion – iodine reaction system, four reaction pathways were 

proposed. A total of seven transition states, TS1, TS2A, TS3A, TSB, TSC, TSD and TSE, were 

found for the various four routes. One intermediate, Int, was also found. The transition states 

and the intermediate are provided in Figure 4.15. 

TS1 

 Int TS2A 

TS3A
 

TSB TSC 

TSD 
TSE 

 

   

 Figure 4.15: Transition states and intermediates for hydrazine / hydrazinium ion 

  – iodine reaction system 
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4.4 Calculation of Thermodynamics, Molecular and other Physicochemical 

 Properties of Reacting Species and Products 

 

 

4.4.1  Computation of Heat of Formation, Total Electronic Energy and Other 

 Thermodynamic Parameters of Reacting Species and Products for 1,2-

 Diphenylhydrazine – Iodine  Reaction System 

The heat of formation (ΔHf), total electronic energy (Ee)  and other activation parameters of 

the various species for the 1,2-diphenylhydrazine – iodine system were evaluated and 

presented in Table 4.1, where I2 is iodine molecule; AH2, is 1,2- diphenylhydrazine ;  AH is 

1,2-diphenyl-hydrazyl radical; A is trans-1,2-diphenyldiazene (Azobenzene); HI is hydrogen 

iodide; I
-
 iodide ion; TS1 is transition state 1; TS2 is transition state 2; TS3 is transition state 3 

and TS* is transition state for the one step cyclic complex mechanism R1 (AH2 + I), R2 (AH + 

I2) and R3 (AH2 + 2I
.
) are the reactants in steps 1, 2, 3, respectively; R3 (AH2 + 2I

.
), P2 (A + 

HI+ I
.
), and P3 (A +2I

.
) the products of the respective steps, while Ea1, Ea2 and Ea3 are the 

activation energies for steps 1, 2 and 3 for the chain multi-step mechanism. R* (AH2 + I2), P* 

(A + 2HI) and EaB,  are the reactants, products and  activation energy for the one-step cyclic 

complex mechanism.   The activation parameters were also presented in Table 4.2.  

 

4.4.1.1 Charge Distribution and Exposed Surface Study of 1,2-Diphenylhydrazine 

The optimized 1,2-Diphenylhydrazine molecule was as shown Figure 4.16. The conformation 

with the lowest energy was optimized and calculated using the MNDO method.  The 

molecular information such as hydrogen identity, bond type, bond length and exposed surface 

area were determined and shown in Table 4.3. The identity numbers of all hydrogen and non-

hydrogen atoms of the conformer compound were labeled as in Figure 4.16. 

 

4.4.2  Computation of Heat of Formation, Total Electronic Energy and Other 

 Activation Parameters of Reacting Species and Products for L-Tyrosine – Iodine 

 Reaction System 
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The heat of formation (ΔHf), total electronic energy (Ee)  and other activation parameters of 

the various species for the L-tyrosine – iodine System were evaluated and presented in Table 

4.4, where I2 is iodine molecule; L-Tyr, is L-tyrosine ; MIT is  monoiodo tyrosine; DIT is 

diiodo tyrosine; HI is hydrogen iodide;  TS1 is transition state 1; TS2 is transition state 2; TS3 

is transition state 3; TS4 is transition state 4 and TS* is transition state for  step 2.   R1 (L-Tyr 

+ I2) and R2 (MIT + I2) are the reactants in steps 1, 2, respectively and; P1 (MIT + HI) and P2 

(DIT + HI) the products of the respective steps. Ea1 and Ea2 are the activation energies for 

steps 1 and 2, respectively, and these properties and other activation parameters are also 

presented in Table 4.5.  

 

4.4.2.1 Charge Distribution and Exposed Surface Study of L-Tyrosine 

The optimized L- tyrosine molecule was as shown Figure 4.17. The conformation with the 

lowest energy was optimized and calculated using the PM3 method.  The molecular 

information such as net charges and exposed surface areas of atoms, determined were also 

shown in Table 4.6. The identity numbers of all non-hydrogen atoms of the conformer 

compound were labeled as in Figure 4.17. The C-I and C-H bond lengths for various 

transition states are shown in Table 4.7. 

 

4.4.3  Computation of Heat of Formation, Total Electronic Energy and Other 

 Activation Parameters of Reacting Species and Products for L-Ascorbic – Iodine 

 Reaction System 

The heat of formation (ΔHf), total electronic energy (Ee),  thermodynamic parameters and 

other activation parameters of the various species for the L-ascorbic acid – iodine system 

were evaluated and presented in Tables 4.8 – 4.12, where I2 is iodine molecule, AA is L-

ascorbic acid, TS1 is transition state for route 1, DAA is dehydroascorbic acid, HI is hydrogen 

iodide molecule, R1 (AA + I2) are all the reactants for route 1, P1 (DAA + HI) are all the 

products for route 1, Ea1 is the activation energy for route 1, TSB1 is the first transition state 
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for route 2, I
- 
is iodide ion, TSB2 is the second transition state for route 2, RB1 (AA + 2I2) and 

RB2 (AA +2 I
-
) are all the reactants in steps 1 and 2 respectively for route 2, PB1 (DAA + 2HI 

+2I
-
)and PB2 (DAA + 2HI) are the products of reactions for steps 1 and 2 respectively for 

route 2, while EaB1 and EaB2 are the activation energies for steps 1 and 2,  respectively, in 

route 2. 

 

4.4.3.1  Charge Distribution and Exposed Surface Study of L-Ascorbic Acid 

The optimized and labeled L-ascorbic acid molecule was as shown Figure 4.18. The 

conformation with the lowest energy was optimized and calculated using the PM3 method.  

The molecular information such as hydrogen identity, bond type, bond length and exposed 

surface area were determined and shown in 4.13. The identity numbers of all non-hydrogen 

atoms of the conformer compound were labeled as in Figure 4.18. 

 

4.4.4  Computation of Heat of Formation, Total Electronic Energy and Other 

 Activation Parameters of Reacting Species and Products for D-Fructose – Iodine 

 Reaction System 

The heat of formation (ΔHf), total electronic energy (Ee), thermodynamic parameters and 

other activation parameters of optimized geometries of reactants, intermediates, transition 

states and products were presented in Tables 4.14 and 4.15 for the DFT optimization and 

Tables 4.16 and 4.17 for the semi-empirical PM3 optimization. Where I2 is iodine molecule, 

Fruc is D-Fructose, H2O is water molecule,  TS1 is transition state for step 1, HOI is 

hypoiodous acid, HI is hydrogen iodide molecule, R1(I2 + H2O) are all the reactants for step 

1, R2 (HOI+ Fruc) are all the reactants for step 2, R3 (B int)are all the products for step 3, TS1 

,TS2, TS3 are the  transition state for steps 1, 2 and 3, respectively;  P1 (HOI + HI), P2 (B 

int)and P3 (E + HOI)are the products of reactions for steps 1, 2 and 3, respectively, while Ea1 

is the activation energy for step 1,  Ea2 and Ea3 are the activation energies for steps 2 and 3  
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respectively. D is the intermediate is step 3. The activation parameters for the DFT and PM3 

studies were as presented in Tables 4.15 and 4.17, respectively. 

 

4.4.4.1 Charge Distribution and Exposed Surface Study of D-Fructose 

The optimized D-fructose molecule was as shown Figure 4.19. The conformation with the 

lowest energy was optimized and calculated using the PM3 method.  The molecular 

information such as net charges and exposed surface areas of atoms determined were also 

shown in Table 4.18. The identity numbers of all non-hydrogen atoms of the conformer 

compound were labeled as in Figure 4.19. 

 

4.4.5  Computation of Heat of Formation, Total Electronic Energy and Other 

 Thermodynamic Parameters of Reacting Species and Products for Hydrazine / 

 Hydrazinium Ion – Iodine Reaction System 

The heat of formation (ΔH), total electronic energy (Ee), thermodynamic parameters and 

other thermodynamic including activation parameters of the various species for the 

`hydrazine / hydrazinium ion – iodine System were evaluated and presented in Tables 4.19 - 

4.24 for routes 1 - 4, respectively. Where I2 is iodine molecule, H2O is water molecule, Hyd
+
 

is hydrazinium ion, Hyd is hydrazine, HI is hydrogen iodide molecule, HOI is hypoiodous 

acid, Int is intermediate (diazine), TS1is transition state for step 1, N2 is nitrogen molecule, R1 

(H2O + Hyd
+
) and P1 (H3O

+
 + Hyd) are all the reactants and products for step 1 of all the 

proposed routes, respectively. R2A (I2 + Hyd) and P2A (Int + 2HI) are the respective reactants 

and products of step 2, route I; RB (2I2 + Hyd) and PB (N2 + 4HI), respective reactants and 

products of step 2, route II; RC (2I2 + Hyd) and PC (N2 + 4HI), respective reactants and 

products of step 2, route III; while RD (2I2 + 2H2O) and PD (2HOI + 2HI), respective reactants 

and products of step 2, route IV. R3A (Int + I2) and P3A (N2 + 2HI) are the respective reactants 

and products of step 3, route I; while RE (2HOI + Hyd) and PE (N2 + 2H2O + 2HI) are the 

respective reactants and products of step 3, route IV. Ea1 is the activation energy for step 1for 



89 
 

all the four routes; Ea2,EaB , EaC and EaD  are the  activation energy for step 2 for routes I, II, 

III and IV respectively. Ea3 andEaE are the respective activation energies for step 3 for routes 

I and IV. 

 

4.4.5.1 Charge Distribution and Exposed Surface Study of Hydrazine / Hydrazinium 

 Ion 

 

The optimized hydrazine / hydrazinium ion molecules were as shown Figure 4.20. The 

conformation with the lowest energy was optimized and calculated using the DFT method.  

The molecular information such as net charges and exposed surface areas of atoms 

determined were also shown in Table 4.25. The identity numbers of all non-hydrogen atoms 

of the conformer compound were labeled as in Figure 4.20. 

 

4.5 Construction of Potential Energy Surface Diagrams 

4.5.1 Potential Energy Surface Diagrams of Reaction of 1,2-Diphenylhydrazine – Iodine 

 Reaction System According to the Chain Multi Step  and Cyclic Mechanism  

 

Reaction profiles of 1,2-diphenylhydrazine reaction with iodine were obtained by plotting the 

heat of formation (total electronic energy for DFT) of the reactants, transition states and 

products against the reaction coordinates. Figures 4.21 and 4.22 showed the energy profile 

diagrams for the1,2-diphenylhydrazine reaction with iodine using DFT and MNDO methods, 

respectively, where R1 (AH2 + I), P1 (AH + HI + I.) and TS1 are reactants, products and 

transition states for step 1;  R2 (AH + I2), P2 (A + HI+ I.) and TS2 ware reactants, products 

and transition states for step 2; while R3 (AH2 + 2I
.
),  P3 (A +2I

.
) and TS3 are reactants, 

products and transition states for step 3,  for the chain multi-step mechanism.  Figures 4.23 

and 4.24 are the respective energy profile diagrams using DFT and MNDO methods for the 

one-step cyclic complex mechanism, where R* (AH2 + I2), P* (A + 2HI) and TS* are 

reactants, products and transition states for the one-step cyclic mechanism 
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Table 4.1: Total electronic energy, heat of formation and other thermodynamic parameters of 

 reacting species and products of 1,2-diphenylhydrazine – iodine reaction system 

 

S/N    Species Total electronic energy at 298.15K 

using DFT 

Thermodynamic parameters at 298.15K 

using MNDO 

Ee 

(kJ/mol) 

Ee 

(au) 

 

ΔHo 

(kJ/mol) 

ΔGo 

(kJ/mol) 

ΔSo 

(J/mol.K) 

1 I2 -37,327,532.08 -14,220.01 114.05 36.73 259.34 

2 AH2 -1,507,000.75 -574.10 952.60 818.08 451.19 

3 TS1 -31,804,644.68 -12,116.06 1,089.71 911.31 598.35 

4 AH -1,505,357.68 -573.47 849.15 716.12 446.20 

5 HI -18,168,774.40 -6,921.44 119.36 57.88 206.18 

6 I- -18,157,470.45 -6,917.13 0.00 0.00 0.00 

7 TS2 -19,669,188.83 -7,493.02 1766.33 1574.84 642.26 

8 TS3 -36,834,591.95 -14,032.23 1,193.31 1,001.82 642.39 

9 A -1,503,817.83 -572.88 900.32 769.20 439.76 

10 TS* -37,824,591.91 -14,409.37 1,111.05 934.95 590.65 

11 R1(AH2 + I) -38,834,532.83 -14,794.11 1,066.65 854.81 710.34 

12 P1 (AH + HI + I.) -37,831,602.53 -14,412.04 968.51 968.51 652.38 

13 R2 (AH + I2) -38,832,889.76 -14,793.48 963.20 752.85 705.54 

14 P2 (A + HI+ I.) -37,83,0062.68 -14,411.45 1,019.68 827.08 645.94 

15 R3 (AH2 + 2I.) -37,821,941.65 -14,408.36 952.60 818.08 451.19 

16 P3 (A +2I.) -37,841,366.63 -14,415.76 1,139.04 1,079.96 854.12 

17 Ea1 7,029,888.15 2,678.05 23.06   

18 Ea2 19,163,700.93 7,300.46 803.13   

19 Ea3 987,349.70  376.13 240.71   

20 EaB 1,009,940.92 384.74 44.40   

 
Key:where I2 is iodine molecule; AH2, is 1,2- diphenylhydrazine ;  AH is 1,2-diphenyl-hydrazyl radical; A is 

trans-1,2-diphenyldiazene (Azobenzene); HI is hydrogen iodide; I
-
 iodide ion; TS1 is transition state 1; TS2 is 

transition state 2; TS3 is transition state 3 and TS* is transition state for the one step cyclic complex mechanism 

R1 (AH2 + I), R2 (AH + I2) and R3 (AH2 + 2I
.
) are the reactants in steps 1, 2, 3, respectively; R3 (AH2 + 2I

.
), P2 (A 

+ HI+ I
.
), and P3 (A +2I

.
) the products of the respective steps, while Ea1, Ea2 and Ea3 are the activation energies 

for steps 1, 2 and 3 for the chain multi-step mechanism. R* (AH2 + I2), P* (A + 2HI) and EaB,  are the reactants, 

products and  activation energy for the one-step cyclic complex mechanism.    
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Table 4.2: Heat of formation and other activation parameters of reacting species and 

 products 1,2-diphenylhydrazine – iodine reaction system for route 1 and route 

 according to MNDO calculations 

 

Route Species ΔrH 

(kJ/mol) 

Δ
‡
G  

(kJ/mol) 

Δ
‡
S  

(J/mol) 

Ea 

(kJ/mol) 

Route I R1 (AH2 + I) 1,066.65    

 P1 (AH + HI + I
.
) 968.51    

 TS1 1,089.71    

 Step 1  5.11x10
3
 1.33x10

1
 23.06 

 R2 (AH + I2) 963.20    

 P2 (A + HI+ I
.
) 1,019.68    

 TS2 1766.33    

 Step 2  5.29 x10
4
 1.74 x10

2
 8.03 x10

2
 

 R3 (AH2 + 2I
.
) 952.60    

 P3 (A +2I
.
) 1,139.04    

 TS3 1,193.31    

 Step 3  1.84 x10
2
 1.91 x10

2
 2.41 x10

2
 

Route II R* (AH2 + I2) 952.60    

 P* (A + 2HI) 1,139.04    

 TS* 1,111.05    

 Step *  -7.11 x10
3
 2.71 x10

1
 44.40 

 
Key: where TS1 is transition state 1; TS2 is transition state 2; TS3 is transition state 3 and TS* is transition state 

for the one step cyclic complex mechanism R1 (AH2 + I), R2 (AH + I2) and R3 (AH2 + 2I
.
) are the reactants in 

steps 1, 2, 3, respectively; R3 (AH2 + 2I
.
), P2 (A + HI+ I

.
), and P3 (A +2I

.
) the products of the respective steps, 

while Ea1, Ea2 and Ea3 are the activation energies for steps 1, 2 and 3 for the chain multi-step mechanism. R* 

(AH2 + I2), P* (A + 2HI) and EaB,  are the reactants, products and  activation energy for the one-step cyclic 

complex mechanism.    
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Figure 4.16: Labelled structure of 1,2-diphenylhydrazine 
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Table 4.3 Bond length and exposed surface area of 1,2-diphenylhydrazine molecule 

 

Hydrogen Identity Bond type Bond Length  

(Å) 

 

Exposed Surface 

Area (Å
2
) 

 

H1 C-H 1.097 5.46 

H2 C-H 1.096 5.56 

H3 C-H 1.097 5.46 

H4 C-H 1.095 5.44 

H5 C-H 1.095 5.44 

H6 C-H 1.095 5.44 

H7 N-H 0.998 8.08 

H8 N-H 1.000 6.58 

H9 C-H 1.097 5.46 

H10 C-H 1.095 5.44 

H11 C-H 1.095 5.44 

H12 C-H 1.095 5.44 
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Table 4.4: Total electronic energy, heat of formation and other thermodynamic 

 parameters of reacting species and products for L-tyrosine-iodine reaction 

 system 

 
S/N   Species Thermodynamic parameters at 

298.15K using PM3 method 

Electronic energy and thermodynamic parameters at 

298.15K using DFT method* 

ΔH
o
 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(kJ/mol.) 

Ee (ΔH
o
) 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

1 I2 114.05 36.73 259.34 -36,334,477.09 

-13,841.71 

-36,334,542.14 

-13,841.73 

260.55 

0.10 

 

2 L-Tyr 100.73 -37.67 464.22 -1,654,299.96 

-630.21 

 

  

3 TS1 932.88 798.38 451.10 -19,817,227.73 

-7,549.42 

-36,998.46 

-25.27 

-66,343.21 

-14.09 

 

4 TS2 1,001.15 844.71 524.69 -19,817,240.74 

-7,549.43 

-36,998.45 

-25.27 

-66,343.26 

-14.09 

 

5 TS3 1,204.04 1,026.02 597.10 -19,817,216.84 

-7,549.42 

-36,998.46 

-25.27 

-66,343.18 

-14.09 

 

6 TS4 1,095.16 946.62 498.22 -19,816,905.20 

-7,549.30 

-36,998.49 

-25.27 

-66,343.17 

-14.09 

 

7 MIT 513.01 -11.11 513.01 -19,816,427.88 

-7,549.12 

 

  

8 HI 119.36 57.88 206.18 -18,168,798.89 

-6,921.45 

 

  

9 TS* 258.21 43.51 720.09 -56,143,919.32 

-21,388.16 

-40,708.64 

-6.74 

-17,688.05 

-15.51 

 

10 DIT 193.03 26.60 558.22 -37,978,585.13 

-14,468.03 

 

  

11 R1 

(L-Tyr + I2) 

 

214.78 0.94 723.56 -37,988,777.05 

-14,471.92 

 

  

12 P1 

(MIT + HI) 

 

632.37 46.11 719.19 -37,985,226.77 

-14,470.56 

 

  

13 R2 

(MIT + I2) 

 

627.06 25.62 772.35 -56,150,904.97 

-21,390.82 

 

  

 

* The DFT result also presented in au units 

 
Key:where I2 is iodine molecule; L-Tyr, is L-tyrosine ; MIT is  monoiodo tyrosine; DIT is diiodo tyrosine; HI is 

hydrogen iodide;  TS1 is transition state 1; TS2 is transition state 2; TS3 is transition state 3; TS4 is transition state 

4 and TS* is transition state for  step 2.   R1 (L-Tyr + I2) and R2 (MIT + I2) are the reactants in steps 1, 2, 

respectively and; P1 (MIT + HI) and P2 (DIT + HI) the products of the respective steps. Ea1 and Ea2 are the 

activation energies for steps 1 and 2, respectively. 
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Table 4.5: Heat of formation, total electronic energy and other activation parameters of 

reacting speciesand products for L-tyrosine-iodine reaction system for the most favored 

pathway 

 

S/

N   

Species Activation parameters at 298.15K 

using PM3 method 

Electronic energy and activation parameters 

at 298.15K using DFT method** 

ΔrH
o
 

(kJ/mol) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(J/mol.) 

Ee (ΔrH
o
) 

(kJ/mol) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(J/mol.) 

