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ABSTRACT 

Computational Studies of the Spin Trapping of Biologically Relevant Radicals by New 

Heteroaryl Nitrones 

by 

Eyram A. Asempa 

Heteroaryl nitrone spin traps have been suggested to act as free radical scavengers. The geometry 

optimizations and the single-point energies of the spin trapping reactions of the heteroaryl 

nitrones, 5,5-dimethylpyrroline-N-oxide (DMPO) and α-phenyl-N-t-butylnitrone (PBN) have 

been computationally studied using ab initio (Hartree-Fock (HF) and second-order Møller-

Plesset (MP2)) methods and Density Functional Theory (DFT) methods. The effects of new 

heteroaryl substituents on a parent nitrone spin trap have been examined at the HF and MP2 

levels with the 6-31G*, and cc-pVnZ (n=D, T, Q) basis sets. The thermodynamics of the spin 

trapping at the C-site and O-site with •H, •CH3 and •OH radicals were studied at the HF/6-31G* 

and DFT/m06/6-31G* levels. The addition reactions favor at the C-sites and the double adducts 

are thermodynamically more stable than the mono adducts. The spin trapping of DMPO, PBN 

and α(Z)-(3-methylfuroxan-4-yl)-N-tert-butylnitrone (FxBN) with •OH have also been studied.  
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CHAPTER 1 

INTRODUCTION 

Free Radicals 

 A free radical is any species that contains one or more unpaired electrons in the 

outermost (valence) shell of an atom or molecule.1 The unpaired electrons change the chemical 

reactivity of the molecule,2 which makes it more reactive and unstable than the corresponding 

diamagnetic specie. Free radicals are classified by different criteria and these include reactive 

oxygen species (ROS, e.g. superoxide radical anion (O2
•‒) and hydroxyl radical (OH•)), reactive 

nitrogen species (nitric oxide (NO•), peroxynitrite (ONOO-)), sulfur-centered radicals (thiyl 

radicals (RS•)), and carbon-centered radicals (trichloromethyl (CCl3•)). They are produced in a 

wide variety of chemical and biological systems including the formation of plastics, the ageing 

of paints, the combustion of fuels, and in the human body.3 Human bodies generate free radicals 

through the action of internal and external factors.4 Internal factors include metabolic processes 

that generate free radicals in the biological systems such as mitochondria and phagocytes.5 

External factors generating free radicals include exposure to X-rays, ozone, cigarette smoking, 

air pollutants, and industrial chemicals.6 Psychological factors, like stress and emotion, can also 

generate free radicals through physiological responses.7 

Most of the radicals of interest in biological systems are short-lived molecules with half-

lives ranging from 10-3 to 10-9 s.8 They are required for normal cell function in controlled 

amounts, but when in excess, can cause damage to cell membranes and other tissue leading to 

cancer, cardiovascular disease, neurological disorders, ischemia-reperfusion (I-R), and other 

diseases.9-12  
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Nitrone Spin Traps 

Spin traps are diamagnetic compounds that have the ability to trap and stabilize free 

radicals in chemical and biological systems. Spin trapping was named by E.G. Janzen and is a 

chemical reaction in which free radicals add to diamagnetic compounds (spin traps) to produce 

more stable radical products (spin adducts).13,14 Franchi et al.15 and Spulber et al.16 have stated 

that the use of spin trapping for the detection of radicals has contributed significantly to the 

understanding of some of the fundamental free-radical-mediated processes in chemical and 

biological systems. 

Nitrones are organic compounds that are used as spin traps in both chemical and 

biological systems. The simplest chemical formula for a nitrone is given as X–CH=NO–Y where 

X and Y are alkyl or aryl substituents.17 They are used as a key synthetic precursor,18 therapeutic 

agent,19,20 and a spin trapping agent for the detection and characterization of free radicals.21-24 

The design of the nitrone spin traps plays an important role in determining how informative and 

sensitive the spin trapping technique may be for a particular free radical.25 The addition of a 

nitrone spin trap to a free radical leads to the formation of a stable nitroxide. 

 

 

Figure 1: The addition of a nitrone spin trap to a free radical to produce a nitroxide 

A nitroxide is a stable free radical because of resonance stabilization of the unpaired electron 

between the nitrogen and the oxygen of the nitroxyl functional group.26  
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Figure 2: The resonance stabilization of nitroxide 

 Novelli et al.27-29 proposed the use of nitrones as potential pharmacological agents. They 

are mostly non-toxic and are used as nitrone-based therapeutics in the treatment of oxidation 

stress-mediated diseases such as neurodegeneration, cardiovascular disease, and cancer. They are 

able to survive long enough in biological systems to allow detection of the radicals. Nitrone spin 

traps can also be used as reagents for the detection of radicals in fuel cell research,30-32 

nanotechnology,33,34 catalysis,35 environmental remediation,36 and photodynamic therapy.37-39 