1 R1 

(L-Tyr + I2) 

 

214.78   -37,988,777.05 

-14,471.92 

  

2 P1 

(MIT + HI) 

 

632.37   -37,985,226.77 

-14,470.56 

  

3 TS2 1,001.15   -19,817,240.74 

-75,49.43 

 

  

4 Step I  -6.93 x10
4
 -2.32 x10

3
  -1.10 x10

5 

-48.76 

-1.28 x10
5 

-41.90 

 

5 Ea1 4.18x10
2
   3.52 x10

3 

1.34 

 

  

6 R2 

(MIT + I2) 

 

627.06   -56,150,904.97 

-21390.82 

  

7 P2 

(DIT + HI) 

 

312.39   -56,147,384.02 

-21,389.48 

  

8 TS* 258.21   -56,143,919.32 

-21,388.16 

 

  

9 Step II  -2.56 x10
1
 7.72 x10

2
  -3.08 x10

5 

-72 

-1.89 x10
5 

-117.33 

 

10 Ea2 3.69x10
2
   6.99 x10

3 

2.66 

  

** The DFT result also presented in au units 

 
Key: TS1 is transition state 1; TS2 is transition state 2; TS3 is transition state 3; TS4 is transition state 4 and TS* 

is transition state for step 2.   R1 (L-Tyr + I2) and R2 (MIT + I2) are the reactants in steps 1, 2, respectively and; 

P1 (MIT + HI) and P2 (DIT + HI) the products of the respective steps. Ea1 and Ea2 are the activation energies for 

steps 1 and 2, respectively. 
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Figure 4.17: Labelled structure of L-tyrosine 
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Table 4.6: Net atomic charges and exposed surface area of L-tyrosine molecule 

 

No. Charge Exposed surface area 

(Å
2
) 

 

No. Charge Exposed surface area 

(Å
2
) 

 

C1 -0.003753 13.11 C8 0.230113 5.13 

C2 0.032617 4.88 C9 0.765132 13.12 

C3 -0.015731 12.96 O1 -0.563147 11.44 

C4 -0.304182 13.92 N1 -0.845714 7.88 

C5 0.535871 9.10 O2 -0.531727 14.30 

C6 -0.333762 13.68 O3 -0.553559 11.40 

C7 -0.166882 8.69    
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Table 4.7: Bond lengths of the reactive sites of the transition states for L-tyrosine system 

 

 

Bond lengths  (Å) 

Transition states C6-I C6-H C4-H 

TS1 2.376 1.092 1.105 

TS2 2.020 1.126 1.105 

TS3 8.139 1.092 1.092 

TS4 2.376 1.092 1.105 
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Table 4.8: Total electronic energy and other thermodynamic parameter at standard 

 condition of 1 atmosphere and 298.15K of reacting speciesand products of L-

 ascorbic acid system for DFT studies route 1 

 

S/N Species Ee 

(kJ/mol) 

Ee 

(au) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

1 I2 -36,327,532.08 -13,839.06   

2 AA -1,801,259.01 -686.19   

3 TS1 -38,125,652.92 -14, 524.06 -43,700.00 

(-48.66 au) 

-127,727.50 

(-16.65 au) 

 

4 DAA -1,794,848.60 -683.75   

5 HI -18,168,774.40 -6,921.44   

6 R1 (AA + I2) -38,128,791.09 -14,525.25   

7 P1 (DAA + HI) -38,132,397.40 -14,526.63   

8 Ea1 +3,138.17 1.20   

 

Key:where I2 is iodine molecule, AA is L-ascorbic acid, TS1 is transition state for route 1, DAA is 

dehydroascorbic acid, HI is hydrogen iodide molecule, R1 (AA + I2) are all the reactants for route 1, P1 (DAA + 

HI) are all the products for route 1, Ea1 is the activation energy for route 1, TSB1 is the first transition state for 

route 2, I
- 
is iodide ion, TSB2 is the second transition state for route 2, RB1 (AA + 2I2) and RB2 (AA +2 I

-
) are all 

the reactants in steps 1 and 2 respectively for route 2, PB1 (DAA + 2HI +2I
-
)and PB2 (DAA + 2HI) are the 

products of reactions for steps 1 and 2 respectively for route 2, while EaB1 and EaB2 are the activation energies for 

steps 1 and 2,  respectively, in route 2. 
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Table 4.9: Total electronic energy and other thermodynamic parameters at standard 

condition of 1 atmosphere and 298.15K of reacting speciesand products of L-ascorbic 

acid system for DFT studies route II 

 

S/N Species Ee 

(kJ/mol) 

Ee 

(au) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

1 I2 -36,327,532.08 -13,839.06   

2 AA -1,801,259.01 -686.19   

3 TSB1 -74,453,171.82 -28363.11 -43,105.31 

(-95.08 au) 

-249,572.59 

(-16.42 au) 

 

4 DAA -1,794,848.60 -683.75   

5 HI -18,168,774.40 -6921.44   

6 I
-
 -18,167,470.45 -6920.94   

7 TSB2 -38,125,681.68 -14524.07 -43,691.96 

(-48.66 au) 

-127,727.62 

(-16.64 au) 

 

8 RB1 (AA + 2I2) -74,456,323.17 -28364.31   

9 P B1 

 (DAA + 2HI +2I
-
) 

 

-74,467,338.30 -28368.51   

10 RB2 (AA +2 I
-
) -38,136,199.91 -14528.08   

11 PB2 (DAA + 2HI) -38,132,397.40 -14526.63   

12 EaB1 +3,151.35 1.20   

13 EaB2 +10,518.23 4.01   

 

Key:where I2 is iodine molecule, AA is L-ascorbic acid, TS1 is transition state for route 1, DAA is 

dehydroascorbic acid, HI is hydrogen iodide molecule, R1 (AA + I2) are all the reactants for route 1, P1 (DAA + 

HI) are all the products for route 1, Ea1 is the activation energy for route 1, TSB1 is the first transition state for 

route 2, I
- 
is iodide ion, TSB2 is the second transition state for route 2, RB1 (AA + 2I2) and RB2 (AA +2 I

-
) are all 

the reactants in steps 1 and 2 respectively for route 2, PB1 (DAA + 2HI +2I
-
)and PB2 (DAA + 2HI) are the 

products of reactions for steps 1 and 2 respectively for route 2, while EaB1 and EaB2 are the activation energies for 

steps 1 and 2,  respectively, in route 2. 
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Table 4.10: Total electronic energy and other activation parameters at standard 

condition of 1 atmosphere and 298.15K of reacting speciesand products of L-ascorbic 

acid system for DFT studies route I and route II 

 

Route Species Ee (ΔrH
o
) 

(kJ/mol) 

Ee (ΔrH
o
) 

(au) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(J/mol.K) 

Route I R1(AA + I2) -38,128,791.09 -14525.25   

 P1 (DAA + HI) -38,132,397.40 -14526.63   

 TS1 -38,125,652.92 -14524.06   

 Step I   -2.93x10
4 

(-48.76au)
 

1.28 x10
5 

(11.16au) 

 

 Ea1 3.14 x10
3
 1.20

 
  

Route II RB1 (AA + 2I2) -74,456,323.17 -28364.31   

 PB1 

 (DAA + 2HI +2I
-
) 

 

-74,467,338.30 -28368.51   

 TSB1 -74,453,171.82 -28363.11   

 Step I   -2.99 x10
4 

(-95.24au) 

2.50 x10
5 

(11.39au) 

 

 EaB1 3.15 x10
3
 1.20

 

 

  

 RB2 (AA +2 I
-
) -38,136,199.91 -14528.08   

 PB2 (DAA + 2HI) -38,132,397.40 -14526.63   

 TSB2 -38,125,681.68 -14524.07   

 Step II   -2.93x10
4 

(-48.76au) 

1.28 x10
5 

(11.16au) 

 

 EaB2 1.05 x10
4
 -14525.25   

 

Key:where R1 (AA + I2) are all the reactants for route 1, P1 (DAA + HI) are all the products for route 1, Ea1 is the 

activation energy for route 1, TSB1 is the first transition state for route 2, I
- 

is iodide ion, TSB2 is the second 

transition state for route 2, RB1 (AA + 2I2) and RB2 (AA +2 I
-
) are all the reactants in steps 1 and 2 respectively 

for route 2, PB1 (DAA + 2HI +2I
-
)and PB2 (DAA + 2HI) are the products of reactions for steps 1 and 2 

respectively for route 2, while EaB1 and EaB2 are the activation energies for steps 1 and 2,  respectively, in route 2.  

 

 

 



102 
 

Table 4.11: Heat of formation and other thermodynamic parameters at standard 

 condition of 1 atmosphere and 298.15K of reacting speciesand products of L-

 ascorbic acid system for PM3 studies 

 

  Route 1  

 

Route II 

S/N  Species ΔH
o
 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

Species ΔH
o
 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

1 I2 99.61 22.70 257.97 I2 99.61 22.70 257.97 

2 AA -973.83 -705.13 451.41 AA -973.83 -705.13 451.41 

3 TS1 -462.69 -643.83 607.55 TSB1 -351.56 -590.46 801.27 

4 DAA -924.50 -694.55 440.80 DAA -924.50 -694.55 440.80 

5 HI 120.53 85.01 207.02 HI 120.53 85.01 207.02 

6 R1 

(AA + I2) 

 

-874.22   TSB2 -632.22 -1286.54 669.50 

7 P1 
 (DAA + HI) 
 

-683.44   I
-
 0.00   

8     RB1 

(AA + 2I2) 

 

-774.61   

9     PB1 

 (DAA + 2HI +2I-) 

 

-683.44   

10     RB2 

 (AA +2 I
-
) 

 

-973.83   

11     PB2 

(DAA + 2HI) 

-683.44   

 

Key:where R1 (AA + I2) are all the reactants for route 1, P1 (DAA + HI) are all the products for route 1, Ea1 is the 

activation energy for route 1, TSB1 is the first transition state for route 2, I
- 

is iodide ion, TSB2 is the second 

transition state for route 2, RB1 (AA + 2I2) and RB2 (AA +2 I
-
) are all the reactants in steps 1 and 2 respectively 

for route 2, PB1 (DAA + 2HI +2I
-
)and PB2 (DAA + 2HI) are the products of reactions for steps 1 and 2 

respectively for route 2, while EaB1 and EaB2 are the activation energies for steps 1 and 2,  respectively, in route 2.  
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Table 4.12: Heat of formation and other activation parameter at standard condition of 

 1 atmosphere and 298.15K of reacting species and products of L-ascorbic acid 

 system for PM3 studies 

 Route 1  

 

Route II 

Species ΔrH
o
 

(kJ/mol) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(J/mol.) 

 Species ΔrH
o
 

(kJ/mol) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(J/mol.) 

R1 -874.22   R B1 -774.61   

P1 -683.44   P B1 -683.44   

TS1 -462.69   TSB1 -351.56   

Step I  1.16x10
4
 3.59 x10

1
 Step I  -1.89x10

4
 -6.61x10

1
 

Ea1 4.12x10
2
   EaB1 4.23x10

2
   

    R B2 -973.83   

    P B2 -683.44   

    TSB2 -632.22   

    Step II  -7.50 x10
5
 -2.51x10

3
 

    EaB2 3.42x10
2
   

 

 

Key:where R1 (AA + I2) are all the reactants for route 1, P1 (DAA + HI) are all the products for route 1, Ea1 is the 

activation energy for route 1, TSB1 is the first transition state for route 2, I
- 

is iodide ion, TSB2 is the second 

transition state for route 2, RB1 (AA + 2I2) and RB2 (AA +2 I
-
) are all the reactants in steps 1 and 2 respectively 

for route 2, PB1 (DAA + 2HI +2I
-
)and PB2 (DAA + 2HI) are the products of reactions for steps 1 and 2 

respectively for route 2, while EaB1 and EaB2 are the activation energies for steps 1 and 2,  respectively, in route 2.  
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  Figure 4.18: Labeled structure of L-ascorbic acid 
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Table 4.13:  Molecular information of the optimized L-ascorbic acid molecule 

 

Hydrogen 

Identity 

Bond Type Bond Length 

(Å) 

Exposed surface 

area (Å
2
) 

H1 O-H 0.951 8.05 

H2 C-H 1.115 5.59 

H3 O-H 0.950 8.06 

H4 C-H 1.117 5.68 

H5 O-H 0.948 7.59 

H6 O-H 0.949 7.95 

H7 C-H 1.104 4.93 

H8 C-H 1.108 5.58 
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Table 4.14: Total electronic energy and other thermodynamic parameters of reacting 

 species and products according to the DFT method for D-fructose system 

 

 

 

 

 

DFT method*** 

S/

N 

Species Ee 

(kJ/mol) 

ΔH
o
 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

1 I2 -36,334,477.09 

-13,841.71 

-36,334,465.70 

-13,841.73 

-36,334,542.14 

-13,841.70 

260.55 

0.10 

 

2 Fruc -1,804,759.03 

-687.53 

-1,804,217.04 

-687.37 

-1,804,348.58 

-687.32 

441.18 

0.17 

 

3 H2O -200,741.83 

-76.47 

-200,678.03 

-76.47 

-200,732.28 

-76.45 

188.64 

0.07 

 

4 TS1 -36,535,028.53 

-13,918.12 

-36,534,957.18 

-13,918.12 

-36,535,052.36 

-13,918.08 

319.24 

0.12 

 

5 HOI -18,366,263.09 

-6,996.67 

-18,366,219.67 

-6,996.68 

-18,366,295.58 

-6,996.66 

254.58 

0.10 

 

6 HI -18,168,798.89 

-6,921.45 

-18,168,774.40 

-6,921.46 

-18,168,835.99 

-6,921.44 

206.59 

0.08 

 

7 A (TS2) -20,167,206.70 

-7,682.75 

-20,165,007.67 

-7,681.68 

-20,164,402.44 

-7,681.91 

-2,029.95 

-0.77 

 

8 B (int) -20,170,829.18 

-7,684.13 

-20,164,777.93 

-7,681.67 

-20,164,374.51 

-7,681.82 

-1,353.08 

-0.52 

 

9 C (TS3) -20,167,013.56 

-7,682.67 

-20,160,963.46 

-7,680.21 

-20,160,560.12 

-7,680.37 

-1,352.81 

-0.52 

 

10 D (int) -20,167,177.06 

-7,682.73 

-20,166,585.18 

-7,682.57 

-20,166,734.57 

-7,682.51 

501.13 

0.19 

 

11 E -1,804,719.71 

-687.51 

-1,803,829.56 

-687.22 

-1,803,960.62 

-687.17 

439.66 

0.17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 
 

  DFT method*** 

S/

N 

Species Ee 

(kJ/mol) 

ΔH
o
 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

12 R1(I2 + H2O) -36,535,218.92 

-13,918.18 

-36,535,143.73 

-13,918.20 

-36,535,274.42 

-13,918.15 

449.19 

0.17 

 

13 P1(HOI + HI) -36,535,061.98 

-13,918.12 

-36,534,994.07 

-13,918.15 

-36,535,131.57 

-13,918.09 

461.17 

0.17 

 

14 R2(HOI+ Fruc) -20,171,022.12 

-7,684.20 

-20,170,436,71 

-7,684.05 

-20,170,644.16 

-7,684.05 

695.76 

0.18 

 

15 P2(B int) -20,170,829.18 

-7,684.13 

-20,164,777.93 

-7,681.67 

-20,164,374.51 

-7,681.82 

-1,353.08 

0.27 

 

16 R3(B int) -20,170,829.18 

-7,684.13 

-20,164,777.93 

-7,681.67 

-20,164,374.51 

-7,681.82 

-1,353.08 

-0.52 

 

17 P3(E + HOI) -20,170,982.80 

-7,684.18 

-20,170,049.23 

-7,683.91 

-20,170,256.20 

-7,683.83 

694.24 

0.26 

 

18 Ea1 190.39 

0.07 

 

   

19 Ea2 3,815.42 

1.45 

 

   

20 Ea3 3,815.62 

1.45 

   

*** The DFT result also presented in au units 

 

Key: Where I2 is iodine molecule, Fruc is D-Fructose, H2O is water molecule,  TS1 is transition state for step 1, 

HOI is hypoiodous acid, HI is hydrogen iodide molecule, R1(I2 + H2O) are all the reactants for step 1, R2 (HOI+ 

Fruc) are all the reactants for step 2, R3 (B int)are all the products for step 3, TS1 ,TS2, TS3 are the  transition 

state for steps 1, 2 and 3, respectively;  P1 (HOI + HI), P2 (B int)and P3 (E + HOI)are the products of reactions for 

steps 1, 2 and 3, respectively, while Ea1 is the activation energy for step 1,  Ea2 and Ea3 are the activation energies 

for steps 2 and 3  respectively. D is the intermediate is step 3.  
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Table 4.15: Total electronic energy and other activation parameters of reacting species and 

 products according to the DFT method for D-fructose system 

 

 Species Ee 

(kJ/mol) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(J/mol.K) 

Δ
‡
Ea 

(kJ/mol) 

 R1(I2 + H2O) -36,535,218.92 

(-13918.18 au) 

 

   

 P1(HOI + HI) -36,535,061.98 

(-13918.12 au) 

 

   

 TS1 -36,535,028.53 

(-13918.11 au) 

 

   

 Step I  -4.54 x10
5 

(-46.48 au) 

 

1.22 x10
5 

(172.95 au) 

 

1.90 x10
2 

(0.07 au) 

 

 R2(HOI+ Fruc) -20,171,022.12 

(-7684.20 au) 

 

   

 P2(B int) -20,170,829.18 

(-7684.13 au) 

 

   

 A (TS2) -20,167,206.70 

(-7682.75 au) 

 

   

 Step II  -5.88 x10
4 

(-25.71 au) 

 

(6.75 x10
4 

(22.40 au) 

 

3.82 x10
3 

(1.46 au) 

 

 R3(B int) -20,170,829.18 

(-7684.13 au) 

 

   

 P3(E + HOI) -20,170,982.80 

(-7684.18 au) 

 

   

 C (TS3) -20,167,013.56 

(-7682.67 au) 

 

   

 Step III  -6.78 x10
4 

(-25.68 au) 

6.74 x10
4 

(25.83 au) 

3.82 x10
3 

(1.46 au) 
 

Key: Where R1(I2 + H2O) are all the reactants for step 1, R2 (HOI+ Fruc) are all the reactants for step 2, R3 (B int)are all the 

products for step 3, TS1 ,TS2, TS3 are the  transition state for steps 1, 2 and 3, respectively;  P1 (HOI + HI), P2 (B int)and P3 (E 

+ HOI)are the products of reactions for steps 1, 2 and 3, respectively, while Ea1 is the activation energy for step 1,  Ea2 and 

Ea3 are the activation energies for steps 2 and 3  respectively. D is the intermediate is step 3.  
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Table 4.16: Heat of formation and other thermodynamic parameters of reacting species 

 and products according to the PM3 method for D-fructose system 

S/N Species ΔH
o
 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

 

1 I2 99.61 22.70 257.97  

2 Fruc -561.41 -790.76 480.88  

3 H2O -156.18 -212.30 188.24  

4 TS1 133.26 34.45 331.47  

5 HOI -32.62 -107.77 252.12  

6 HI 120.53 85.01 207.02  

7 A (TS2) -602.34 -790.02 629.62  

8 B (int) -440.35 -611.17 573.05  

9 C (TS3) -603.65 -782.68 600.59  

10 D (int) -575.45 -765.64 638.04  

11 E -543.34 -687.51 483.64  

12 R1(I2 + H2O) -56.57 -189.60 446.21  

13 P1(HOI + HI) 87.91 -22.76 459.14  

14 R2(HOI  + Fruc) -604.03 -898.53 733.00  

15 P2(B int) -440.35 -611.17 573.05  

16 R3(B int) -440.35 -611.17 573.05  

17 P3(E + HOI) -575.96 -795,28 735.76  

19 Ea1 189.83    

20 Ea2 1.71    

21 Ea3 -163.3    

 

Key: Where I2 is iodine molecule, Fruc is D-Fructose, H2O is water molecule,  TS1 is transition state for step 1, HOI is 

hypoiodous acid, HI is hydrogen iodide molecule, R1(I2 + H2O) are all the reactants for step 1, R2 (HOI+ Fruc) are all the 

reactants for step 2, R3 (B int)are all the products for step 3, TS1 ,TS2, TS3 are the  transition state for steps 1, 2 and 3, 

respectively;  P1 (HOI + HI), P2 (B int)and P3 (E + HOI)are the products of reactions for steps 1, 2 and 3, respectively, while 

Ea1 is the activation energy for step 1,  Ea2 and Ea3 are the activation energies for steps 2 and 3  respectively. D is the 

intermediate is step 3.  
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Table 4.17: Heat of formation and other activation parameters of reacting species and 

 products according to the PM3 method at 298.15K for D-fructose system 

 

 

 

Species ΔrH
o
 

(kJ/mol) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(J/mol.K) 

Δ
‡
Ea 

(kJ/mol) 

 R1(I2 + H2O) -56.57    

 P1(HOI + HI) 87.91    

 TS1 133.26    

 Step I  -1.51 x10
5
 5.06 x10

2
 1.90 x10

2
 

 R2(HOI+ Fruc) -604.03    

 P2(B int) -440.35    

 A (TS2) -602.34    

 Step II  8.57 x10
4
 -2.90 x10

2
 1.71 

 R3(B int) -440.35    

 P3(E + HOI) -575.96    

 C (TS3) -603.65    

 Step III  2.45 x10
5
 -8.47 x10

2
 1.63 x10

2
 

 
Key: Where R1(I2 + H2O) are all the reactants for step 1, R2 (HOI+ Fruc) are all the reactants for step 2, R3 (B 

int)are all the products for step 3, TS1 ,TS2, TS3 are the  transition state for steps 1, 2 and 3, respectively;  P1 

(HOI + HI), P2 (B int)and P3 (E + HOI)are the products of reactions for steps 1, 2 and 3, respectively, while Ea1 is 

the activation energy for step 1,  Ea2 and Ea3 are the activation energies for steps 2 and 3  respectively. D is the 

intermediate is step 3.  
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Figure 4.19: Labelled structure of D-fructose 
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Table 4.18: Net atomic charges and exposed surface area of D-fructose molecule 

 

Atom Charge Exposed 

surface area  

(Å
2
) 

 

Atom Charge Exposed 

surface area 

(Å
2
) 

Atom Charge Exposed 

surface area 

(Å
2
) 

C1 0.001 13.80 O1 -0.606 12.11 H1 0.401 6.67 

      H2 0.124 5.46 

      H3 0.146 5.48 

C2 0.551 6.91 O2 -0.516 11.89    

C3 -0.081 6.06 O3 -0.671 10.24 H6 0.443 5.39 

      H5 0.135 5.47 

C4 0.015 5.48 O4 -0.653 11.43 H7 0.420 5.37 

      H8 0.075 5.47 

C5 0.226 5.29 O5 -0.627 10.50 H10 0.409 7.70 

      H9 0.102 5.24 

C6 -.0.062 13.06 O6 -0.595 12.10 H4 0.403 5.42 

      H11 0.106 5.42 

      H12 0.116 5.48 
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Table 4.19: Total electronic energy and other thermodynamic parameters at standard 

 condition of 1 atmosphere and 298.15K of reacting species and products for 

 route I for hydrazine / hydrazinium ion – iodine reaction system 

 

 

S/N 

 

Species 

Ee (ΔH
o
) 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

1 I2 -36,334,465.70 

(-13,841.70 au) 

-36,334,542.14 

(-13841.73au) 

260.55 

(0.10au) 

 

2 H2O -200,678.03 

(-76.45au) 

-200,732.28 

(-76.47au) 

188.64 

(0.07au) 

 

3 H3O
+ 

-201,317.55 

(-76.69au) 

-201,375.65 

(-76.71au) 

194.90 

(0.07au) 

 

4 Hyd
+ 

-294,265.02 

(-112.10au) 

-294,343.59 

(-112.13au) 

263.55 

(0.10au) 

 

5 Hyd -293,512.76 

(-111.81au) 

-293,585.77 

(-111.84au) 

244.93 

(0.09au) 

 

6 HI -18,168,774.40 

(-6,921.44au) 

-18,168,835.99 

(-6,921.46au) 

206.59 

(0.08au) 

 

7 Int. -290,042.75 

(-110.49au) 

-290,100.30 

(-110.51au) 

364.75 

(0.14au) 

 

8 N2 -287,570.90 

(-109.55au) 

-287,627.96 

(-109.57au) 

191.57 

(0.07au) 

 

9 TS1 -494,142.06 

(-188.24au) 

-494,634.72 

(-188.43au) 

6.2 x10
4 

(1.65 au) 

 

10 TS3A -36,527,976.45 

(-1,3915.42au) 

-36,528,075.41 

(-13,915.46au) 

331.95 

(0.13au) 

 

11 TS2A -36,618,245.67 

(-13,949.81au) 

-36,625,511.49 

(-13,952.58au) 

24.37 

(0.01au) 
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Key: Where I2 is iodine molecule, H2O is water molecule, Hyd

+
 is hydrazinium ion, Hyd is hydrazine, HI is 

hydrogen iodide molecule, HOI is hypoiodous acid, Int is intermediate (diazine), TS1is transition state for step 

1, N2 is nitrogen molecule, R1 (H2O + Hyd
+
) and P1 (H3O

+
 + Hyd) are all the reactants and products for step 1 of 

all the proposed routes, respectively. R2A (I2 + Hyd) and P2A (Int + 2HI) are the respective reactants and products 

of step 2, route I; RB (2I2 + Hyd) and PB (N2 + 4HI), respective reactants and products of step 2, route II; RC (2I2 

+ Hyd) and PC (N2 + 4HI), respective reactants and products of step 2, route III; while RD (2I2 + 2H2O) and PD 

(2HOI + 2HI), respective reactants and products of step 2, route IV. R3A (Int + I2) and P3A (N2 + 2HI) are the 

respective reactants and products of step 3, route I; while RE (2HOI + Hyd) and PE (N2 + 2H2O + 2HI) are the 

respective reactants and products of step 3, route IV. Ea1 is the activation energy for step 1for all the four routes; 

Ea2,EaB , EaC and EaD  are the  activation energy for step 2 for routes I, II, III and IV respectively. Ea3 andEaE are 

the respective activation energies for step 3 for routes I and IV. 

 

 

 

 

 

 
 

 

 

 

 

S/N Species Ee (ΔH
o
) 

(kJ/mol) 

Ee (ΔH
o
) 

(kJ/mol) 

Ee (ΔH
o
) 

(kJ/mol) 

12 R1(H2O + Hyd
+
) -494,943.05 

(-188.55au) 

-494,318.05 

(-188.31au) 

452.39 

(0.17au) 

 

13 P1 (H3O
+
 + Hyd) -494,830.31 

(-188.51au) 

-494,961.42 

(-188.56au) 

439.83 

(0.17au) 

 

14 R2 (I2 + Hyd) -36,627,978.46 

(-13,953.52au) 

-36,628,127.91 

(-13,953.57au) 

505.48 

(0.19au) 

 

15 P2 (Int + 2HI) -36,627,591.55 

(-13,953.37au) 

-36,627,772.28 

(-13,953.44au) 

777.93 

(0.30au) 

 

16 R3A (Int + I2) -36,624,508.45 

(-13,952.19au) 

-36,624,642.44 

(-13,952.24au) 

625.3 

(0.24au) 

 

17 P3A (N2 + 2HI) -72,962,668.50 

(-27,795.30au) 

-36,625,299.94 

(-13,952.50au) 

604.75 

(0.23au) 

 

18 Ea1 800.99 

(0.31au) 

 

  

19 Ea2 100,002.01 

(38.10au) 

 

  

20 Ea3 6,262.78 

(2.39au) 
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Table 4.20: Total electronic energy and other thermodynamic parameters at standard condition 

 of 1 atmosphere and 298.15K of reacting species and products for route II for hydrazine 

 / hydrazinium ion – iodine reaction system 

 

S/N 

Species Ee (kJ/mol) ΔG
o
 (kJ/mol) ΔS

o 
(J/mol.K) 

1 I2 -36,334,465.70 

(-13,841.70 au) 

-36,334,542.14 

(-13,841.73au) 

260.55 

(0.10 au) 

 

2 H2O -200,678.03 

(-76.45au) 

-200,732.28 

(-76.47au) 

188.64 

(0.07au) 

 

3 H3O
+ 

-201,317.55 

(-76.69au) 

-201,375.65 

(-76.71au) 

194.90 

(0.07au) 

 

4 Hyd
+ 

-294,265.02 

(-112.10au) 

-294,343.59 

(-112.13au) 

263.55 

(0.10au) 

 

5 Hyd -293,512.76 

(-111.81au) 

-293,585.77 

(-111.84au) 

244.93 

(0.09au) 

 

6 HI -18,168,774.40 

(-6,921.44au) 

-18,168,835.99 

(-6,921.46au) 

206.59 

(0.08au) 

 

7 N2 -287,570.90 

(-109.55au) 

-287,627.96 

(-109.57au) 

191.57 

(0.07au) 

 

8 TS1 -494,142.06 

(-188.24au) 

-494,634.72 

(-188.43au) 

6.2 x10
4 

(1.65 au) 

 

9 TSB -72,948,708.06 

(-27,789.98au) 

-72,963,181.09 

(-27,795.50 au) 

48.54 

(0.02au 

) 

10 R1(H2O + Hyd
+
) -494,943.05 

(-188.55au) 

-494,318.05 

(-188.31au) 

452.39 

(0.17au) 

 

11 P1 (H3O
+
 + Hyd) -494,830.31 

(-188.51au) 

-494,961.42 

(-188.56au) 

439.83 

(0.17au) 

 

12 RB (2I2 + Hyd) -72,962,444.16 

(-27,795.21au) 

-72,962,670.05 

(-27795.30au) 

766.03 

(0.29au) 

 

13 PB (N2 + 4HI) -72,962,668.50 

(-27,795.30au) 
-72,962,971.92 

(-27,795.42au) 

1,017.93 

(0.39au) 

 

14 Ea1 800.99 

(0.31au) 

  

15 EaB 13,736.10 

(5.23au) 

  

Key: Where I2 is iodine molecule, H2O is water molecule, Hyd+ is hydrazinium ion, Hyd is hydrazine, HI is hydrogen iodide molecule, HOI 

is hypoiodous acid, Int is intermediate (diazine), TS1is transition state for step 1, N2 is nitrogen molecule, R1 (H2O + Hyd+) and P1 (H3O
+ + 

Hyd) are all the reactants and products for step 1 of all the proposed routes, respectively. R2A (I2 + Hyd) and P2A (Int + 2HI) are the 
respective reactants and products of step 2, route I; RB (2I2 + Hyd) and PB (N2 + 4HI), respective reactants and products of step 2, route II; RC 

(2I2 + Hyd) and PC (N2 + 4HI), respective reactants and products of step 2, route III; while RD (2I2 + 2H2O) and PD (2HOI + 2HI), respective 
reactants and products of step 2, route IV. R3A (Int + I2) and P3A (N2 + 2HI) are the respective reactants and products of step 3, route I; while 

RE (2HOI + Hyd) and PE (N2 + 2H2O + 2HI) are the respective reactants and products of step 3, route IV. Ea1 is the activation energy for step 

1for all the four routes; Ea2,EaB , EaC and EaD  are the  activation energy for step 2 for routes I, II, III and IV respectively. Ea3 andEaE are the 
respective activation energies for step 3 for routes I and IV. 
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Table 4.21: Total electronic energy and other thermodynamic parameters at standard condition 

 of 1 atmosphere and 298.15K of reacting species and products for route III for 

 hydrazine / hydrazinium ion – iodine reaction system 

 

S/N Species Ee (ΔH
o
) 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

1 I2 -36,334,465.70 

(-13,841.70 au) 

-36,334,542.14 

(-13,841.73au) 

260.55 

(0.10 au) 

 

2 H2O -200,678.03 

(-76.45au) 

-200,732.28 

(-76.47au) 

188.64 

(0.07au) 

 

3 H3O
+ 

-201,317.55 

(-76.69au) 

-201,375.65 

(-76.71au) 

194.90 

(0.07au) 

 

4 Hyd
+ 

-294,265.02 

(-112.10au) 

-294,343.59 

(-112.13au) 

263.55 

(0.10au) 

 

5 Hyd -293,512.76 

(-111.81au) 

-293,585.77 

(-111.84au) 

244.93 

(0.09au) 

 

6 HI -18,168,774.40 

(-6,921.44au) 

-18,168,835.99 

(-6,921.46au) 

206.59 

(0.08au) 

 

7 N2 -287,570.90 

(-109.55au) 

-287,627.96 

(-109.57au) 

191.57 

(0.07au) 

 

8 TS1 -494,142.06 

(-188.24au) 

-494,634.72 

(-188.43au) 

6.2 x10
4 

(1.65 au) 

 

9 TSC -72,948,830.75 

(-27,790.03 au) 

 

-72,963,303.79 

(-27,795.54 au) 

451.51 

(0.17au) 

10 R1(H2O + Hyd
+
) -494,943.05 

(-188.55au) 

-494,318.05 

(-188.31au) 

452.39 

(0.17au) 

 

11 P1 (H3O
+
 + Hyd) -494,830.31 

(-188.51au) 

-494,961.42 

(-188.56au) 

439.83 

(0.17au) 

 

12 RC (2I2 + Hyd) -72,962,444.16 

(-27,795.21au) 

-72,962,670.05 

(-27795.30au) 

766.03 

(0.29au) 

 

13 PC (N2 + 4HI) -72,962,668.50 

(-27,795.30au) 
-72,962,971.92 

(-27,795.42au) 

1,017.93 

(0.39au) 

 

14 Ea1 800.99 

(0.31au) 

  

15 EaC 13,736.10 

(5.23au) 

  

 

Key: TS1is transition state for step 1, N2 is nitrogen molecule, R1 (H2O + Hyd+) and P1 (H3O
+ + Hyd) are all the reactants and products for 

step 1 of all the proposed routes, respectively. R2A (I2 + Hyd) and P2A (Int + 2HI) are the respective reactants and products of step 2, route I; 

RB (2I2 + Hyd) and PB (N2 + 4HI), respective reactants and products of step 2, route II; RC (2I2 + Hyd) and PC (N2 + 4HI), respective reactants 

and products of step 2, route III; while RD (2I2 + 2H2O) and PD (2HOI + 2HI), respective reactants and products of step 2, route IV. R3A (Int 
+ I2) and P3A (N2 + 2HI) are the respective reactants and products of step 3, route I; while RE (2HOI + Hyd) and PE (N2 + 2H2O + 2HI) are 

the respective reactants and products of step 3, route IV. Ea1 is the activation energy for step 1for all the four routes; Ea2,EaB , EaC and EaD  

are the  activation energy for step 2 for routes I, II, III and IV respectively. Ea3 andEaE are the respective activation energies for step 3 for 
routes I and IV. 
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Table 4.22: Total electronic energy and other thermodynamic parameters at standard 

 condition of 1 atmosphere and 298.15K of reacting species and products for 

 route IV for hydrazine / hydrazinium ion – iodine system 

 

S/

N 

Species Ee 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

1 I2 -36,334,465.70 

(-13,841.70 au) 

-36,334,542.14 

(-13,841.73au) 

260.55 

(0.10au) 

 

2 H2O -200,678.03 

(-76.45au) 

-200,732.28 

(-76.47au) 

188.64 

(0.07au) 

 

3 H3O
+ 

-201,317.55 

(-76.69au) 

-201,375.65 

(-76.71au) 

194.90 

(0.07au) 

 

4 HOI -18,366,219.67 

(-6,996.65 au) 

-18,366,295.58 

(-6,996.68 au) 

254.58 

(0.20 au) 

 

5 Hyd
+ 

-294,265.02 

(-112.10au) 

-294,343.59 

(-112.13au) 

263.55 

(0.10au) 

 

6 Hyd -293,512.76 

(-111.81au) 

-293,585.77 

(-111.84au) 

244.93 

(0.09au) 

 

7 HI -18,168,774.40 

(-6,921.44au) 

-18,168,835.99 

(-6,921.46au) 

206.59 

(0.08au) 

 

8 N2 -287,570.90 

(-109.55au) 

-287,627.96 

(-109.57au) 

191.57 

(0.07au) 

 

9 TS1 -494,142.06 

(-188.24au) 

-494,634.72 

(-188.43au) 

6.2 x10
4 

(1.65 au) 

 

10 TSD -36,534,957.18 

(-13,918.08au) 

-36,535,052.36 

(-13,918.12au) 

319.24 

(0.12au) 

 

11 TSE -37,019,091.68 

(-14,102.51au) 

-37,056,036.73 

(-14,116.58au) 

123.91 

(0.05au) 
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S/

N 

Species Ee 

(kJ/mol) 

ΔG
o
 

(kJ/mol) 

ΔS
o
 

(J/mol.K) 

12 R1(H2O + Hyd
+
) -494,943.05 

(-188.55au) 

-494,318.05 

(-188.31au) 

452.39 

(0.17au) 

 

13 P1 (H3O
+
 + Hyd) -494,830.31 

(-188.51au) 

-494,961.42 

(-188.56au) 

439.83 

(0.17au) 

 

14 RD (2I2 + 2H2O) -36,535,143.73 

(-13,918.15au) 

 

-73,070,548.84 

(-27,836.40au) 

 

898.38 

(0.34au) 

 

15 PD (2HOI + 2HI) -36,534,994.07 

(-13,918.09au) 

 

-73,070,263.14 

( -27,836.29 au) 

 

922.34 

(0.35au) 

 

16 RE (2HOI + Hyd) -37,025,952.10 

(-14,105.12au) 

 

-37,026,176.93 

(-14,105.21au) 

 

754.09 

(0.29au) 

 

17 PE (N2 + 2H2O + 2HI) -37,026,475.76 

(-14,10532au) 

 

-37,026,764.50 

(-14,105.43au) 

 

982.03 

(0.37au) 

 

18 Ea1 800.99 

(0.31au) 

 

  

19 EaD 186.55 

(0.07au) 

 

  

20 EaE 6,860.42 

(2.61au) 

 

  

 
Key: Where I2 is iodine molecule, H2O is water molecule, Hyd

+
 is hydrazinium ion, Hyd is hydrazine, HI is 

hydrogen iodide molecule, HOI is hypoiodous acid, Int is intermediate (diazine), TS1is transition state for step 

1, N2 is nitrogen molecule, R1 (H2O + Hyd
+
) and P1 (H3O

+
 + Hyd) are all the reactants and products for step 1 of 

all the proposed routes, respectively. R2A (I2 + Hyd) and P2A (Int + 2HI) are the respective reactants and products 

of step 2, route I; RB (2I2 + Hyd) and PB (N2 + 4HI), respective reactants and products of step 2, route II; RC (2I2 

+ Hyd) and PC (N2 + 4HI), respective reactants and products of step 2, route III; while RD (2I2 + 2H2O) and PD 

(2HOI + 2HI), respective reactants and products of step 2, route IV. R3A (Int + I2) and P3A (N2 + 2HI) are the 

respective reactants and products of step 3, route I; while RE (2HOI + Hyd) and PE (N2 + 2H2O + 2HI) are the 

respective reactants and products of step 3, route IV. Ea1 is the activation energy for step 1for all the four routes; 

Ea2,EaB , EaC and EaD  are the  activation energy for step 2 for routes I, II, III and IV respectively. Ea3 andEaE are 

the respective activation energies for step 3 for routes I and IV. 
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Table 4.23: Total electronic energy and other activation parameters at standard 

 condition of 1 atmosphere and 298.15K of reacting species for routes I and II for 

 hydrazine / hydrazinium ion – iodine reaction system 

 

Route Species Ee 

(kJ/mol) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(J/mol.K) 

Δ
‡
Ea 

(J/mol) 

Route I R1(H2O + Hyd
+
) -494,943.05 

(-188.55au) 

 

   

 P1 (H3O
+
 + Hyd) -494,830.31 

(-188.51au) 

 

   

 TS1 -494,142.06 

(-188.24au) 

   

 Step I  -2.76 x10
4 

(-10.51au) 

-1.75 x10
3 

(0.67au) 

 

8.01 x10
2 

(0.31au) 

 

 

 R2 (I2 + Hyd) -36,627,978.46 

(-13,953.52 au) 

 

   

 P2 (Int + 2HI) -36,627,591.55 

(-13,953.37au) 

 

   

 TS2A -36,618,245.67 

(-13,949.81au) 

 

   

 Step II  -2.70 x10
4 

(-10.29 au) 

-1.73 x10
5 

(-65.90 au) 

 

1.00 x10
5 

(38.10 au) 

 R3A (Int + I2) -36,624,508.45 

(-13,952.19 au) 

 

   

 P3A (N2 + 2HI) -72,962,668.50 

(-27,795.30 au) 

   

 TS3A -36,527,976.45 

(-1,3915.42 au) 

 

   

 Step III  -1.52 x10
7 

(-5,790.48au) 

-3.66 x10
7 

(-13,942.71au) 

6.26 x10
3 

(2.38 au) 

 

 

 

 

 

 

 

 

 

 

 

 



120 
 

Route Species Ee 

(kJ/mol) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(J/mol.K) 

Δ
‡
Ea 

(J/mol) 

Route II R1(H2O + Hyd
+
) -494,943.05 

(-188.55au) 

 

   

 P1 (H3O
+
 + Hyd) -494,830.31 

(-188.51au) 

 

   

 (TS1)  -494,142.06 

(-188.24au) 

   

 Step I  -2.76 x10
4 

(-10.51au) 

 

-1.75 x10
3 

(0.67au) 

 

8.01 x10
2 

(0.31au) 

 

 

 RB (2I2 + Hyd) -72,962,444.16 

(-27,795.21 au) 

 

   

 PB (N2 + 4HI) -72,962,668.50 

(-27,795.30 au) 

 

   

 TSB -72,948,708.06 

(-27,789.98 au) 

   

 Step II  -5.91 x10
4 

(-22.51au) 

-2.45 x10
5 

(-93.33au) 

 

1.37 x10
4 

(5.22au) 

 
 

Key: TS1is transition state for step 1, N2 is nitrogen molecule, R1 (H2O + Hyd
+
) and P1 (H3O

+
 + Hyd) are all the 

reactants and products for step 1 of all the proposed routes, respectively. R2A (I2 + Hyd) and P2A (Int + 2HI) are 

the respective reactants and products of step 2, route I; RB (2I2 + Hyd) and PB (N2 + 4HI), respective reactants 

and products of step 2, route II; RC (2I2 + Hyd) and PC (N2 + 4HI), respective reactants and products of step 2, 

route III; while RD (2I2 + 2H2O) and PD (2HOI + 2HI), respective reactants and products of step 2, route IV. R3A 

(Int + I2) and P3A (N2 + 2HI) are the respective reactants and products of step 3, route I; while RE (2HOI + Hyd) 

and PE (N2 + 2H2O + 2HI) are the respective reactants and products of step 3, route IV. Ea1 is the activation 

energy for step 1for all the four routes; Ea2,EaB , EaC and EaD  are the  activation energy for step 2 for routes I, II, 

III and IV respectively. Ea3 andEaE are the respective activation energies for step 3 for routes I and IV. 
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Table 4.24: Total electronic energy and other activation parameters at standard 

 condition of 1 atmosphere and 298.15K of reacting species and products for 

 routes III and IV for hydrazine / hydrazinium ion – iodine reaction system 

 

Route Species ΔrH
o
 

(kJ/mol) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(kJ/mol.K) 

Δ
‡
Ea 

(kJ/mol) 

Route III R1(H2O + Hyd
+
) -494,943.05 

(-188.55au) 

 

   

 P1 (H3O
+
 + Hyd) -494,830.31 

(-188.51au) 

 

   

 (TS1) -494,142.06 

(-188.24au) 

   

 Step I  -2.76 x10
4 

(-10.51au) 

 

-1.75 x10
3 

(0.67au) 

 

8.01 x10
2 

(0.31au) 

 

 

 RC (2I2 + Hyd) -72,962,444.16 

(-27,795.21au) 

 

   

 PC (N2 + 4HI) -72,962,668.50 

(-27,795.30au) 

 

   

 TSC -72,948,830.75 

(-27,790.03 au) 

   

 Step II  -7.37 x10
4 

(-28.08au) 

 

1.23 x10
5 

(46.86au) 

 

1.37 x10
4 

(5.22 au) 

      

Route IV R1(H2O + Hyd
+
) -494,943.05 

(-188.55au) 

 

   

 P1 (H3O
+
 + Hyd) -494,830.31 

(-188.51au) 

 

   

 (TS1)  -494,142.06 

(-188.24au) 
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Route Species ΔrH
o
 

(kJ/mol) 

Δ
‡
G 

(kJ/mol) 

Δ
‡
S 

(kJ/mol.K) 

Δ
‡
Ea 

(kJ/mol) 