Basically, there are two classes of nitrone spin traps. There are the linear nitrones: α-phenyl-N-t-

butylnitrone (PBN, see Figure 3) and its derivatives and the pyrroline-based cyclic nitrones: 5,5-

dimethyl pyrroline-N-oxide (DMPO) and its derivatives.40-43 The linear nitrones are mostly used 

as spin traps in in-vitro, in-vivo and ex-vivo systems44,45 and have shown neuroprotective and 

antioxidant activities as well as free radical scavenger properties.46-50 The pyrroline based cyclic 

nitrones, DMPO and its derivatives have shown to have better ability to trap oxygen-centered 

radicals and reactive nitrogen species. These are 5-diethoxyphosphoryl-5-methyl-1-pryrroline N-

oxide (DEPMPO),51 and 2-ethoxycarboonyl-2-methyl-3,4-dihydro-2H-pyrrole-1-oxide 

(EMPO),52 5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide (BocMPO).53 However, these 

spin traps are not effective for all free radical species. A new family of spin traps of EMPO 

derivatives has been synthesized and their spin adducts have shown to give reasonable 

stability.54,55 Also, research has shown that an amido derivative, 5-carbamoyl-5-methyl-1-

pyrroline N-oxide (AMPO) has the highest rate constant of superoxide trapping, followed by 
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EMPO, with both DEPMPO and DMPO having the slowest reactivity.56,57 The advantages of 

using nitrone spin traps are: they are less sensitive to light, oxygen, and water vapor; they are 

soluble in a large number of solvents at fairly high concentrations (   0.1M); and the spin adducts 

are considerably more stable because a carbon atom separates the nitroxide functional group 

from the trapped radical species.24,58 However, the available nitrone spin traps present many 

disadvantages such as low water solubility, sensitivity to nucleophilic attack by water, and low 

stability of the spin adduct formed. Also, the information regarding the nature and structure of 

the trapped species is difficult to obtain from the Electron Paramagnetic Resonance (EPR) 

spectrum of the spin adduct.58-61 

 

 

Figure 3: The chemical structures of linear PBN, cyclic DMPO, and several derivatives 

commonly used as spin traps 

 Heteroaryl nitrones consist of a heteroaromatic substituent on the carbon atom of the 

nitrone function.62 New heteroaryl nitrones were synthesized through the condensation reaction 

between heteroaromatic aldehyde and N-monosubstituted hydroxylamines.63 Porcal et al.
 63 

synthesized thiadiazolyl and furanoxyl nitrone derivatives and found that these new heteroaryl 
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nitrones have an excellent ability to add free radicals to produce stable products. The EPR 

spectroscopy demonstrated their ability to scavenge different free radicals. They also stated that 

these heteroaryl nitrones showed a therapeutic potential as neuroprotective agents in preventing 

the death of cells from oxidative stress and damage in biological systems. Barriga et al.
64 

experimentally studied new heteroaryl nitrones with spin trap properties. They stated that the 

physicochemical characterization of new heteroaryl nitrones by EPR demonstrated their 

capability to trap and stabilize oxygen-, carbon-, sulfur-, and nitrogen- centered free radicals. 

Although, the parent nitrone spin trap (H2C=NHO) with radicals (•H, •CH3, •OH, and 

•OOH) were computationally examined by Boyd and Boyd65 to determine the most probable site 

of radical addition, the minimum-energy geometries of the spin adducts, and the energy changes 

involved in the addition reaction; the effects of heteroaryl (furoxanyl and thiadiazolyl) 

substituents on this parent nitrone spin trap (see Figure 5) have not been computationally studied 

to understand the chemical and physical basis that can influence the spin trapping efficiency of 

these nitrones and the corresponding stability of their spin adducts. Hence this work aims to 

computationally study the spin trapping of selected biologically relevant radicals (•H, •CH3, and 

•OH) using these novel heteroaryl (furoxanyl and thiadiazolyl) nitrones (suggested by the work 

of Porcal et al.
 63) using ab initio and Density Functional Theory (DFT) methods. 

 

 

Figure 4: The reaction of a prototype nitrone with a radical to form a spin adduct 
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Figure 5: The chemical structures of the proposed novel heteroaryl nitrone spin traps 
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CHAPTER 2 

QUANTUM MECHANICS 

General Introduction to Computational Chemistry 

Theoretical chemistry is the mathematical description of chemistry. Currently, there are 

two ways to approach theoretical chemistry problems, namely computational theoretical 

chemistry and non-computational theoretical chemistry. Computational theoretical chemistry 

deals with the numerical computation of molecular electronic structures and interactions while 

non-computational theoretical chemistry deals with the formulation of analytical expressions for 

the properties of molecules and their reactions.66 Theoretical chemistry is further divided into 

two categories based on the methodology. These are static methods (based on the solution of the 

time independent Schrödinger Equation) and dynamic methods (based on the time dependent 

Schrödinger Equation).67 

Computational chemistry is a natural outgrowth of theoretical chemistry, the traditional 

role of which involves the creation and dissemination of a penetrating conceptual infrastructure 

for the chemical sciences, particularly at the atomic and molecular levels. Serious attempts have 

been made to obtain highly accurate quantitative information about the chemical behavior of 

molecules through numerical approximations to the solution of the Schrödinger equation since 

the appearance of digital computers.68 

There have been revolutionary expansions in the breadth and capability of computational 

chemistry, with an equal rise in optimism regarding the ability of computational chemistry to 

resolve challenging problems both of a fundamental scientific character and of clearly practical 

interest.68 Computational chemistry is central to rational drug design; it contributes to the 