 Step I  -2.76 x10
4 

(-10.51au) 

 

1.75 x10
3 

(0.67au) 

 

8.01 x10
2 

(0.31au) 

 

 

 RD (2I2 + 2H2O) -36,535,143.73 

(-13,918.15au) 

 

   

 PD (2HOI + 2HI) -36,534,994.07 

(-13,918.09au) 

 

   

 TSD -36,534,957.18 

(-13,918.08au) 

   

 Step II  -1.57 x10
9 

(-598,095.24

au) 

 

5.40 x10
6 

(2,057.14au) 

 

1.87 x10
2 

(0.07au) 

 

 RE (2HOI + Hyd) -37,025,952.10 

(-14,105.12au) 

 

   

 PE (N2 + 2H2O + 2HI) -37,026,475.76 

(-14,10532au) 

 

   

 TSE -37,019,091.68 

(-14,102.51au) 

   

 Step III  -8.01 x10
4 

(30.51au) 

 

1.24 x10
6 

(472.38au) 

 

6.86 x10
3 

(2.61au) 

 
 

Key: TS1is transition state for step 1, N2 is nitrogen molecule, R1 (H2O + Hyd
+
) and P1 (H3O

+
 + Hyd) are all the 

reactants and products for step 1 of all the proposed routes, respectively. R2A (I2 + Hyd) and P2A (Int + 2HI) are 

the respective reactants and products of step 2, route I; RB (2I2 + Hyd) and PB (N2 + 4HI), respective reactants 

and products of step 2, route II; RC (2I2 + Hyd) and PC (N2 + 4HI), respective reactants and products of step 2, 

route III; while RD (2I2 + 2H2O) and PD (2HOI + 2HI), respective reactants and products of step 2, route IV. R3A 

(Int + I2) and P3A (N2 + 2HI) are the respective reactants and products of step 3, route I; while RE (2HOI + Hyd) 

and PE (N2 + 2H2O + 2HI) are the respective reactants and products of step 3, route IV. Ea1 is the activation 

energy for step 1for all the four routes; Ea2,EaB , EaC and EaD  are the  activation energy for step 2 for routes I, II, 

III and IV respectively. Ea3 andEaE are the respective activation energies for step 3 for routes I and IV. 
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       Hydrazine                               Hydrazinium ion 

 

Figure 4.20: Labelled structures of hydrazine molecule and hydrazinium ion 
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Table 4.25: Bond lengths and exposed surface areas of hydrazine molecule and

 hydrazinium ion 

 

 Hydrazine Hydrazinium ion 

Hydrogen 

Identity 

Bond type Bond Length 

(Å) 

Exposed 

Surface Area 

(Å
2
) 

Bond Length 

(Å) 

Exposed 

Surface Area 

(Å
2
) 

H1 N-H 0.098 9.09 1.026 9.38 

H2 N-H 0.098 9.09 1.016 9.30 

H3 N-H 0.098 9.09 1.016 9.30 

H4 N-H 0.098 9.09 1.026 9.30 

H5 N-H   1.026 9.38 
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4.5.2   Potential Energy Surface Diagrams of Reactions of L-Tyrosine – Iodine 

 Reaction System according to the PM3 and DFT Methods respectively 

 

Reaction profiles of L-tyrosine reaction with iodine were obtained by plotting the heat of 

formation (total electronic energy for DFT) of the reactants, transition states and products 

against the reaction coordinates. Figures 4.25 and 4.26 showed the energy profile diagrams 

for L-tyrosine reaction with iodine using PM3 and DFT methods, respectively, where R1 (L-

Tyr + I2), R2 (MIT + I2), were reactants for steps 1 and 2; P1 (MIT + HI), P2 (DIT + HI) were 

products for steps 1 and 2; TS1-4, TS* were transition states for steps 1 and 2. Figure 4.27 

show the reaction profile of the reaction mechanism involving the favored transition state 

(TS2). 

 

4.5.3  Potential Energy Surface Diagrams of Reaction of L-Ascorbic Acid – Iodine 

 Reaction System According to the DFT and PM3 Studies 

The scaled energy diagram of the reaction of L-ascorbic acid with iodineaccording to the 

DFT were as shown in Figures 4.28 and 4.29 while those for PM3 studies were as shown in 

Figures 4.30 and 4.31, where R1 (AA + I2) are the reactants in route 1, with TS1 as the 

searched transition states and P1 (DAA + HI), the products of the same reaction. While RB1 

(AA + 2I2) and RB2 (AA +2 I
-
) are all the reactants in steps 1 and 2, respectively, for route 2, 

PB1 (DAA + 2HI +2I
-
) and PB2 (DAA + 2HI) are the products of reactions for steps 1 and 2, 

respectively, for route 2, TSB1 is the first transition state for route 2, and TSB2 is the second 

transition state for route 2. 

 

4.5.4     Potential Energy Surface Diagrams of Reaction of D-Fructose – Iodine Reaction 

 System for the Respective DFT and PM3 studies 

Plots of the potential energy profile diagrams are shown in Figure 4.32 for the DFT studies 

and Figure 4.33 for the PM3 studies, respectively, clearly showing the reacting species and 

the saddle points on the diagrams, where R1 (I2 + H2O), TS1 and P1 (HOI + HI) are reactants, 
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transition states respectively for the first step; while R2 (HOI+ Fruc) and R3  (B int) are 

reactants, TS2 (A) and TS3 (C) are transition states, int. (B) and int.2 (D) were intermediates 

in second and third steps, respectively. P3 (E + HOI) are the final products of the reaction. 

 

4.5.5   Potential Energy Surface Diagrams of Reactions of Hydrazine / Hydrazinium 

 Ion – Iodine Reaction System According to the DFT Methods for Routes 1 - 4, 

 respectively 

Plots of the potential energy profile diagrams are shown in Figures 4.34 – 4.37 for the DFT 

studies for routes 1-4, respectively, clearly showing the reacting species and the saddle points 

on the diagrams. 

 

R1 (H2O + Hyd
+
) and P1 (H3O

+
 + Hyd) are all the reactants and products for step 1 of all the 

proposed four routes, respectively. R2A (I2 + Hyd) and P2A (Int + 2HI) are the respective 

reactants and products of step 2, route I; RB (2I2 + Hyd) and PB (N2 + 4HI), respective 

reactants and products of step 2, route II; RC (2I2 + Hyd) and PC (N2 + 4HI), respective 

reactants and products of step 2, route III; while RD (2I2 + 2H2O) and PD (2HOI + 2HI), 

respective reactants and products of step 2, route IV. R3A (Int + I2) and P3A (N2 + 2HI) are the 

respective reactants and products of step 3, route I; while RE (2HOI + Hyd) and PE (N2 + 

2H2O + 2HI) were the respective reactants and products of step 3, route IV. 

 

TS1, TS2 and TS3A are the three transition states for route I. TS1 and TSB are the two transition 

states for route II. TS1 and TSC are the two transition states for route III. TS1, TSD and TSE are 

the three transition states for route IV. 
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Figure 4.21: Energy profile of the oxidation of 1,2-diphenylhydrazine by iodine as per 

 the DFT calculations 

 
Key: where R1 (AH2 + I), P1 (AH + HI + I.) and TS1 are reactants, products and transition states for step 1;  

R2(AH + I2), P2 (A + HI+ I.) and TS2 ware reactants, products and transition states for step 2; while R3 (AH2 + 

2I
.
),  P3 (A +2I

.
) and TS3 are reactants, products and transition states for step 3,  for the chain multi-step 

mechanism.   
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Figure 4.22: Energy profile of the oxidation of 1,2-diphenylhydrazine by iodine as per 

 the MNDO calculations 

Key: where R1 (AH2 + I), P1 (AH + HI + I.) and TS1 are reactants, products and transition states for step 1;  

R2(AH + I2), P2 (A + HI+ I.) and TS2 ware reactants, products and transition states for step 2; while R3 (AH2 + 

2I
.
),  P3 (A +2I

.
) and TS3 are reactants, products and transition states for step 3,  for the chain multi-step 

mechanism.   
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Figure 4.23: Energy profile of the oxidation of 1,2-diphenylhydrazine by iodine via the 

 cyclic activated complex for the DFT calculations 

Key:where R* (AH2 + I2), P* (A + 2HI) and TS* are reactants, products and transition states for the one-step 

cyclic mechanism. 
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Figure 4.24: Energy profile of the oxidation of 1,2-diphenylhydrazine by iodine via the 

 cyclic  activated complex for the MNDO calculations 

Key: where R* (AH2 + I2), P* (A + 2HI) and TS* are reactants, products and transition states for the one-step 

cyclic mechanism. 
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Figure 4.25: Energy profile of the oxidation of L-tyrosine by iodine according to the 

 PM3 calculations 

Key:where R1 (L-Tyr + I2), R2 (MIT + I2), re reactants for steps 1 and 2; P1 (MIT + HI), P2 (DIT + HI) are 

products for steps 1 and 2; TS1-4, TS* were transition states for steps 1 and 2. 
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Figure 4.26: Energy profile of the oxidation of L-tyrosine by iodine according to the 

 DFT calculations 

Key:where R1 (L-Tyr + I2), R2 (MIT + I2), re reactants for steps 1 and 2; P1 (MIT + HI), P2 (DIT + HI) are 

products for steps 1 and 2; TS1-4, TS* were transition states for steps 1 and 2. 
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Figure 4.27: Energy profile of the oxidation of L-tyrosine by iodine according to the 

 most favored route showing the position of the optimized reacting species 
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Figure 4.28: Energy profile of the oxidation of L-ascorbic acid by iodine according to 

 the DFT studies route 1 proposed mechanism 

 

Key: where R1 (AA + I2) are the reactants in route 1, with TS1 as the searched transition states and P1 (DAA + 

HI), the products of the same reaction.  
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Figure 4.29: Energy profile of the oxidation of L-ascorbic acid by iodine according to 

 the DFT studies route 2 proposed mechanisms 

 

Key: While RB1 (AA + 2I2) and RB2 (AA +2 I
-
) are all the reactants in steps 1 and 2, respectively, for route 2, PB1 

(DAA + 2HI +2I
-
) and PB2 (DAA + 2HI) are the products of reactions for steps 1 and 2, respectively, for route 2, 

TSB1 is the first transition state for route 2, and TSB2 is the second transition state for route 2. 
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Figure 4.30: Energy profile of the oxidation of L-ascorbic acid by iodine according to 

 the PM3 studies route1 proposed mechanism 

 

Key: where R1 (AA + I2) are the reactants in route 1, with TS1 as the searched transition states and P1 (DAA + 

HI), the products of the same reaction.  
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Figure 4.31: Energy profile of the oxidation of L-ascorbic acid by iodine according to 

 the PM3 studies route 2 proposed mechanism 

 

Key: While RB1 (AA + 2I2) and RB2 (AA +2 I
-
) are all the reactants in steps 1 and 2, respectively, for route 2, PB1 

(DAA + 2HI +2I
-
) and PB2 (DAA + 2HI) are the products of reactions for steps 1 and 2, respectively, for route 2, 

TSB1 is the first transition state for route 2, and TSB2 is the second transition state for route 2. 
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Figure 4.32: Energy profile of the oxidation of D-fructose by iodine according to the 

 DFT studies proposed mechanism 

Key:where R1 (I2 + H2O), TS1 and P1 (HOI + HI) are reactants, transition states respectively for the first step; 

while R2 (HOI+ Fruc) and R3  (B int) are reactants, TS2 (A) and TS3 (C) are transition states, int. (B) and int.2 

(D) were intermediates in second and third steps, respectively. P3 (E + HOI) are the final products of the 

reaction. 
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Figure 4.33: Energy profile of the oxidation of D-fructose by iodine according to the 

 PM3 studies proposed mechanism 

Key:where R1 (I2 + H2O), TS1 and P1 (HOI + HI) are reactants, transition states respectively for the first step; 

while R2 (HOI+ Fruc) and R3  (B int) are reactants, TS2 (A) and TS3 (C) are transition states, int. (B) and int.2 

(D) were intermediates in second and third steps, respectively. P3 (E + HOI) are the final products of the 

reaction. 
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Figure 4.34: Energy profile of the oxidation of hydrazine / hydrazinium ion by iodine 

 according to the route 1 proposed mechanism 

Key:  where R1 (H2O + Hyd
+
) and P1 (H3O

+
 + Hyd) are all the reactants and products for step 1. TS1, TS2 and 

TS3A are the three transition states for route I.. R2A (I2 + Hyd) and P2A (Int + 2HI) are the respective reactants 

and products of step 2. R3A (Int + I2) and P3A (N2 + 2HI) are the respective reactants and products of step 3. 
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Figure 4.35: Energy profile of the oxidation of hydrazine / hydrazinium ion by iodine 

 according to the route II proposed mechanisms 

Key:  where R1 (H2O + Hyd
+
) and P1 (H3O

+
 + Hyd) are all the reactants and products for step 1. TS1 and TSB are 

the two transition states for route II. RB (2I2 + Hyd) and PB (N2 + 4HI) are the respective reactants and products 

of step 2.  
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Figure 4.36: Energy profile of the oxidation of hydrazine / hydrazinium ion by iodine 

 according to the route III proposed mechanisms 

Key:  where R1 (H2O + Hyd
+
) and P1 (H3O

+
 + Hyd) are all the reactants and products for step 1. TS1 and TSC are 

the two transition states for route III.  RB (2I2 + Hyd) and PB (N2 + 4HI) are the respective reactants and products 

of step 2.  
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Figure 4.37: Energy profile of the oxidation of hydrazine / hydrazinium ion by iodine 

 according to the route IV proposed mechanisms 

Key:  where R1 (H2O + Hyd+) and P1 (H3O+ + Hyd) are all the reactants and products for step 1. TS1, TSD 

and TSE are the three transition states for route IV; while RD (2I2 + 2H2O) and PD (2HOI + 2HI), respective 

reactants and products of step 2.  RE (2HOI + Hyd) and PE (N2 + 2H2O + 2HI) were the respective reactants 

and products of step 3. 
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4.6 Proposal of More Plausible Mechanisms for the Biomolecules - Iodine Reaction 

 Systems 

 

4.6.1  More Plausible Mechanisms for Reaction of 1,2-Diphenylhydrazine – Iodine 

 Reaction  System According to the Chain Multi Step  and Cyclic Mechanism 

 

 

Scheme 4.1: Proposed multi-step mechanism for the 1,2-diphenylhydrazine reaction 

with iodine 
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Scheme 4.2: The one-step mechanism with cyclic activated complex for the 1,2- 

 diphenylhydrazine  reaction with iodine 
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4.6.2 More Plausible Mechanisms for Reactions of L-Tyrosine – Iodine Reaction System  

  

 

 

 

Scheme 4.3:  The reaction mechanism of L-tyrosine as modified by this study 
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4.6.3 More Plausible Mechanisms for Reaction of L-Ascorbic Acid – Iodine 

Reaction System 

 

 

 

 

Scheme 4.4: The one-step reaction mechanism via the cyclic activated complexfor the 

 L-ascorbic acid reaction with iodine 
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Scheme 4.5: The two-steps reaction mechanism for the L-ascorbic acid reaction with 

 iodine  
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4.6.4 More Plausible Mechanisms for Reaction of D-Fructose – Iodine Reaction System  

 

 

Scheme 4.6: Proposed reaction mechanism for the oxidation of D-fructose with iodine. 
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4.6.5  More Plausible Mechanisms for Reactions of Hydrazine / Hydrazinium Ion – 

 Iodine Reaction System According to the DFT Methods for Routes 1 - 4, 

 respectively 

 

 

Scheme 4.7: The first proposed mechanism for the hydrazine / hydrazinium ion reaction 

 with iodine (Route I) 
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Scheme 4.8: The second proposed mechanism for the hydrazine / hydrazinium ion 

 reaction with iodine (Route II) 
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Scheme 4.9: The third proposed mechanism for the hydrazine / hydrazinium ion 

 reaction with iodine (Route III) 

 

 

 

 

 

 

 

 

 



153 
 

 

 

Scheme 4.10: The fourth proposed mechanism for the hydrazine / hydrazinium ion 

 reaction with iodine (Route IV) 
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CHAPTER FIVE 

5.0 DISCUSSION 

5.1  Geometry Optimization of Reactants, Activated Complexes, Intermediates and 

 Products 

Geometry optimization of the reactants, intermediates, transition states and products  

 in the 1,2-diphenylhydrazine,   L-tyrosine,  D-ascorbic acid,  D-fructose  and hydrazine / 

hydrazinium ion reaction systems with iodine were executed. The geometry optimizations 

of these species were successfully completed.The geometries of the reactants, transition 

states, intermediate and products were optimized using molecular mechanics to remove strain 

energies.  This was followed by semi empirical optimizations at AM1, MNDO and PM3 

theory levels. Finally, DFT Becke‘s three parameter nonlocal exchange functional with the 

nonlocal correlation functional of Lee,Yang,Parr (B3LYP) with 6-311+G** basis set 

calculations was  employed  (Stewart, 1986; 2007; Zhang and Hase, 2010).   

 

The optimized geometries of the reactants, intermediates, transition states and products are sh

own in Figure 4.1 for the 1,2-diphenylhydrazine – iodine reaction system. Figure 4.2 is 

for the   L-tyrosine – iodine reaction system, Figure 4.3 for the   D-ascorbic acid– iodine 

reaction system, Figure 4.4 for the   D-fructose– iodine reaction system and Figure 4.5 for the 

  hydrazine/ hydrazinium ion – iodine reaction system.  

 

5.2  Mapped and Calculated HOMO and LUMO of Reactants 

Chemists have developed a variety of methods for describing electrons in molecules. Lewis 

structures are the most familiar. These drawings assign pairs of electrons either to single 

atoms (lone pairs) or pairs of atoms (bonds). The quantum mechanical equivalents are atomic 

and molecular orbitals which arise from solution of (approximate) Schrödinger equations for 

atoms and molecules, respectively, (Spartan, 2014). Molecular orbitals are spread throughout 



155 
 

the entire molecule, that is, they are delocalized. Because of this, they are typically more 

difficult to interpret than Lewis structures (Spartan, 2014). 

 

Molecular orbitals provide important clues about chemical reactivity. The Spartan-generated 

images (Figures 4.6 – 4.10) depict the same orbital as a surface of constant value. The surface 

is accurate in that it is derived from an authentic (but approximate) calculated solution to the 

quantum mechanical equations of electron motion. Equally important, the images are three-

dimensional, and can be manipulated and looked at from a variety of different perspectives. 

Note that an orbital surface actually consists of two distinct surfaces represented by different 

colours (Spartan, 2014). They identify regions where the orbital takes on a significant value, 

either positive (blue) or negative (red). The orbital node is not shown, but we can guess that it 

lies midway between the two surfaces (this follows from the fact that the orbital‘s value can 

only change from positive to negative by passing through zero). 

  

Atomic orbitals (descriptions of atoms) are the fundamental building blocks from which 

molecular orbitals (descriptions of molecules) are assembled. The familiar atomic orbitals for 

the hydrogen atom are, in fact, exact solutions of the Schrödinger equation for this one-

electron system (Lynam et al., 1998). They form an infinite collection (a complete set), the 

lowest-energy member representing the best location for the electron, and higher-energy 

members representing alternative locations. Orbitals for real many-electron atoms are 

normally assumed to be similar in form to those of hydrogen atom, the only difference being 

that, unlike hydrogen, more than the lowest-energy atomic orbital is utilized. In practical 

quantum chemical calculations, atomic orbitals for many-electron atoms are made up of sums 

and differences of finite collection of hydrogen-like orbitals (Lynam et al., 1998). 
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The plots of the HOMO and LUMO of iodine are shown in Figure4.6a and 4.6b. It could be 

seen that the frontier electron densities of both HOMO and LUMO orbitals are on the two 

atoms that formed the iodine molecule.Specifically, HOMO and LUMO 

levels determine how a chemical molecule shares its valence electron in the occupied 

molecular orbitals and donates (or accepts) electrons to ligand, and thus the HOMO-LUMO 

energy gap has been suggested as an indicator of the stability of molecules 

(Lynam et al., 1998). The HOMO-LUMO energy gap, (ΔE= -3.09 eV) is smaller than all the 

HOMO-LUMO gaps in the other bio substrate reactants. This value showed that, compared to 

the other reactants,the iodine molecule would be a better electron donor than the others, 

according to Fukui‘s frontier orbital theory(Fukui,1964; 1974; 1982;Ya-Yin Fang, 2002). 

 

The plots of the HOMO and LUMO of 1,2-diphenylhydrazine are also shown in Figure4.6a 

and 4.6b.The HOMO-LUMO energy gap, (ΔE= -8.57 eV), of the 1,2-diphenylhydrazine is 

larger than that of the iodine molecule. This would make the 1,2-diphenylhydrazine as the 

electron acceptor, or, the reductant. 

 

The plots of the HOMO and LUMO of L-tyrosine are shown in Figure 4.7. It  could be  seen  

that  the frontier electron densities  of atoms C4 and C6 in both HOMO and LUMO orbitals  

are   larger   than those  of  the  other  atoms. These, according to Fukui‘s frontier orbital 

theory(Fukui, 1964; 1974; 1982; Ya-Yin Fang, 2002), coupled with the fact that these same 

atoms carried the most negative charges were pointers to their being the most capable 

reactive site in the molecule. In addition, the bonding contribution of LUMO (-0.09 eV) for 

bond cleavage was smaller than that of HOMO (-9.39 eV)   for   bond   formation; thus it 

showed that there would be bond formation between L-tyrosine and the other molecules. The 

HOMO-LUMO energy gap, ΔE, of L-tyrosine is -8.57 eV.This may also indicate that the 
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substitution reaction occurred by the associative interchange (Ia) mechanism, as there were 

both bond breakage and bond formation, with the bond formation dominating (Housecroft 

and Sharpe, 2008). 

 

TheHOMO and LUMO plot for D-ascorbic acid is as shown in Figure 4.8. The most reactive 

sites are C3, C4, O3, and O4. The HOMO-LUMO energy gap, ΔE, of D-ascorbic acid is -

9.13 eV. 

 

The plots of the HOMO and LUMO of D-fructose are shown in Figure 4.9.  It could be seen 

that the HOMO and LUMO are centered on atoms C2, C3, O2, H5 and H8 of the optimized D-

fructose molecule. These, according to Fukui‘s frontier orbital theory (Fukui, 1964, 1982; 

Fang, 2002), were pointers to their being the most capable reactive site in the molecule. In 

addition, the bonding contribution of LUMO (-10.74 eV) for bond cleavage is smaller than 

that of HOMO (-0.09 eV)   for   bond   formation, while the HOMO-LUMO energy gap, ΔE, 

is -10.69 eV. 

 

The plots of the HOMO and LUMO of hydrazine / hydrazinium ion are shown in Figure 4.10. 

The HOMO-LUMO energy gaps for hydrazine and hydrazinium ion are -9.06 eV and -9.13 

eV, respectively.  Both values are larger than the energy gap for iodine, the electron donor.   

  

The trends in the E HOMO, E LUMO and ΔE for the iodine molecule and the bio molecules 

were as expected, with that of iodine (the oxidant) being the least and those the bio substrates 

(the reductants) being larger. 
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5.3  Searched Transition States and Intermediates 

The energy of a molecule depends on its geometry. Even small changes in structure can lead 

to quite large changes in total energy.Proper choice of molecular geometry is therefore quite 

importantin carrying out modeling studies. Experimental geometries, whereavailable, would 

certainly be suitable. While experimental equilibriumgeometries are available for many stable 

molecules, the problem is that, many more have not been determined (Spartan, 2014). Also, 

experimentaldata for reactive or otherwise short-lived molecules are scarce, and data for 

transition states are completely lacking. In the final analysis,there is no alternative to 

obtaining geometries from calculation.Fortunately, this is not difficult, although it may be 

demanding interms of computer time. 

 

Determination of geometry (geometry optimization) is an iterativeprocess. The energy and 

energy gradient (fist derivative of the energywith respect to all geometrical coordinates) are 

calculated for theinitial geometry, and this information is then used to project a newgeometry 

(Spartan, 2014). This process continues until three criteria are satisfied.First, the gradient 

must closely approach zero. This ensures that theoptimization is terminating in a flat region 

of the potential surface(either the bottom of energy well in the case of equilibriumgeometry 

or the top of an energy hill in the case of transition-stategeometry). Second, successive 

iterations must not change anygeometrical parameter by more than specified (small) value. 

Third,successive iterations must not change the total energy by more thana specified (small) 

value. 

  

Chemists recognize a transition state as the structure that lies at thetop of a potential energy 

surface connecting reactant and product (Figures 4.21 - 4.37 in section 4.5 on potential 

energy surfaces).More precisely, a transition state is a point on the potential energy surface 
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for which the gradient is zero, but for which the diagonal representation of the Hessian has 

one and only one negative element, corresponding to the reaction coordinate (Spartan, 2014). 

All the other elements are positive. In other words, a transition state is a structure that is an 

energy minimum in all dimensions except one, for which it is an energy maximum. 

Mathematically, such a structure is referred to as a fist-order saddle point(Spartan, 2014; 

Lynam et al., 1998). 

 

5.3.1   Transition States and Intermediates for 1,2-Diphenylhydrazine – Iodine Reaction 

 System 

Geometry optimization of the reactants, intermediates, transition states and products in the 1,

2-diphenylhydrazine reaction with iodine was executed. For the for 1,2-diphenyl hydrazine – 

iodine reaction system, two reaction pathways were proposed. Two transition states, TS1 and 

TS2were found for route 1, while one transition state, TS*, was found for the second route. 

The transition states are provided in Figure 4.11. All the transition states were found to 

occupy saddle points on the potential surface diagrams (Figures 4.21- 4.24).  They were also 

confirmed by animating the vibration corresponding to the reaction coordinate by selecting 

the imaginary frequency at the top of the list of frequencies on the IR 

tab.The computed heat of formation (total electronic energy for DFT) of the intermediates 

and transition states together with those of other optimized structures were evaluated and 

presented in Tables 4.1and 4.2.      

 

5.3.2 Transition States and Intermediates for L-Tyrosine – Iodine Reaction System 

For theL-tyrosine – iodine reaction system, five transition states, TS1, TS2, TS3, TS4and TS*, 

were found.  The transition states are provided in Figure 4.12.All the transition states were 

found to occupy saddle points on the potential surface diagrams (Figures 4.25- 4.27).   Only  

the  transition   state production  and  the  values  of the  active  energies  can really  reveal  
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whether  the  reactions  occur  or  not  and also   how  they   occur  if  they   do.  In order to  

better understand  the  mechanism,  dynamic  calculations of the  transition state  was  also  

investigated. The bond lengths of C6-I, C6-H and C4-H (the reactive sites) of the various 

optimized transition states (Aghaieet al., 2008) were examined to see if there were any 

differences. 

 

The bond lengths for C6-H and C4-H in the optimized L-tyrosine are 1.091 and 1.090, 

respectively, while all the other C-H bond lengths are 1.092 (Table 4.7). In the activated 

complex, TS2, the bond lengths for C6-H and C4-H, increased from 1.091 and 1.090 to 1.126 

and 1.105, respectively, thus indicating that the respective H-atoms were pushed further away 

from the respective C-atoms, ready to be replaced by incoming substituent. On the other 

hand, the same C-H bond lengths under consideration in TS2, TS3 and TS4 remained 

unaffected. Also, considering theC6-I bond lengths in TS1, TS2, TS3, and TS4,respectively, TS2 

had the shortest bond length, and that also showed that the C-I bond in TS2 was more 

stabilized than in the others. 

 

5.3.3 Transition States and Intermediates for L-Ascorbic Acid – Iodine Reaction 

 System 

Geometry optimization of intermediates and transition states as well as reactants 

and products in the L-ascorbic acid reaction with iodine was executed.For theL-ascorbic – 

iodine reaction system, two reaction pathways were proposed. One transition state, TS1, was 

found for route 1, while two transition states, TSB1 andTSB2, were found for the second route. 

The transition states are provided in Figure 4.13.All the transition states were found to 

occupy saddle points on the potential surface diagrams (Figures 4.28- 4.31). They were also 

confirmed by animating the vibration corresponding to the reaction coordinate by selecting 

the imaginary frequency at the top of the list of frequencies on the IR tab.The heat of 
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formation (total electronic energy for DFT) at standard condition of 1 atmosphere and 

298.15K were evaluated and presented together with other thermodynamic parameters in 

Table 4.8 for DFT studies route 1; Table 4.9 for DFT studies route 2; and Table 4.11 for the 

PM3 studies for both routes 1 and 2. The activation parameters are given in Tables 4.10 and 

4.12, respectively. 

 

5.3.4 Transition States and Intermediates for D-Fructose– Iodine Reaction System 

For the D-fructose– iodine reaction system, three transition states, TS1, TS2, and TS3. One 

intermediate, Int, was also found. The transition states and the intermediate are provided in 

Figure 4.14. All the transition states were found to occupy saddle points on the potential 

surface diagrams (Figures 4.32 and 4.33).  They were also confirmed by animating the 

vibration corresponding to the reaction coordinate by selecting the imaginary 

frequency at the top of the list of frequencies on the IR tab. The computed heat of formation (

total electronic energy for DFT) of the intermediates and transition states together with those 

of other optimized structures were evaluated and presented in Tables 4.14 – 4.17.      

 

5.3.5 Transition States and Intermediates for Hydrazine/Hydrazinium Ion– Iodine 

 Reaction System 

For thehydrazine/hydrazinium ion – iodine reaction system, four reaction pathways were 

proposed. A total of seven transition states, TS1, TS2A,TS3A,TSB,TSC, TSD and TSE, were 

found for the various four routes. One intermediate, Int, was also found. The transition states 

and the intermediate are provided in Figure.15. All the transition states were found to occupy 

saddle points on the potential surface diagrams (Figures 4.34- 4.37).   They were also 

confirmed by animating the vibration corresponding to the reaction coordinate by selecting 

the imaginary frequency at the top of the list of frequencies on the IR tab. The computed heat 

of formation (total electronic energy for DFT) of the intermediates and transition states 
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together with those of other optimized structures for the various routes proposed were 

evaluated and presented in Tables 4.18 – 4.22. 

 

5.4  Calculation of Thermodynamics, Molecular and other Physico-chemical 

 Properties of Reacting Species and Products 

In addition to molecular geometry, the energy is one of the most important quantities to come 

out of molecular modeling. Energy can be used to reveal which of several isomers is most 

stable, to determine whether a particular chemical reaction will have a thermodynamic 

driving force (an exothermic reaction) or be thermodynamically uphill (an endothermic 

reaction), and to ascertain how fast a reaction is likely to proceed (Spartan, 2014). 

 

There is more than one way to express the energy of a molecule. Mostcommon to chemists is 

the heat of formation, ∆Hf. This is the heatof a hypothetical chemical reaction that creates a 

molecule from thewell defied (but arbitrary) standard states of each of its constituentelements 

(Spartan, 2014;Smith and Sutcliffe, 1997). 

 

An alternative, total energy is the heat of a hypothetical reaction thatcreates a molecule from 

a collection of separated nuclei and electrons.Like the heat of formation, total energy cannot 

be measured directly,and is used solely to provide a standard method for expressing 

andcomparing energies. Total energies are always negative numbers and,in comparison with 

the energies of chemical bonds, are very large.By convention, they are expressed in so-called 

atomic units* or au (1 au = 2625 kJ/mol),but may be converted to other units as desired 

(Spartan, 2014). 

5.4.1 1,2-Diphenylhydrazine – Iodine System 

Geometry optimization of the reactants, intermediates, transition states and products in the 1,

2-diphenylhydrazine reaction with iodine was executed. The geometry optimizations 
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of all the species were successfully completed. The optimized geometries of the reactants,inte

rmediates, transition states and products are shown in Figure 4.1and the computed heat of 

formation (total electronic energy for DFT) were evaluated and presented in Table 4. 1.   The 

activation parameters are as shown in Table 4.2.   

 

5.4.1.1 Charge Distribution, Bond Length and Exposed Surface Area of 

 1,2-diphenylhydrazine  

The starting 1,2-diphenylhydrazine  molecule was optimized. The conformation with the 

lowest energy was optimized and calculated using the PM3 and DFT methods. The oxidation 

of 1,2-diphenylhydrazine  by the various groups previously reported (Whalleyet 

al.,1956;May and Halpern, 1961;Sengupta and Sen, 1979;  Kellyet al., 1994; Jia et al, 2000) 

showed that hydrogen (H
+
) ions were abstracted from the ascorbic acid molecule. The 

identity numbers of all the atoms of the 1,2-diphenylhydrazine  molecule are labelled as in 

Figure 4.16.  

  

Molecular information such as how all the 12 hydrogen atoms were bonded (either as C-H or 

N-H), their bond lengths, the exposed surface areas of various  hydrogen atoms available for 

reactions were obtained and presented in Table 4.3. 

 

Among the 12 hydrogen atoms of the 1,2-diphenylhydrazine  molecule, H1,H2, H3, H4,H5 

H6, H9, H10, H11and H12 were bonded to carbon atoms while H7 and H8 were bonded to 

nitrogen atoms. The bond lengths of all the C-H bonds (ranging from 1.094 – 1.098Ǻ) were 

longer than the N-H bonds (ranging from 0.998 – 1.000Ǻ). However, these hydrogen atoms 

bonded to nitrogen atoms had the largest exposed surfaces of 8.08Ǻ
2
 and 6.56Ǻ

2
. The 

hydrogen atoms bonded to carbon atoms all have smaller exposed surface areas ranging from 

5.44 – 5.46Ǻ
2
. The large exposed surfaces of the 2 hydrogen atoms attached to nitrogen 
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centres showed that these atoms were active hydrogen atoms and can react easily (Ya-Yin, 

2002). In addition, the bonding contribution of LUMO -0.05eV) for bond cleavage was 

smaller than that of HOMO (-8.62eV)   for   bond   formation; thus it showed that there was 

bond formation between 1,2-diphenylhydrazine  molecule and the electrophiles. 

 

5.4.2 L-Tyrosine – Iodine System 

Geometry optimization of the reactants, intermediates, transition states and products in the    

L-tyrosine reaction with iodine was executed. The geometry optimizations of all these species 

were successfully completed and the heat of formation at 298.15K (total electronic energy for 

DFT) were evaluated and presented together with other activation parameters in Tables 4.4 

and 4.5. 

  

If the heat of formation of the various optimized transition states as proposed by Aghaieet al. 

(2008) were considered, TS1 has the least enthalpy of formation(932.15 kJ/mol), followed by 

TS2 with 1001.15 kJ/mol, TS4 with 1095.16 kJ/mol and  TS3 with 1204.04 kJ/mol  according 

to the PM3 calculations (Table 4.4). The trend with the DFT calculations was not quite 

different only that TS2 was most favoured and was therefore, the most stabilized of the four 

possible transition states (TS1-TS4). The potential energy surface diagrams (Figures 4.25 - 

4.27) showed the energy profiles of the optimized reacting species, where R1 were the 

reactants in step 1, with TS1-4  as the possible transition states and P1, the products of the 

same step; whereasR2, TS* and P2 were the reactants, transition state and products of the 

second step respectively.  

  

Figure 4.25 showed TS1-4 as saddle points as expected but unfortunately failed to do for TS*. 

This showed the deficiency of the semi empirical calculations. Figure 4.26 was able to show 
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TS1-4 and TS* as saddle points as expected because of the accuracy of the DFT calculations. 

For the DFT calculations, total electronic energies for the various species (R2 = -56150904.97 

kJ/mol, TS* = -56143919.32 kJ/mol and P2 = -56147384.02 kJ/mol) were close but that of 

TS* was still slightly higher. 

 

5.4.2.1 Charge Distribution, Bond Length and Exposed Surface Area of L-Tyrosine 

The starting L- tyrosine molecule was optimized. The conformation with the lowest energy 

was optimized and calculated using the PM3 method.  Then molecular information such as 

net charges, electron density, molecular orbital energies were obtained. The identity numbers 

of all non-hydrogen atoms of the conformer compound were labelled as in Figure 4.17. 

  

The more negative charges that an atom possesses, the more the ability of the atom to react 

with electrophiles. On the other hand, the more positive charges that an atom possesses, the 

more the capacity of the atom to react with nucleophiles or nucleophilic reagents. In this 

work, the net charges as well as the exposed areas of non-hydrogen atoms of the reactant,    

L- tyrosine, were shown in Table 4.6. Atoms C1, C3, C4, C6, C7, O1, N1, O2 and O3, possessed 

more negative charges, while C2, C5, C8 and C9 possessed more positive charges. Among 

these, atoms C4, C6, N1, O1, O2 and O3 possessed the most net charges and were capable 

reactive sites. Because atoms N1 of the amino group, O1 of the hydroxyl group, and O2, O3 of 

the carboxyl group can be stabilized or be made inactive when they form zwitters, they have 

not been considered (LalooandMahanti, 1990;Giuliviand Davies, 2001;Falleret al.,2002; 

Malikaetal., 2010; Trouillaset al., 2010). Amino acids with aromatic side chain were oxidized 

more rapidly than the alkyl side chain amino acids. Thus, atoms C4 and C6 were the reactive 

sites. The calculated exposed areas of the atoms as captured in Table 4.6 also showed atoms 

C4 and C6 presented more surfaces for reactivity (Spartan, 2003). 
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5.4.3 L-Ascorbic Acid – Iodine System 

Geometry optimization of the reactants, intermediates, transition states and products in the   

ascorbic acid reaction with iodine was executed. The geometry optimizations of all these 

species were successfully completed and the heat of formation (total electronic energy for 

DFT) at standard condition of 1 atmosphere and 298.15K were evaluated and presented 

together with other thermodynamicparameters in Table 4.8 for DFT studies route 1; Table 4.9 

for DFT studies route 2; and Table 4.11 for the PM3 studies for both routes 1 and 2. Tables 

4.10 and 4.12 showed the results of the activation parameters according to the DFT and PM3 

methods, respectively. 

 

5.4.3.1 Charge Distribution, Bond Length and Exposed Surface Area of L-Ascorbic 

 Acid 

The starting ascorbic acid molecule was optimized. The conformation with the lowest energy 

was optimized and calculated using the PM3 method. The oxidation of ascorbic acid by the 

various groups previously reported (Morelli, 1976; Rahmawati and Bundjali, 2009; 

Canterbury, 2014) showed that hydrogen (H
+
) ions were abstracted from the ascorbic acid 

molecule. The identity numbers of all the atoms of the Ascorbic acid molecule labelled as in 

Figure 4.18.  

Molecular information such as how all the eight hydrogen atoms were bonded (either as C-H 

or O-H), their bond lengths, the exposed surface of various  hydrogen atoms available for 

reactions were obtained and presented in Table 4.13. 

 

Among the eight hydrogen atoms of the ascorbic acid molecule, H1, H3, H5 and H6 were 

bonded to oxygen atoms while the rest were bonded to carbon atoms. The bond lengths of all 

the C-H bonds were longer than the O-H bonds. But of all the O-H bonds, H1 and H3 had the 

longest bond lengths of 0.951Ǻ and 0.950Ǻ respectively. These same hydrogen atoms had the 
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largest exposed surfaces of 8.05Ǻ and 8.06Ǻ. The large exposed surfaces of these 2 hydrogen 

atoms showed that these atoms were active hydrogen atoms and can react easily (Ya-Yin, 

2002). In addition, the bonding contribution of LUMO (-0.52eV) for bond cleavage was 

smaller than that of HOMO (-9.65eV)   for   bond   formation; thus it showed that there was 

bond formation between ascorbic acid molecule and the electrophiles. 

 

5.4.4 D-Fructose – Iodine System 

Geometry optimization of the reactants, intermediates, transition states and products in the   

D-fructose reaction with iodine was executed. The geometry optimizations of all these 

species were successfully completed and the heat of formation at 298.15K (total electronic 

energy for DFT) were evaluated and presented together with other thermodynamic and  

activation parameters in Tables 4.14 and 4.15 for the DFT optimization and Tables 4.16 and 

4.17 for the semi-empirical PM3 optimization. 

 

Looking at the respective values of TS1, TS2 and TS3 for the DFT studies in Table 4.14, it was 

clear they were true transition states, and these were confirmed by vibrational analysis 

studies. However, for the less accurate semi-empirical PM3 method, it was only TS1 that was 

observed to be a true transition state. Plots of the potential energy surface profiles as shown 

in Figures 4.32 and 4.33, respectively, clearly showed the TS1, TS2 and TS3 for theDFT 

studies were true saddle points. But as expected, and as pointed out above, only TS1, for 

thePM3studies was a saddle point. 

 

5.4.4.1 Charge Distribution, Bond Length and Exposed Surface Area of D-Fructose 

The starting D-fructose molecule was optimized. The conformation with the lowest energy 

was optimized and calculated usingsemi-empirical PM3 and the DFT methods. Molecular 
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information such as net charges, electron density, molecular orbital energies were obtained. 

The identity numbers of all non-hydrogen atoms of the conformer compound were labeled as 

in Figure4.19. 

 

The more negative charges that an atom possesses, the more the ability of the atom to react 

with electrophiles. On the other hand, the more positive charges that an atom possesses, the 

more the capacity of the atom to react with nucleophiles or nucleophilic reagents. In this 

study, the net charges as well as the exposed areas of non-hydrogen atoms of the reactant, D-

fructose, were shown in Table 4.18. Among the carbon atoms C1 and C6 have the largest 

exposed surface areas followed by C2, C3, C4 and C4 in that respective order. But C2 has the 

largest net atomic charges of 0.551, with C1andC2, having the least values. The possession of 

large exposed surface area coupled with large net atomic charges would make C2a reactive 

site for nucleophilic attack. All the six oxygen atoms have negative net atomic charges, with 

O2attached to C2 having the least negative charge of -0.516 and a relatively large exposed 

surface area of 11.89 Ǻ
2
. This also makesO2a capable reactive site. Analyses of the hydrogen 

atoms‘ exposed surface areas and net atomic charges showed thatH5 attached to C3and 

H8attached toC4 were the most active hydrogen atoms. Thus, the calculated exposed areas and 

the net atomic charges of the atoms showed atoms C2,O2, H5andH8 were the most reactive 

sites of the optimized D-fructose molecule. Thisinformation was then used in proposing a 

mechanism for the reaction. 

 

5.4.5 Hydrazine / Hydrazinium Ion – Iodine System 

Geometry optimization of the reactants, intermediates, transition states and products in the   

hydrazinium ion reaction with iodine was executed. The geometry optimizations of all these 

species were successfully completed and the heat of formation (total electronic energy for 
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DFT) at standard condition of 1 atmosphere and 298.15K were evaluated and presented 

together with other thermodynamic parameters in Tables 4.19 for route 1, Table 4.20 for 

route 2, Table 4.21 for route 3 and Table 4.22 for route 4. Tables 4.23 and 4.24 contained the 

activation parameters for the various routes.  

 

In all the four routes proposed, the first step always started by the hydrolysis of the 

hydrazinium ion or abstraction of hydrogen ion by water to yield hydrazine. In fact, the 

abstraction of hydrogen ion or the hydrolysis of hydrazinium ion by water to yield hydrazine 

has been reported by several authors (Sisler et al., 1957; Barca et al., 1967; Jia et al., 2000). 

 

5.4.5.1 Charge Distribution, Bond Length and Exposed Surface Area of 

 Hydrazine/Hydrazinium Ion  

The starting hydrazine molecule and hydrazinium ionwere optimized. The conformations 

with the lowest energies were optimized and calculated using the DFT method. Molecular 

information such as net charges, electron density, molecular orbital energies were obtained. 

The identity numbers of all atoms of the conformers were labelled as in Figure 4.20 

. 

The more negative charges that an atom possesses, the more the ability of the atom to react 

with electrophiles. On the other hand, the more positive charges that an atom possesses, the 

more the capacity of the atom to react with nucleophiles or nucleophilic reagents. In this 

study, the net charges as well as the exposed areas of hydrogen atoms of the reactants, 

hydrazine molecule and hydrazinium ion, were shown in Table 4.25. 

 

The hydrazine molecule has four hydrogen atoms attached to two different nitrogen atoms 

(Figure 4.20). The bond lengths of each of the four N-H bonds were calculated as 0.998 Ǻ. 

The four hydrogen atoms have exposed surface areas of 9.09 Ǻ
2
 each. The hydrazinium ion, 

on the other hand, has five hydrogen atoms attached to two nitrogen atoms (Figure 4.20). The 
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N-H bond lengthfor H1 and H5 were calculated as 1.026Ǻ each, while those for H2, H3 and 

H4 were obtained as 1.016Ǻ each. The exposed surface areas of the five hydrogen atoms also 

followed the same pattern of their bond lengths, with H1 and H5 having the largest exposed 

areas of 9.38 Ǻ
2 

while the rest have 9.30Ǻ
2
 each. 

  

Sengupta and Sen (1979) and others (Jia et al., 2000; Mshelia et al., 2010) have reported that 

hydrazine and hydrazinium ion are known to be powerful reducing agents and are known to 

be oxidized to N2 gas. This information, together with the others, gathered from the molecular 

properties were used to propose mechanisms for the hydrazine / hydrazinium ion – iodine 

reaction systems. 

 

5.5 Construction of Potential Energy Surface Diagrams 

Potential energy surfaces are special cases of a general type of plot in which the 

variation in energy is given as a function of reaction coordinate.Such diagrams provide the 

essential connections between important chemical observables - structure, stability, reactivity 

and selectivity - and energy (Spartan, 2014, Jensen, 2007). 

 

The positions of the energy minima along the reaction coordinate give the equilibrium 

structures of the reactant and product. Similarly, the position of the energy maximum gives 

the structure of the transition state. Both energy minima (which correspond to stable 

molecules) and the energy maximum (which may correspond to a transition state) are well 

defined. However, the path connecting them (reaction coordinate) is not well defined, in the 

sense that there are many possible paths. Liken this to climbing a mountain. The starting and 

ending points are well defined as is the summit, but there can be many possible routes 

(Spartan, 2014; Norrby, 2000). 
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Equilibrium structure (geometry) may be determined from experiment,given that the 

molecule can be prepared and is sufficiently long-livedto be subject to measurement. On the 

other hand, the geometry ofa transition state may not be experimentally established. This 

issimply because a transition state is not energy well which cantrap molecules (Jensen, 2007; 

Olsen and Jensen, 2003). Therefore, it is impossible to establish a populationof molecules on 

which measurements may be performed. 

 

Both equilibrium and transition-state structures may be determinedfrom quantum chemical 

calculations. The fact that a molecule maynot be stable enough to be detected and 

characterized (or even exist) is not important.  Equilibriumand transition-state structures can 

be distinguished from one anothersimply by inspecting the shape of the potential energy 

surface in thevicinity of the structure (Spartan, 2014). A better (more general) indicator is the 

set of frequenciesassociated with the vibrational motions around the structure, the 

samequantities measured by infrared spectroscopy. Structures for which allfrequencies are 

real numbers correspond to stable molecules (energyminima), while structures which have 

one (and only one) vibrationalfrequency which is an imaginary number may be transition 

states (Jensen, 2007; Jensen, 1994; Menger and Sherrod, 1990).The coordinate (vibrational 

motion) associated with this imaginaryfrequency is the reaction coordinate. 

 

All the transition states in the schemes proposed in this work were found to be true transition 

states or activated complexes. They all have higher energies compared to other species in 

their respective elementary steps as can be seen in Tables 4.1 – 4.24.  They all occupied 

saddle points on scaled potential energy surface diagrams as drawn in Figures 4.21 – 4.37. 

The trueness of the transition states were also confirmed by animating the 
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vibrationcorresponding to the reaction coordinate by selecting the imaginary frequency at the 

top of the list of frequencies on the IR tab. 

 

5.6 Proposal of More Plausible Mechanisms for the Biomolecules - Iodine Reaction 

 Systems 

 

 

5.6.1   1,2-Diphenylhydrazine – Iodine Reaction system 

The outline of the published mechanism of the reaction of 1,2-diphenylhydrazine with iodine 

as given by May and Halpern (1961) is shown in scheme 5.1 for the chain multi-step 

mechanism.  

 

           ………. (5.1) 

           ……….. (5.2) 

        …………. (5.3) 

        ………….. (5.4) 

 

Scheme 5.1: Published multi-step mechanism for the 1,2- diphenylhydrazine  reaction 

  with iodine 

 

According to the mechanisms outlined above where AH2, is 1,2- diphenylhydrazine;  AH, a 

1,2-diphenyl-hydrazyl radical; A, the trans-1,2-diphenyldiazene (azobenzene); I2, iodine 

molecule; HI, hydrogen iodide and I, iodide ion,   the overall  equation of reaction should be 

as in (5.5) below, if equations 5.1-5.5 are summed up. 

  +   +                                                                        ..... (5.5) 

Whalley et al (1956), in their work, published a similar mechanism for the reaction of 1,2-

 diphenylhydrazine  with persulphate. However, these two separate studies by May and 

Halpern (1961) on the one hand, and Whalley et al (1956) on the other, gave stoichiometry 

equations of the type as in (5.6), which is not consistent with their given mechanisms. In fact, 
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it is this inconsistency observed that partly necessitate the re-investigation of this reaction 

system. 

  +                …..….. (5.6) 

Another study (Cao Xue, 1994) in which 1,2- diphenylhydrazine was oxidized by molecular 

oxygen was reported to show a stoichiometry similar to (5.6).  The equation is given in (5.7) 

below. 

  +                      ….….. (5.7)  

May and Halpern (1961) did provide an alternative one-step mechanism in which "cyclic‖ 

activated complex was formed which disproportionate to give products that are consistent 

with equation (5.6).  The authors (May and Halpern, 1961) were of the opinion that both the 

chain multi-step mechanism proposed in scheme 1 and the one step mechanism, as shown in 

equation (5.8) in scheme 5.2, were plausible mechanisms. It is this seeming inconsistency 

that informed the desire of this study to investigate whether the popular multi-step 

mechanism (Whalley et al., 1956; May and Halpern, 1961) or, the latter proposed one-step 

mechanism is the most plausible one; and/or if both routes are possible, which one would be 

the most favored? 

 

  +                  ….….. (5.8)  

 

 

Scheme 5.2: The published one-step mechanism with cyclic activated complexfor the 

  1,2- diphenylhydrazine  reaction with iodine 

 

According to the discussion that will follow on the basis of the semi-empirical calculations as 

well as the DFT calculations,  the mechanism shown in Scheme 4.1 for the chain  multi-step  
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mechanism is more plausible than the version published by May and Halpern (1961). Scheme 

4.1 can be presented in a simplified form as equations 5.9 through 5.11 

 
1 .

2 2
kAH I AH HI I

                                                             ………………. (5.9) 

2. .
2

k

slow
AH I A HI I

                                                            
………………. (5.10) 

3.
2 2 2k

fast
AH I A HI

                                                           
………………. (5.11) 

So that the overall equation of the reaction is as given in equation (5.12) 

       …………. (5.12) 

Or, as in (5.13) which is in agreement with (5.6) above. Equation (5.13) is also consistent 

with the mechanism proposed in this work. 

       ……………. (5.13) 

Step 1, (eq 5.9): The optimized 1,2-diphenylhydrazine (AH2) reacted with the iodine 

molecule (I2) to yield a 1,2-diphenylhydrazyl radical (AH
.
), hydrogen iodide (HI) and iodine 

radical (I
.
) via the transition state TS1.This step is in agreement with equation (1) proposed by 

May and Halpern (1961). 

  

Step 2, (eq 5.10): The optimized 1,2-diphenylhydrazyl radical (AH) reacted with another 

iodine molecule (I2) to give  trans-1,2-diphenyldiazene (A), the reported product of 1,2-

diphenylhydrazine oxidation via the transition state TS2. This step was the rate determining 

step, as shown by the high value of ΔHf(total electronic energy for DFT)in table 4.1. 

Equation (5.10) differed with equation (5.2) but rather agreed with equation (5.3).   

 

Step 3, (eq 5.11):Another optimized 1,2-diphenylhydrazine (AH2) reacted with iodine 

radicals produced in steps 1 and 2. This reaction was fast to yield another oxidation product, 
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trans-1,2-diphenyldiazene (A) plus two molecules of hydrogen iodide. The energy for the 

combination of two molecules 1,2-diphenylhydrazyl radicals (AH.), as reported by May and 

Halpern (1961) in equation (5.4), was very high in comparison to that required for 

equation(5.11) reported for this study. That means that the chain multi-step mechanism 

proposed in this work would be more favorable than the one proposed by May and Halpern 

(1961). 

  

The summation of equations (5.9), (5.10) and (5.11) gave (5.12), which was reduced to 

(5.13). Equation (5.13) is the exact stoichiometric equation for the oxidation of 1,2-

diphenylhydrazine as reported by previous works (Whalley et al., 1956; May and Halpern, 

1961;Kelly et al., 1994) but which was not consistent with the mechanisms they published. 

  

Figures 4.21 and 4.22  depicted the chain multi-step mechanism or, in  other words, the three 

steps mechanism of the oxidation of 1,2-diphenylhydrazine by iodine diagrammatically, as 

per the DFT and semi-empirical calculations respectively, with the positions of the various 

species (R, reactants; TS1-3, transition states and, P, products) indicated. From the scaled 

potential energy surface diagrams it was evident that step 2 was the rate determining step as 

shown by the high position of the transition state, TS2 in both diagrams. Based on the 

optimized geometries of the reacting species, an attempt was made to search the transition 

states in each of the steps 1, 2 and 3. Only one transition state was found for each step 

(transition state in Step 1:TS1 and in Step 2: TS2) as shown in Figures 4.21 and 4.22, and 

summarized in Table 4.1. Vibrational analysis confirmed that TS1 and TS2 were actually the 

transition state in each step, while TS3 was not a true transition state. The total electronic 

energies of TS1and TS2 were calculated to be -31,804,644.68 kJ/mol (-5,258.91 au) and -

19,669,188.83 kJ/mol (-7,493.02 au), respectively, for the DFT calculations while for the 
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semi-empirical calculations the heat of formation values were 1089.71 and 1766.33 kJ/mol, 

respectively. Based on the above results, the apparent activation energies for the steps 1 to 3 

were estimated by subtracting the ∆Hf(total electronic energy for DFT) of the starting 

geometry from that of the transition state in each step in order to determine the rate-

determining step. As shown in Figures 4. 21 and 4.22, it was found that the transition state 

TS2 had the largest ∆Hf(total electronic energy for DFT). Thus, the apparent activation energy 

for step 2 was estimated to be 18,163,700.93kJ/mol  (6,919.52 au) for the DFT estimations 

and 803.13kJ/mol for the MNDO estimations, whereas for step 1, it was found to be just 

6,029,888.15kJ/mol (2,297.10 au) or 23.06 kJ/mol, respectively. This clearly indicated that 

Step 1 proceeded very smoothly. On the other hand, in step 2, the activation energy was 

significantly large, 18,163,700.93kJ/mol (6,919.52 au) for DFT or 803.13 kJ/mol for semi-

empirical, in comparison with those in other steps. For step 3, true transition state was not 

found. 

  

For the one step mechanism (Scheme 4.2) in which "cyclic‖ activated complex was formed, 

the energy diagrams, according to the DFT and MNDO estimations for the reaction were as 

given in Figures 4.23 and 4.24. Based on the optimized geometries of the reacting species, an 

attempt was also made to search for the transition states, which was found and confirmed by 

vibrational analysis. The transition state, TS*, as optimized and shown in Figure 4.11, has the 

total electronic energy, estimated to be -37,824,591.91kJ/mol                 (-14,409.37 au) for 

the DFT calculations or heat of formation of 1,111.05 kJ/mol for the semi-empirical 

calculations, respectively. The apparent activation energy was estimated to be 9,940.92 

kJ/mol (3.79 au) for DFT or 44.40 kJ/mol for semi-empirical, thus indicating that the reaction 

could proceed smoothly too. In fact, the activation barrier of 9,940.92 kJ/mol (3.79 au) for 

DFT or 44.40 kJ/mol for semi-empirical, for the limiting step of the "cyclic‖ activated 
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complex mechanism was a pointer that this mechanism would be more favoured than the 

multi-step chain mechanism which had an activation barrier of 18,163,700.93kJ/mol 

(6,919.52 au) for DFT or 803.13 kJ/mol for semi-empirical, for the rate limiting step. 

 

5.6.2   L-Tyrosine – Iodine Reaction system 

The outline of the published mechanism of the oxidation of L- tyrosine with iodine as given 

by Aghaie et al (2008) is shown in scheme 5.3 below. Scheme 5.3 can be presented in a more 

simplified form as a two- steps reaction mechanisms as   in equations 5.16 and 5.17. 

2 [ ]I L Tyr TS MIT HI
   ……………….. (5.16)   

2 [ *]MIT I TS DIT HI
     ……………… (5.17) 

The stoichiometric equation of the reaction would, therefore, be as in equation (5.18). 

22 2L Tyr I DIT HI
             ……………….. (5.18). 

Aghaie et al. (2008) were of the opinion that the transition state, [TS], in equation (5.16) can 

exist as different equilibrium conformers represented as [TS1 –TS4] in scheme 5.3. It was the 

desire of this work to find out if all the conformers could exist, and if they do, which one 

would be the most favorable one energetically and thus, propose a mechanism based on this 

finding. 

 

Based on the discussion of the optimized L-tyrosine‘s activated C4 and C6, the net charges, 

electron density, molecular orbital energies, the heat of formation of the various proposed 

transition states (Tables 4.4 and 4.5) and their C4-H, C6-H, C6-I bond lengths (Table 4.7), it 

became obvious that TS2 was the most stabilized and favored transition state, and therefore, 

the reaction mechanism would be as given in the Scheme 4.3.   



178 
 

 

Scheme 5.3:  The reaction mechanism as proposed by Aghaie et al. (2008) 

 

The mechanism proposed in this study is not quite different from that proposed by Aghaie et 

al (2008). In fact, the only difference between the mechanism proposed here (Scheme 4.3) 
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and that proposed by Aghaie et al (2008) (Scheme 5.3) is that, this study was able to 

demonstrate that the reaction would likely to go through TS2instead of the other three 

proposed byAghaie et al (2008).   

 

5.6.3   L-Ascorbic Acid – Iodine Reaction system 

The outline of the published mechanism of the oxidation of ascorbic acid with iodine as given 

by several groups (Morelli, 1976; Rahmawati and Bundjali, 2009; Canterbury, 2014) is 

shown in Scheme 5.4 below.  

_

6 8 6 6 6 6 2 2C H O C H O H e
     ………… (5.22) 

_ _

2 2 2I e I
     ………….. (5.23) 

____________________________ 

_

6 8 6 2 6 6 6 2 2C H O I C H O H I
                 ……… (5.24) 

  

Scheme 5.4: The reaction mechanism of L-ascorbic acid as proposed by several groups 

  (Morelli, 1976; Rahmawati and Bundjali, 2009; Canterbury, 2014) 

The various groups have shown that reaction between ascorbic acid and iodine would yield 

dehydroascorbic acid with H
+ 

and I
-
 as byproducts. But both H

+ 
and I

-
 are very reactive 

species and would not remain as ions in the reaction medium. It is the desire of this work to 

find out if the fate of these ions could be account for or, if the mechanism presented in 

Scheme 5.4 could even be modified. Two proposed schemes were presented for this study in 

Scheme 4.4 and Scheme 4.5 as route 1 and route 2 for the DFT studies, respectively. The 

same reactions were also studied using semi-empirical PM3 method. 

 

Considering the structure of the optimized ascorbic acid molecule, the frontier molecular 

orbital studies, the bond length studies and the exposed surface areas studied there are two 
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possible schemes of writing the reaction mechanism. These were presented as route 1 

(Scheme 4.4) and route 2 (Scheme 4.5), respectively. 

 

5.6.3.1    Route I   

In route 1 the optimized ascorbic acid molecule reacted with an iodine molecule to 

form a cyclic activated complex, TS1, which on disproportionation, two hydrogen atoms were

 abstracted to give the products, a molecule of dehydroascorbic acid plus two molecules of 

hydrogen iodide.  Even though the calculations have shown the reaction mechanism of route 

1 is possible, it is doubted if the mechanism would be the most favoured pathway. This is 

because H1 and H3 of the optimized ascorbic acid molecule were trans- to each other and 

therefore, the possibility of the same molecule of iodine attacking the hydrogen atoms at the 

same time is very limited. The route I mechanism is as given in Scheme 4.4. 

 

5.6.3.2 Route II 

Route II described a two-step scheme in which the optimized ascorbic acid molecule reacted 

with two different iodine molecules to yield dehydroascorbic acid plus two molecules of 

hydrogen iodide and two iodine ions in the first step. In the second step, another ascorbic acid 

molecule reacted with the two iodine ions generated in the first step to yield another 

dehydroascorbic acid molecule plus two molecules of hydrogen iodide. The route II 

mechanisms seemed more feasible, especially as the two activated complexes TSB1 and TSB2 

were true transition states. They both occupied saddle points along the energy profile of the 

reactions. The transition states were also confirmed by animating the vibration corresponding 

to the reaction coordinate by selecting the imaginary frequency at the top of the list of 

frequencies on the IR tab. The route II mechanism was also given in scheme 4.5. 
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5.6.3.3 DFT Studies 

If the heat of formation of the various optimized reaction species for route 1were considered, 

the transition states, TS1, with total electronic energy of -38,125,652.92kJ/mol     (-14,524.06 

au) was observed to be a true transition state because its position was a saddle point on the 

scaled potential energy diagram of the reaction (Figure 4.28).  It was also confirmed by 

animating the vibration corresponding to the reaction coordinate by selecting the imaginary 

frequency at the top of the list of frequencies on the IR tab. The potential energy diagram 

(Figures 4.28) showed this vividly, where R1 were the reactants in route 1, with TS1 as the 

possible transition states and P1, the products of the same reaction. The reaction appeared to 

be exothermic with activation energy, Ea1, of 3,138.17kJ/mol (1.20 au). 

  

On the other hand, TSB1 and TSB2 were also transition states with heats of formation (total 

electronic energy) of -74,453,171.82kJ/mol (-28,363.11 au) and -38,125,681.68kJ/mol          

(-14,524.0 au), respectively, in the two-steps mechanism as proposed in route II.  TSB1 and 

TSB2 were real saddle points in the reaction. They were also confirmed by animating the 

vibration corresponding to the reaction coordinate by selecting the imaginary frequency at the 

top of the list of frequencies on the IR tab. The potential energy diagram (Figure 4.29) 

showed this vividly also. The second step for the 2-steps reaction was the rate determining 

step with an activation barrier or energy, EaB2, of 10,518.23kJ/mol (4.01 au). The first step 

had activation barrier or energy, EaB1,of only 3,151.35kJ/mol (1.20 au). 

 

5.6.3.4   Semi-Empirical PM3 Studies  

For the semi-empirical PM3 studies,if the heat of formation of the various optimized reaction 

species for route 1 were considered, the transition states TS1 with heat of formation of            

-462.29kJ/mol was observed to be a transition state because its position was a saddle point on 
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the scaled potential energy diagram of the reaction.  It was also confirmed by animating the 

vibration corresponding to the reaction coordinate by selecting the imaginary frequency at the 

top of the list of frequencies on the IR tab. The potential energy diagram (Figures 4.30) 

showed this vividly, where R1 were the reactants in route 1, with TS1 as the possible 

transition states and P1, the products of the same reaction.  

  

On the other hand, TSB1 and TSB2 were also transition states with heats of formation of           

-351.56 kJ/mol and -632.22kJ/mol, respectively, in the two-step mechanism as proposed in 

route 2.  TSB1 and TSB2 were real saddle points in the reaction. They were also confirmed by 

animating the vibration corresponding to the reaction coordinate by selecting the imaginary 

frequency at the top of the list of frequencies on the IR tab. The energy diagram (Figures 

4.31) showed this vividly also. 

5.6.4   D-Fructose – Iodine Reaction system 

The published mechanisms of the oxidation of sugar with different oxidants were varied. 

Odebunmi and Owalude (2008) gave the reaction products of their study of the oxidation of 

some simple reducing sugars by permanganate ion in alkaline medium as formic acid and 

lower sugars; Sengupta et al (2009) gave the reaction products as aldonic acids; Olusanya and 

Odebunmi (2013) reported the formation of enediol intermediate in the course of their 

reactions; while Mahmood et al(2009) also gave aldonic acid as the reaction product of the 

reaction of reducing sugars with iodine. 

  

Looking at the respective values of TS1, TS2 and TS3 for the DFT studies in Table 4.14, it was 

clear they were true transition states, and these were confirmed by vibrational analysis 

studies. However, for the less accurate semi-empirical PM3 method, it was only TS1 that was 

observed to be a true transition state. Plots of the potential energy surface profiles as shown 
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in Figures 4.32 and 4.33, respectively, clearly showed the TS1, TS2 and TS3 for the DFT 

studies were true saddle points. But as expected, and as pointed out above, only TS1, for the 

PM3 studies was a saddle point. 

 

Based on the discussion of the optimized D-fructose‘s activated atoms (C2 ,C3, O2,H5  and 

H8), their net charges, exposed surface, electron density, molecular orbital energies, and their 

heat of formation, as well as the determination of the various transition states and potential 

energy surface diagrams discussed in the previous sections, a plausible mechanism for the 

reaction was proposed as shown in Scheme 4.6. 

5.6.4.1 Step 1 

In step1, the optimized water molecule (H2O) reacted with iodine (I2) molecule to form a 

cyclic activated complex, TS1, which on disproportionation, gave hydrogen iodide (HI) 

and hypoiodous acid (HOI) as the products. Both DFT and PM3 studies showed that TS1 is a 

true transition state, which occupied a saddle point on the reaction coordinate. 

 

5.6.4.2 Step 2 

The hypoiodous generated in step 1 attacked the D-fructose molecule to form an activated 

complex TS2 (also represented as A), to yield an intermediate (Int), (also represented B). TS2 

(A), in the DFT studies, was confirmed as a true transition state but not in the PM3   studies. 

 

5.6.4.3.    Step 3 

Actually, steps 2 and 3 can be combined as a complex reaction step because, the intermediate 

(B), in step 2 was converted to a activated complex, TS3, ( otherwise represented as C) which, 

in turn, was transformed into another intermediate, D (Int.2), an enediol intermediate as 

reported in the work of Olusanya  and Odebunmi (2013)  which finally yielded the 
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products(E,4R,5R)-hex-2-ene-1,2,3,4,5,6-hexolrepresented (represented as  E) (Olusanya  

and Odebunmi, 2013) plus  a HOI molecule. The more accurate DFT method showed that all 

transition states occupied saddle points on the PES diagram (Figure 4.13) and the 

intermediates positions were troughs or valleys on the PES diagram. Unfortunately, the less 

accurate PM3 method was less exact in showing the true saddle points and valleys on the PES 

diagram (Figure 4.33). 

 

5.6.5   Hydrazine / Hydrazinium Ion – Iodine Reaction System 

The outline of the published mechanism of the oxidation of hydrazinium ion with iodine as 

given by several groups (Mshelia et al., 2010) is shown in scheme 5.5 below.  

 

2 5 2 4N H N H H
       ;… (5.30) 

2 4 2 2 2 4.N H I I N H
      .… (5.31) 

2 2 4 2. 4I N H N HI
       …. (5.32) 

2 5 2 2 2 5.N H I I N H
      … (5.33) 

2 2 5 2. 2 3I N H N HI H
      … (5.34) 

 

Scheme 5.5: The reaction mechanism as proposed by Mshelia et al (2010) 

 

Mshelia et al (2010) gave the stoichiometry of their reaction as equation (5.35) below. 

2 5 2 22 4N H I N HI                                                                       … (5.35) 

The mechanism as proposed in Scheme 5.5 by Mshelia et al (2010) was not consistent with 

their stated equation of stoichiometry. Whereas the number of all atoms on the reactants side 



185 
 

and those on the products side were balanced, the number of positive charges on the products 

was twice that on the reactants side. However, it was noted that their stoichiometry was 

consistent with their other data but not in agreement with their written mechanism. It 

therefore, showed that the problem was with the mechanism they proposed. It is the desire of 

this work to find out if mechanisms that are consistent with the stoichiometry or, better still, 

mechanisms that are more favorable energetically than the one proposed by Mshelia et al ( 

2010) could be formulated in current study. Four mechanisms were proposed and presented 

in schemes 4.7-4.10 as routes 1, 2, 3 and 4, respectively. 

Based on the discussion of the DFT calculations of the various optimized reacting species, 

the four reaction routes or mechanisms shown in Scheme 4.7 - 4.10 are more plausible than 

the mechanism version (Scheme 5.5) published by Mshelia et al (2010). 

5.6.5.1 Route I 

In this scheme (4.7), water reacted with the hydrazinium ion to yield hydrazine and 

hydroxonium ion via the transition state TS1.  The hydrazine molecule formed in the first step 

then reacted with an iodine molecule via transition state TS2 to give a diazine molecule and 

two molecules of HI. Finally, the diazine molecule reacted with another iodine molecule via 

transition state TS3 to give a nitrogen molecule plus two molecules of HI. 

5.6.5.2      Route II 

 

In this scheme(4.8), water reacted with the hydrazinium ion to yield hydrazine and 

hydroxonium ion via the transition state TS1. The hydrazine formed is then attacked 

concurrently by two molecules of iodine via the transition state TSB to yield the products of 

nitrogen molecule plus four molecules of HI. 
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5.6.5.3     Route III 

 

This was another two-step pathway just like the previous one. The only difference was that 

each of the two molecules of iodine attacked and abstracted two hydrogen atoms attached to 

the same nitrogen atoms of the hydrazine molecule. In the previous route, each iodine 

molecule attacked and abstracted two hydrogen atoms attached to different nitrogen atoms of 

the hydrazine molecule. 

 

5.6.5.4      Route IV 

This scheme (4.10)started as usual with water reacting with the hydrazinium ion to yield 

hydrazine and hydroxonium ion via the transition state TS1 in the first step. In the second 

step, two molecules of iodine reacted with two molecules water via the transition state TSD to 

yield two molecules of hypoiodous acid plus two molecules of HI. In the final step, two 

molecules of hypoiodous acid intermediate attacked and abstracted two hydrogen atoms 

attached to different nitrogen atoms of the hydrazine molecule via transition state TSD to give 

back the two water molecules, used as catalyst in step two, plus the products of nitrogen 

molecule and two molecules of HI. 

  

The stoichiometry of four the proposed mechanisms are the same, and are consistent with 

each of the proposed scheme. In the scheme published by Mshelia et al (2010) their 

stoichiometry was not consistent with their proposed mechanism, in relation to the net 

charges carried by reacting species. The stoichiometric equation of all the proposed 

mechanisms is as given below. 

2 2 5 2 3 22 4H O N H I H O N HI
                                         ……….. (5.36) 



187 
 

Route 1 of the four mechanisms proposed had three saddle points, TSF, TS1 and TS2 as can 

be seen in Table 4.19 and Figure 4.34. Evidently, step 2 was the rate determining step with an 

activation barrier, Ea2, of 100,002.01kJ/mol. Routes II and III were both two-step 

mechanisms. Step 2 for both schemes were the rate determining steps with respective 

activation energies, EaB and EaC, of 13,736.10 kJ/mol and 13,613.41 kJ/mol, respectively. The 

forth route proposed, a water catalyzed mechanism scheme, had three elementary steps with 

the third step being the rate determining step. The rate determining step had an activation 

barrier, EaE, of 6,860.42 kJ/mol. In comparing the rate determining steps of the four proposed 

schemes, the fourth route had the least activation barrier of 6,860.42 kJ/mol, followed by the 

third with activation energy of 13,613.41 kJ/mol, then the second route with activation energy 

of 13,736.10 kJ/mol,  and lastly the first route with highest  activation barrier of 

100,002.01kJ/mol. Evidently, the fourth scheme proposed would be the most favorable 

mechanism energetically, and the reaction, in every likelihood, would follow the path of least 

energy (Engel and Reid, 2006). 

 

5.7 Enthalpy of Reaction and Rate Constant Calculations for the Biomolecules - 

 Iodine Reaction Systems (Ochterski, 2000; Engel and Reid, 2006; Spartan, 2014) 

 

In addition to molecular geometry, the energy is one of the most important quantities to come 

out of molecular modeling. Energy can be used to reveal which of several isomers is most 

stable, to determine whether a particular chemical reaction will have a thermodynamic 

driving force (an exothermic reaction) or be thermodynamically uphill (an endothermic 

reaction), and to ascertain how fast a reaction is likely to proceed (Ochterski, 2000; Spartan, 

2014). 

  

There is more than one way to express the energy of a molecule. Mostcommon to chemists is 

the heat of formation, ∆Hf. This is the heat of a hypothetical chemical reaction that creates a 
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molecule from the well defined (but arbitrary) standard states of each of its 

constituent elements (Spartan, 2014; Jensen, 2007; Ochterski, 2000).An alternative, total 

energy,is the heat of a hypothetical reaction thatcreates a molecule from a collection of 

separated nuclei and electrons.Like the heat of formation, total energy cannot be measured 

directly,and is used solely to provide a standard method for expressing andcomparing 

energies. Total energies are always negative numbers and,in comparison with the energies of 

chemical bonds, are very large.By convention, they are expressed in so-called atomic units or 

au (1 au = 2625 kJ/mol),but may be converted to other units as desired (Spartan, 2014). 

It makes no difference which reference reaction (heat of formation ortotal energy) is used to 

calculate the thermochemistry of a balancedchemical reaction (reactant 1 + reactant 2 + . . . 

→ product 1 + product2 + . . .) (Spartan, 2014): 

ΔE(reaction) = Eproduct 1  + Eproduct 2 + … – Ereactant 1  - Ereactant 2 – … 

Total energies will be used in the discussion that follows. Anegative ∆E indicates an 

exothermic (thermodynamically favourable)reaction, while a positive ∆E an endothermic 

(thermodynamicallyunfavorable) reaction (Ochterski, 2000; Morris, 1972). 

 

Totalenergies may also be used to calculate activation energies, ∆E
‡
: 

ΔE
‡
 = Etransition state – Ereactant 1  – Ereactant 2 – … 

Here, Etransition state is the total energy of the transition state. Activationenergies will always 

be positive numbers (Ochterski, 2000; Spartan, 2014), meaning that the transitionstate is 

always less stable than reactants (and products as well).Reaction and activation energies are 

sufficient to know whether areaction is exothermic or endothermic or whether it proceeds 

withsmall or large activation barrier(Ochterski, 2000; Spartan, 2014). 
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There are, however, other situationswhere energies need to be replaced by Gibbs energies in 

order to takeproper account of the role of entropy. For example, a proper accountof the 

equilibrium concentrations of reactants and products requirescalculation of the equilibrium 

constant, Keq, which, according tothe Boltzmann equation, is related to the Gibbs energy of 

reaction,∆Grxn: 

 Keq = exp(– ΔGrxn/RT) 

where R is the gas constant and T is the temperature (K). 

Although ∆Grxn depends on both enthalpy and entropy, there are manyreactions for which the 

entropy contribution is small and can beneglected(Ochterski, 2000; Spartan, 2014). Further 

assuming that ∆Hrxn ≈ ∆Erxn, equilibrium constantscan then be estimated according to the 

Boltzmann equation(Ochterski, 2000; Spartan, 2014): 

 Keq ≈ exp(– Erxn/RT) ≈ exp(-1060 Erxn) . 

Reaction rate constants, krxn, are also related to Gibbs energies. Asbefore, if entropy 

contributions can be neglected, the rate constantcan be obtained directly from the activation 

energy, ∆E
‡
, accordingto the Arrhenius equation(Ochterski, 2000; Spartan, 2014): 

 krxn ≈ (kBT/h)[exp(- E
‡
/RT)] 

Where, kB and h are the Boltzmann and Planck constants, respectively. 

 

5.7.1   1,2-Diphenylhydrazine – Iodine Reaction System 

The enthalpies of reaction were calculated by using the Spartan software to calculate heats of 

formation at standard temperature of 298.15K, and the appropriate sums and differences 

taken as given in equation (3.1) reproduced here as equation (5.37). 

tan

298.15 298.15 298.15o o o

r f prod f react

products reac ts

prod reactH K n H K n H K

  

… (5.37) 
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The computed enthalpies of reaction at standard conditions was 72.39 kJ/mol for both the 

mechanisms considered in this work  compared to the computed enthalpies of reaction of the 

mechanism proposed by May and Halpern (1961), which was 128.87 kJ/mol at 298.15K. 

The rate constant calculations were computed according to equation (3.5) also reproduced 

here as equation (5.38). 

             

‡ /298.15
oG RTB

o

k T
k K e

hc
………….. (5.38)   

where k(298.15K) = reaction rate at temperature (298.15K); kB = Boltzmann constant 

(1.380662 x 10
-23

 J/K); T = temperature (298.15K); h = Planck‘s constant (6.626176 x 10
-

34
Js); C

o
 = concentration (taken to be 1); Δ

‡
G

o
 = Gibbs free energy of activation (kJ/mol);  R 

= gas constant (8.31441 J/mol. K). 

 

The rate constants, k1 and k2, for this study, as proposed in the mechanisms in Scheme 4.1, 

are 7.85 dm
3
mol

-1
 sec

-1
 and 1.88 x 10

9
 dm

3
mol

-1
 sec

-1
, respectively, as opposed to the 

mechanisms in Scheme 5.1 published previously (May and Halpern, 1961), where k1= 5.76 x 

10
8
 dm

3
mol

-1
 sec

-1
 and k2= 3.35 x 10

8
 dm

3
mol

-1
 sec

-1
,  respectively. The fore-going showed 

that the mechanisms proposed in Scheme 4.1 are more favourable than those proposed in 

scheme 5.1 published by May and Halpern (1961), as it was reported that the larger the value 

of the rate constant, the faster the reaction (Szajewski and Whiteside, 1980).The rate constant

 for the one-step cyclic activated complex mechanism was computed to be 5.67 x 10
-2

 

dm
3
mol

-1
 sec

-1
.  The multi-step mechanisms were less favoured than the one-step mechanism; 

especially if we take into account that activation barrier of 18,163,700.93kJ/mol (6,919.51 

au) in the limiting step for the multi-step mechanisms for the DFT calculations which was far 

more than the 9,940.92kJ/mol (3.79 au) for the limiting step of the one step cyclic activated 

complex mechanism. 
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5.7.2   L-Tyrosine – Iodine Reaction System 

The enthalpies of reaction were calculated by using the Spartan software package to calculate 

heats of formation at standard temperature of 298.15K, and the appropriate sums and 

differences taken as given in equation (5.37).  

The mechanism proposed here (Scheme 4.3) is still consistent with that published by Aghaie 

et al (2008) only that the transition state, TS2, for step1 which was also the rate determining 

step (equation 5.16), was found to be more favorable for all the reasons highlighted above. 

TS2 was therefore adopted as shown in Figure 4.7, while TS1, TS3 and TS4 were rejected for 

the same reasons discussed above. Computed enthalpies of the oxidation reaction at standard 

conditions for the   PM3 and DFT calculation were 216.97kJ/mol and                                       

-36,327,404.72kJ/mol (13,839.01 au), respectively. Other activation parameters of the 

reaction at standard conditions, ΔG
o 

and ΔS
o
, for the PM3 studies were calculated by the 

Spartan software package by default and were as provided in table 1. ΔG
o 

and ΔS
o
 for the 

DFT studies were computed using the Eyring equation (5.39) (Mee, 1971; Morris, 1972).  

 

ln
o o oG S H

K
RT R RT     

……………. (5.39) 

The rate constant calculations were computed according to equation (5.38). 

The rate constants, k1, for this study was calculated to be 4.41 x 10
12

dm
3
mol

-1
 sec

-1
and 1.89 x 

10
19

dm
3
mol

-1
 sec

-1
for the PM3 and DFT studies, respectively. 

 

5.7.3   L-Ascorbic Acid – Iodine Reaction System 

The enthalpies of reaction were calculated using the Spartan software package to calculate 

heats of formation at standard temperature of 298.15K and pressure of 1 atmosphere. The 

calculations were done by taking the appropriate sums and differences as given in equation 

(5.37).  
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The computed enthalpies of reaction at standard conditions for the DFT studies were             -

3,606.31kJ/mol (-1.38 au) and -7,212.78kJ/mol (-2.75 au)  for Scheme 4.4 and Scheme 4.5, 

respectively; while the computed enthalpies of reaction at standard conditions the semi-

empirical PM3 studies were 190.78kJ/mol and 381.56kJ/mol for Scheme 4.4 and Scheme 4.5, 

respectively. The enthalpy of reaction for route 2 was exactly twice that for route 1 since 

route 2 used twice the amount of reactants used in route 1. These showed that the same 

amount of energy is released in the course of the reactions of the two schemes proposed in 

this work. Both routes showed that reactions were exothermic. For the DFT studies, the 

activation barrier for the one-step reaction   (Scheme 4.4) was calculated as 3,138.17kJ/mol. 

(1.20 au); while those of the two-steps mechanism (Scheme 4.5) was calculated as 

3,151.35kJ/mol (1.20 au) and 10,518.23kJ/mol (4.01 au) for each of the respective steps. For 

the semi-empirical PM3 studies, the activation barrier for the one step reaction   (Scheme 4.4) 

was calculated as 411.53kJ/mol.; while that of the two steps mechanism (Scheme 4.5) was 

calculated as 423.05kJ/mol and 341.61kJ/mol for each of the respective steps. Evidently, step 

2 was the rate determining step for Scheme 5.6. In comparing activation barriers for the rate 

determining steps of Scheme 4.4 (3,138.17kJ/mol) and Scheme 4.5 (10,518.23kJ/mol) for the 

DFT studies, the difference was appreciably large (7,380.06 kJ/mol). This showed that even 

though the two routes proposed in this work were possible, route 1 would be faster, despite 

the fact that the optimized structure of the ascorbic acid would suggest that the two-step 

scheme should have been more favoured. For the semi-empirical PM3 studies, the less 

accurate method, the activation barrier for the rate determining steps of Scheme 4.4 

(411.53kJ/mol) and Scheme 4.5 (423.05kJ/mol), the difference is only 11.52kJ/mol. 

 

The proposed mechanisms also accounted for ions generated in the course of the reactions 

rather than leaving H
+
 and I

-
 in the reaction medium after the reactions were completed as 
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seemed to have been suggested by the earlier workers in Scheme 5.4 (Morelli, 1976; 

Rahmawati and Bundjali, 2009; Canterbury, 2014). ΔG
o 

and ΔS
o
 for the DFT studies were 

computed by using the Eyring (Mee, 1971; Morris, 1972) equation (5.38).  

For the semi-empirical PM3 studies, ΔG
o 

and ΔS
o
 were calculated by the Spartan software 

package by default and were as provided in Table 4.11.The rate constant calculations were 

computed according to equation (5.37). For the DFT studies, the rate constant, k1 for route 1 

was calculated to be 1.37 x10
5
dm

3
mol

-1
 sec

-1
. For route 2, k1 and k2were calculated as 1.74 x 

10
5 

dm
3
mol

-1
 sec

-1
and 1.38 x 10

5
dm

3
mol

-1
 sec

-1
, respectively.Whereas for the semi- empirical 

PM3 studies, the rate constant, k1 for route 1 was calculated to be 1.07 x106 dm3mol-1 sec-1. 

For route 2, k1 and k2 were calculated as 4.80 x 10-4 dm3mol-1 sec-1 and 2.51 x 10131 

dm3mol-1 sec-1, respectively. 

 

5.7.4   D-Fructose – Iodine Reaction System 

The enthalpies of reaction were calculated using the Spartan software package to calculate 

heats of formation at standard temperature of 298.15K and pressure of 1 atmosphere. The 

calculations were done by taking the appropriate sums and differences as given in equation 

(5.37).  

  

The computed enthalpies of reaction at standard conditions were 196.32 kJ/mol (0.07 au) and 

172.55.78kJ/mol  for the DFT and PM3 studies respectively.  The DFT studies showed that 

that step 3 was the rate determining step for the reaction. The activation barrier for the rate 

determining step for the DFT studies was calculated as 3,815.62kJ/mol (1.45 au); while the 

poor semi-empirical showed the   activation barrier for the same to be-163.3kJ/mol. 

The rate constant calculations were computed according to equation (5.38). For the DFT 

studies, the rate constant, k1 for step 1, was calculated to be 1.04 x10
-27 

dm
3
mol

-1
 sec

-1
. k2 and 
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k3 for steps 2 and 3 were 5.00 x 10
-11 

dm
3
mol

-1
 sec

-1
and 1.33 x10

-12
dm

3
mol

-1
 sec

-

1
respectively. According to the semi-empirical calculations, k1, k2and k3 were calculated as 

3.48 x 10
-27

dm
3
mol

-1
 sec

-1
, 3.07 x 10

-16
dm

3
mol

-1
 sec

-1
and 6.96 x 10

42 
dm

3
mol

-1
 sec

-1
, 

respectively. 

 

5.7.5   Hydrazine/Hydrazinium Ion – Iodine Reaction System 

The enthalpies of reaction were calculated by using the Spartan software package to calculate 

heats of formation at standard temperature of 298.15K and pressure of 1 atmosphere. The 

calculations were done by taking the appropriate sums and differences as given in equation 

(5.37).  

 

The computed enthalpy of reaction at standard conditions was 357.96kJ/mol for each of the 

four proposed pathways.  This is because they all have the same stoichiometry. The computed 

enthalpy of reaction also showed the reactions were endothermic. The potential energy 

surface diagrams (Figures 4.34 – 4.37) also confirmed this. ΔG
o 

and ΔS
o
 were also computed 

by using the Spartan software package, but for some species where there was no 

convergence, these parameters were calculated by using the Eyring equation (5.39) (Mee, 

1971; Morris, 1972).  

 

The rate constant calculations were computed according to equation (5.38). The first step for 

all the four proposed schemes is the same. The rate constants, k1, for this step was calculated 

to be 68.02 x 10
3 

dm
3
mol

-1
 sec

-1
. However, k2 was calculated as 1.84 x 10

-5
dm

3
mol

-1
 sec

-1
 for 

route 1.  k2for routes 2, 3, and 4 were calculated as 22.29 x 10
9
dm

3
mol

-1
 sec

-1
, 8.02 x 

10
12

dm
3
mol

-1
 sec

-1
and 5.68 x 10

12
dm

3
mol

-1
 sec

-1
respectively. The fourth scheme proposed 

which, incidentally, is the most preferred mechanism, energetically had the third step as the 
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rate determining step. The rate constant, k3, for this scheme was calculated to be 108.48 x 10
12

 

dm
3
mol

-1
 sec

-1
. Again, in comparing the rate constants for the rate determining steps for the 

four proposed pathways, it showed that even kinetically, the fourth scheme was the most 

favoured yet, as it was reported that the larger the value of the rate constant, the faster the 

reaction (Szajewski and Whiteside, 1980). 

 

5.8  Rate Laws for the Proposed Mechanisms of Reactions 

5.8.1  Rate laws for 1,2-Diphenylhydrazine – Iodine Reaction System 

Two mechanisms were proposed for the1,2-diphenylhydrazine – iodine reaction system, the 

chain multi-step mechanism (Scheme 4.1) and the one-step cyclic activated complex 

mechanism (Scheme 4.2). The rate laws for the two mechanisms are as given in sub-sections 

5.8.1.1 and 5.8.1.2, respectively.  

5.8.1.1 The chain multi-step mechanism  

1 .

2 2

k
AH I AH HI I

 ……………. (5.40)
2

2

k
AH I A HI I

 

    ……………. (5.41)
3

2 2 2
k

slow
AH I A HI

  

   ……………. (5.42) 

The slowest step of the reaction is the rate determining step and therefore, the rate of 

consumption of AH2 can be given as: 

 

2

3 2r k AH I
     ……………. (5.43)   

Rate of formation of [I
-
]:  

1 2 2 2 2k AH I k AH I  ……………. (5.44) 

Rate of decomposition of [I
-
]: 

2

3 2k AH I   ……………. (5.45) 

At thesteady state, equilibrium is set, therefore:   
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2 1 2 2 2 2

3 2

k AH I k AH I
I

k AH
   ……………. (5.46) 

Hence, 1 2 2 2 2

3 2

3 2

k AH I k AH I
r k AH

k AH
  ……………. (5.47) 

                
1 2 2 2 2k AH I k AH I ……………. (5.48) 

Rate of formation of [AH]:  
1 2 2k AH I    ……………. (5.49) 

Rate of decomposition of [AH]:  
2 2k AH I   ……………. (5.51) 

At equilibrium:  1 2 2 1 2

2 2 2

k AH I k AH
AH

k I k
  ……………. (5.52) 

Therefore, 
1 2 2 1 2 2r k AH I k AH I    ……………. (5.53) 

2 2k AH I      ……………. (5.54) 

Where, k = (1 + 1)k1      ……………. (5.55) 

 

= 1.57 x10
1
 dm

3
mol

-1
 sec

-1
 for the DFT studies. 

 

5.8.1.2 The One-Step Cyclic Activated Complex Mechanism 

This mechanism is a one- step mechanism where I2 reacted with the the1,2-diphenylhydrazine 

via a cyclic activated complex to yield the products of reaction. 

  +    ……………. (5.55) 

Therefore, the rate, 2
1 2 2

[ ]
[ ][ ]

d AH
k AH I

dt
 ……………. (5.56) 

Therefore, k1 =   k = 5.67 x 10
-2

 dm
3
mol

-1
 sec

-1
 for the DFT studies. 

 

5.8.2   L-Tyrosine – Iodine Reaction system 

The rate law for the proposed mechanism of the oxidation of L- tyrosine with iodine as given  
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by Aghaie et al (2008) and modified by this study as shown in Scheme 4.3 is presented  here.  

The reaction is a two- steps reaction mechanism. 

 
1

2

k

slow
I L Tyr MIT HI    ……………. (5.57) 

 2MIT I DIT HI
    ……………. (5.58) 

The first step is the rate determining step and therefore, 

 1 2

d L Tyr
k I L Tyr

dt
   ……………. (5.59) 

Therefore, k1 =   k = 4.41 x 10
12

 dm
3
mol

-1
 sec

-1
 for the DFT studies. 

5.8.3   L-Ascorbic Acid – Iodine Reaction System 

Two mechanisms were proposed for the ascorbic acid – iodine reaction system, a one-step 

cyclic activated complex mechanism which disproportionate to give the reaction products 

(Scheme 4.4) and a two-step mechanism Scheme 4.5). The rate laws for the two mechanisms 

are as given in sub-sections 5.8.3.1 and 5.8.3.2, respectively.  

 

5.8.3.1The One-Step Cyclic Activated Complex Mechanism 

 

This mechanism is a one- step mechanism where I2  reacted with the ascorbic acid via a cyclic 

activated complex (M) to yield the products of reaction. 

                
1 2

2 2
k k

slow
AA I M DA HI                             ………. (5.60) 

Therefore, the rate (r) of the consumption of the ascorbic acid or the iodine molecule is as 

given below.  

                  1 2r k AA I                                                   ……………. (5.61) 

Therefore, k1 =   k = 1.37 x 10
5
 dm

3
mol

-1
 sec

-1
 for the DFT studies. 
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5.8.3.2    The Two-Steps Mechanism 

             

1

1
22 2 2

k

k
AA I DA HI I                                     ……………. (5.62) 

             
22 2

k

slow
AA I DA HI                                       ……………. (5.63) 

The second step is the slowest step and thus is the rate limiting step. 

Therefore,
2

2r k AA I                                                    ……………. (5.64) 

From the first step, at equilibrium,    

 

22 2

1 2 1k AA I k DA HI I    ……………. (5.65) 

2
2 1 2

2

1

,
k AA I

Hence I
k DA HI

    ……………. (5.66)

 

Substituting for [I
-
]

2
, the rate (r) becomes, 

           

2

1 2

2 2

1

k AA I
r k AA

k DA HI
                                      ……………. (5.67)  

           

2 2

21 2

2

1

AA Ik k
r

k DA HI
                                                 ……………. (5.68) 

           

2 2

2

1 2

AA I
r k

DA HI
                                                         ……………. (5.69) 

     

1 2

1

,
k k

Where k
k

                                                                  ……………. (5.70) 

Therefore,   k = 1.17 x 104 dm3mol-1 sec-1 for the DFT studies. 

 

5.8.4   D-Fructose – Iodine Reaction System 

The rate law for the mechanism of the oxidation of D-fructose with iodine as proposed in this 

study is shown in Scheme 4.6 is presented here. The reaction is a four-step reaction 

mechanism. 
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1

1
2 2

k

k
I H O HOI HI                                                     ……………. (5.71) 

          
2

2

k
Fruc HOI B H O I                                             ……………. (5.72) 

          
3k

slow
B D                                                                           ……………. (5.73) 

          
4

2

k
D H O I E HOI                                                   ……………. (5.74) 

The third step is the slowest step and thus is the rate limiting step. 

Therefore, the rate, 
3r k B                                                          ……………. (5.75) 

Rate of formation of [B]: k2[Fruc][HOI] 

Rate of consumption of [B]:  k3[B] 

At the steady state condition: 
2

3

[ ][ ]
[ ]

k Fruc HOI
B

k
                      ……………. (5.76) 

Therefore, 2
3

3

[ ][ ]k Fruc HOI
r k

k
                                                                             ……………. (5.77) 

                

 
2[ ][ ]r k Fruc HOI                                                           ……………. (5.78) 

Rate of formation of [HOI]: k1[I2][H2O] 

Rate of consumption of [HOI]:  k-1[HOI][HI] + k2[HOI][Fruc] 

At the steady state condition: 1 2 2

1 2

[ ][ ]
[ ]

[ ] [ ]

k I H O
HOI

k HI k Fruc
              ……………. (5.79) 

Hence, 1 2 2
2

1 2

[ ][ ]
[ ]

[ ] [ ]

k I H O
r k Fruc

k HI k Fruc
                                       ……………. (5.80) 

 

1 2 2 2

2

1
[ ][ ][ ]

[ ]
k k Fruc I H O

k Fruc
                                               ……………. (5.81) 

 

Therefore, 2 2

1

[ ][ ][ ]

[ ]

k Fruc I H O
r

k HI
                                            ……………. (5.82) 
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Where, 1 2

1[ ]

k k
k

k HI
          ……………. (5.83)

 

k-1is approx. zero 

Therefore,   k = 5.20 x 10
-38

 dm
3
mol

-1
 sec

-1
 for the DFT studies. 

 

5.8.5   Hydrazine/Hydrazinium Ion – Iodine Reaction System 

Four different mechanisms were proposed for the hydrazine/hydrazinium ion – iodine 

reaction system, tagged route I to route IV (Schemes 4.7 – 4. 10). The rate laws for the two 

mechanisms are as given in sub-sections 5.8.5.1 to 5.8.5.4, respectively.  

5.8.5.1 Route I 

Route 1 is a three-step reaction mechanism as given in Scheme 4.7. 

1

1
2 2 5 2 4 3

k

k
H O N H N H H O          ……………. (5.84) 

2

2 2 4 2 2 2
k

slow
I N H N H HI                                                        ……………. (5.85) 

3

2 2 2 2 2
k

N H I N HI                                                                ……………. (5.86) 

The second step is the slowest and this is the rate determining step.  Therefore, 

Rate,  
2 2 2 4r k I N H       ……………. (5.87) 

At the steady state,rate of formation of [N2H2] =rate of consumption of [N2H2] 

1 2 2 5 1 2 4 3k H O N H k N H H O                                            ……………. (5.88) 

1 2 2 5

2 4

1 3

,
k H O N H

Hence N H
k H O

                                                   ……………. (5.89) 

Therefore, 

1 2 2 5

2 2

1 3

k H O N H
r k I

k H O
                                                            ……………. (5.90) 



201 
 

2 2 2 51 2

1 3

I H O N Hk k
r

k H O
                                                                ……………. (5.91) 

2 2 2 5

3

I H O N H
r k

H O
                                                                ……………. (5.92) 

1 2

1

,
k k

Where k
k

                                                                                    ……………. (5.93) 

Therefore,   k = 1.00 x 10
-4

 dm
3
mol

-1
 sec

-1
 for the DFT studies 

 

5.8.5.2 Route II 

Route II is a two-step reaction mechanism as given in Scheme 4.8. 

1

1
2 2 5 2 4 3

k

k
H O N H N H H O          ……………. (5.94) 

2

2 2 4 22 4
k

slow
I N H N HI      ……………. (5.95) 

The second step is the slowest and this is the rate determining step.  Therefore, 

 

Rate,  
2

2 2 2 4r k I N H       ……………. (5.96) 

At the steady state, equilibrium is set up and, therefore, 

1 2 2 5

2 4

1 3

k H O N H
N H

k H O
                                                              ……………. (5.97) 

2 1 2 2 5

2 2

1 3

,
k H O N H

Hence r k I
k H O

                                            ……………. (5.98) 

2

2 2 2 51 2

1 3

I H O N Hk k
r

k H O
                                                            ……………. (5.99) 

 

2

2 2 2 5

3

I H O N H
r k

H O
                                                            ……………. (5.100) 
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1 2

1

,
k k

Where k
k

                                                                                 ……………. (5.101) 

Therefore,   k = 1.21 x 10
13

 dm
3
mol

-1
 sec

-1
 for the DFT studies 

5.8.5.2 Route III 

Route III is another two - steps reaction mechanism as given in Scheme 5.12. The rate law is 

exactly the same as that of route II (Scheme 4.9). That is, 

1

1
2 2 5 2 4 3

k

k
H O N H N H H O          ……………. (5.102) 

2

2 2 4 22 4
k

slow
I N H N HI      ……………. (5.103) 

The second step is the slowest and this is the rate determining step.  Therefore, 

 

Rate,  
2

2 2 2 4r k I N H       ……………. (5.104) 

At the steady state, equilibrium is set up and, therefore, 

1 2 2 5

2 4

1 3

k H O N H
N H

k H O
                                                            ……………. (5.105) 

2 1 2 2 5

2 2

1 3

,
k H O N H

Hence r k I
k H O

                                             ……………. (5.106) 

2

2 2 2 51 2

1 3

I H O N Hk k
r

k H O
                                                              ……………. (5.107) 

2

2 2 2 5

3

I H O N H
r k

H O
                                                               ……………. (5.108) 

1 2

1

,
k k

Where k
k

                                                                                    ……………. (5.109) 

Therefore,   k = 4.36 x 10
13

 dm
3
mol

-1
 sec

-1
 for the DFT studies 

 

5.8.5.4 Route IV 

Route IV is a three - steps reaction mechanism as given in Scheme 5.10 
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1

1
2 2 5 2 4 3

k

k
H O N H N H H O          ……………. (5.110) 

2

2
2 22 2 2 2

k

k
I H O HOI HI          ……………. (5.111) 

3

2 4 2 22 2 2
k

slow
HOI N H N H O HI                                                    ……………. (5.112) 

The third step is the slowest and this is the rate determining step.  Therefore, 

2

3 2 4r k HOI N H                                                                            ……………. (5.113) 

At the steady state, equilibrium is set up and, therefore, 

2 2

2 2 2

2

2

k I H O
HOI

k HI
,and                                                              ……………. (5.114) 

1 2 2 5

2 4

1 3

k H O N H
N H

k H O
                                                                 ……………. (5.115) 

 

2 2

1 2 2 52 2 2

3 2

1 32

,
k H O N Hk I H O

Hence r k
k H Ok HI

                     ……………. (5.116) 

2 3

2 2 2 51 2 3

2

1 2 3

I H O N Hk k k
r

k k HI H O
                                                  ……………. (5.117) 

2 3

2 2 2 5

2

3

I H O N H
r k

HI H O
                                                          ……………. (5.118) 

1 2 3

1 2

,
k k k

Where k
k k

       ……………. (5.119)

 

k-2is approx. zero 

Therefore,   k = 4.19 x 10
31

 dm
3
mol

-1
 sec

-1
 for the DFT studies. 

 

5.9  Comparison of Rate Constants 

For the 1,2-diphenylhydrazine system, this research established two possible pathways. The 

most favourable pathway have an overall rate constant of k = 5.56 x 10
2
 dm

3
mol

-1
 sec

-1
 while 

the other pathway have, rate constant, k = 1.57 x 10
1
 dm

3
mol

-1
 sec

-1
. May and Halpern (1961) 
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who studied the same reaction did not give the overall rate constant for the reaction; they only 

gave some expressions for calculating the rate constants for the elementary steps, e.g. for first 

step the gave 
11 [ 10,000/ ]

1 4.4 10 RTk x e .  For the hydrazine/ hydrazinium system, four different 

reaction pathways were established, with k = 1.0 x 10
-4

 dm
3
mol

-1
 sec

-1
; k = 1.21 x 10

13
 

dm
3
mol

-1
 sec

-1
; k = 4.36 x 10

13
 dm

3
mol

-1
 sec

-1
 and k = 4.19 x 10

31
 dm

3
mol

-1
 sec

-1
, 

respectively. Mshelia et al (2010) who investigated the same system obtained, k = 1.96 x 10
5
 

dm
3
mol

-1
 sec

-1
 while Funai and Blesa (1984) obtained,k = 3.1 x 10

-1
 dm

3
mol

-1
 sec

-1
 for the 

same system and, k = 5.69 x 10
8
 dm

3
mol

-1
 sec

-1
 for a derivative of isonicotinoylhydrazide. 

Both Mshelia et al (2010), and Funai and Blesa (1984) rate constants fell within the extremes 

obtained for this work. 

 

For the L-tyrosine system the rate constant obtained was k = 4.41 x 10
12

 dm
3
mol

-1
 sec

-1
. 

Aghaie et al (2008) reported k = 7.2 x 10
-1

 dm
3
mol

-1
 sec

-1
. There seems to be a large 

difference between their study and ours. 

 

For the L-ascorbic system, two possible pathways were established for this research.  The rate 

constants for the respective pathways were k = 1.17 x 10
4
 dm

3
mol

-1
 sec

-1
and  k = 1.37 x 10

4
 

dm
3
mol

-1
 sec

-1
. Morelli (1976), Sitti and Bunbun (2009) and Canterbury (2014)all reported 

the oxidation of L-ascorbic acid by iodine without giving the kinetic data. However, their 

reaction products obtained were the same with the ones obtained in this research. 

 

For the D-fructose system, only one possible pathway, with k =5.20 x 10
-38

 dm
3
mol

-1
 sec

-

1
,was established for this research. Mahmood et al (2009) studied the same reaction and gave 

rate constants for the elementary steps but only reported the expression for obtaining the 



205 
 

overall rate constant. Mahmood et al (2009) gave, 1 2

1 2

k k
k

k k
  and, whereas k1 and k2 were 

provided, their investigation did not provide for k-1. 

 

It is noteworthy to state that for the works previously done (May and Halpern, 1961; Morelli, 

1976;Funai and Blesa, 1984;Aghaie et al.,2008; Sitti and Bunbun, 2009;  Mahmoodet al., 

2009;Mshelia et al., 2010;Canterbury, 2014) all studies were carried in very dilute solutions, 

a condition very necessary for any good kinetic work (Mee, 1971; Espenson, 2002; Atkin and 

de Paula, 2006).  All the works cited were also concentration dependent. So, if there appeared 

to be differences in rate constants in some of the cited works and  those obtained in this 

research, it is because the experimental kineticist must of necessity work in very dilute 

solution (Mee, 1971; Espenson, 2002; Atkin and de Paula, 2006) whereas the computational 

researcher (Ochterski, 2000;McQuaid et al. 2002; 2004; McQuaid and Rice, 2006;Spartan, 

2014) is required to use concentration of 1 (which ever unit chosen). 

 

 On a final note, this work has shown that the oxidation by iodine of the molecules 

investigated are in the following order: hydrazine/ hydrazinium ion>L-tyrosine>L-ascorbic 

acid>1,2-diphenylhydrazine>>D-fructose. 
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CHAPTER SIX 

6.0 SUMMARY, CONCLUSION AND RECCOMMENDATIONS 

6.1 Summary 

The research work designed to investigate the reactions between iodine molecule and the 

following substrates: hydrazinium ion, hydrazine molecule, 1,2-diphenylhydrazine, L-

tyrosine, L-ascorbic acid and D-fructose. In the course of the investigation the following were 

specifically addressed and: 

i.  resolved all the conflicts (dissimilar mechanisms for same reaction) associated with 

 the  reactions of iodine with substrates listed above and proposed new mechanisms for 

 each of them; 

ii.  established all possible reaction pathways and the most favourable one for each 

 reaction;  

iii.  identified and characterized all the transient species which are not accessible

 experimentally for all the reaction pathways;  

iv.  calculated thermodynamic and some physico-chemical parameters of all reactive 

 species and products of reactions 

v.  derived rate-law for each of the pathways that are consistent with the mechanisms 

 proposed. 

 vi. calculated and compare the rate constants of the reactions based on the proposed 

 logical reaction mechanism. 

This work also showed that the oxidation by iodine of the molecules investigated were in the 

following order: hydrazine/ hydrazinium ion>L-tyrosine>L-ascorbic acid>1,2-

diphenylhydrazine>>D-fructose. 
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6.2 Conclusion 

The mechanism of the reaction of 1,2-diphenylhydrazine, L-tyrosine, D-ascorbic acid, D-

fructose and hydrazine / hydrazinium ion  with iodine were respectively studied using 

computational semi empirical and density functional theory methods. The semi-empirical 

methods used were either at the MNDO or PM3 levels while all the DFT calculations were 

executed  using 6311+G** basis set of DFT at the B3LYP level of computation. In all cases, 

comparison of the two methods used showed that the DFT calculations were more exact.  The 

results of the various studies were compared with previously published works on the reaction 

of iodine with the respective substrates investigated. 

 

In this work, all the reacting species, including transition states and products, were optimized 

at the various basis sets used for the study. The best conformer, energetically for the reacting 

species, were always searched and when found were chosen as the starting molecules or 

species for each study. The study was able to demonstrate clearly that for each system, there 

were more than one plausible reaction mechanisms. But the most energetically favoured 

pathways were always chosen as the most possible mechanism of reaction. Previous 

published works on the reactions of iodine with the various biomolecules used in this work 

were ambiguous or incomplete because the researchers were not able to propose clear 

transition states for their reactions. Through computational means, transition states of the 

various reactions which could not be determined experimentally in the laboratory, were 

searched out and determined for the various systems studied in this work (Manz and Sholl, 

2010, Spartan, 2014). Apart from the transition states determined, other activation parameters 

for the reacting species and products were also determined and calculated in this work. These, 

together with the transition states found, lend credence to the various reaction mechanisms 

proposed in this study.  
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The study was, therefore, able to address the ambiguities and short comings in the previously 

published works on the reactions of 1,2-diphenylhydrazine, L-tyrosine, D-ascorbic acid, D-

fructose and hydrazine / hydrazinium ion   with iodine, respectively by obtaining the various 

transition states of the reactions. 

 

6.3 Recommendation 

 

There are several ways in which the present work can be expanded and improved upon. Study 

of reaction mechanisms in aqueous and other media can be undertaken using computational 

means to gain greater insight into mechanisms of reactions of iodine with the various 

biomolecules studied. Computational chemistry methods can also be utilized together with 

experimental spectroscopy works to obtain a more detailed understanding of the various 

species present in the reactions of iodine with biomolecules of interest. 

 

It is also worthy of note to state that computers and the methods of computational chemistry 

are in continuous development, and it is almost certain that the calculations of reaction 

energies presented in this work can be improved upon. The present work has shown that 

computational chemistry tools can be successfully applied to further the understanding of 

reaction mechanisms of reacting systems. It is also likely that the same methods as applied in 

the present work can be applied to study other reactions of interest.  

 

In light of the above therefore, it is recommended that Chemistry Department of Ahmadu 

Bello University, Zaria: 

 I  should purchase modern high-performance computers that can be used for 

  computational  studies. 
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 II should purchase subscriptions or, licenses for computational soft wares, such 

  as, Spartan, HyperChem, Firefly, GAMES, etc., for use in computational  

  studies. 

 III should set up computational  chemistry laboratory after obtaining items in I 

  and II above. 
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