20 
 

selection and synthesis of new compounds, and guides the design of catalysts.68 New quantum 

mechanical techniques have provided an understanding of the electronic properties of materials 

and have advanced the level of precision at which molecules, of at least moderate size, can be 

modeled.69 Such techniques are used for electronic structure determination, geometry 

optimization and the calculation of potential energy surfaces, frequency calculations, definition 

of transition-state structures and reaction pathways, protein folding, electron charge distribution 

calculations, calculations of rate constants for chemical reactions, thermodynamics calculations 

such as heat of reaction and energy of activation, and calculations of many molecular bulk 

physical and chemical properties.70 Computational chemistry studies may be carried out to find a 

starting point for a laboratory synthesis or to assist in understanding experimental data such as 

the position and source of spectroscopic peaks. Hence, computational chemistry is an important 

field of chemistry that may be applied in many areas such as material science, pharmaceutics, 

nanoscience, polymer science and in the petroleum industry.  

The most important tools of computational chemistry are:71 

Molecular mechanics (MM): This is a purely empirical scheme based on a model of a molecule 

as a collection of balls (atoms) held together by springs (bonds). It is used to calculate the energy 

of a given molecule and the geometry for the molecule (geometry optimization). It is fast and can 

be used to study small molecules as well as large biological systems such as proteins and DNA.72 

Examples of molecular mechanics methods are the Molecular Mechanics, MM2 and MM373 and 

the Universal Force Field (UFF) of Rappè.74 

Ab initio calculations: These are based on solutions of the Schrödinger equation from first 

principles without introducing empirical parameters. Ab initio calculations describe how 
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electrons in a molecule behave. The ab initio methods solve the Schrödinger equation to give a 

molecule‘s energy and wave functions (a mathematical function used to calculate the electron 

distribution of a molecule). Examples of ab initio methods are the Hartree–Fock (HF) method, 

Møller-Plesset Perturbation Theory (MPPT) methods and Configuration Interaction (CI) 

methods.75  

Semi-empirical calculations: These are based on the Schrödinger equation, but parameterized 

with empirical data to reproduce experimental observables. Examples of semi–empirical 

methods are AM1 of Dewar, PM3 of Stewart and PM3 of Hehre.76 

Density Functional Theory (DFT) calculations: Like ab initio and other semi-empirical 

calculations, DFT is also based on the Schrödinger equation. However, it calculates the electron 

density of a molecule instead of the wave function. Examples of DFT functionals are Becke, 

three-parameter, Lee-Yang-Parr (B3LYP), and Perdew-Burke-Ernzerhof (PBE).77  

Molecular dynamics calculations: Molecular dynamics is the computer simulation of the 

physical movement of atoms and molecules. It applies Newton‘s laws of motion to molecules by 

numerically solving the equations for a system of interacting particles where the forces between 

the particles and the potential energy are defined by molecular mechanics force fields. Thus, the 

motion of an enzyme can be simulated as it changes shape on binding to a substrate, or the 

motion of a swarm of water molecules around a molecule of solute can be modeled.78  
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The Schrödinger Equation 

The time dependent Schrödinger equation for one spatial dimension is of the form: 79,80 

                                      (   )     ( ) (   )      (   )                                                             (2-1) 

The equation describes the time dependence of any quantum chemical system, where ħ is 

Planck‘s constant, h, divided by 2π, m is the mass of the system, V is the potential energy 

operator, i is the imaginary operator (√  ) and Ψ(x, t) is the wave function of the system, which 

is a function of position (including possibly spin), x, and time, t. The wave function originated 

from classical mechanics. The time-dependent Schrödinger equation may be used to derive the 

time-independent equation. The potential energy operator in the time-dependent Schrödinger 

equation serves to set conditions on the spatial part of the wave function and it is helpful to 

separate the equation into the time-independent Schrӧdinger equation for one dimension and the 

relationship for time evolution of the wave function. 

                                                                ( )     ( ) ( )    ( )           (2-2) 

                   Time evolution                               Time independent equation                 

Solving the time evolution of the system yields the Hamiltonian operator, Ĥ, formed from 

the classical Hamiltonian. E represents the energy of the system, which gives the time 

independent Schrödinger equation. ψ(x) represents the state function, which provides 

information on the physical properties of the system. The time-independent Schrӧdinger equation 

may be generalized to three dimensions as: 

                          
     *                      +   (     ) (     )    (     )                 (2-3) 
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and in spherical polar coordinates as: 

                              
          (     ) (     )    (     )                                     (2-4) 

where  2 is a second-order differential operator known as the Laplacian: 

                                                  2 =  
                                                          (2-5) 

Schrödinger‘s equation is currently not solvable for any system larger than that of the 

hydrogen atom because of interelectronic repulsion creating a three-body problem. However, a 

number of assumptions and approximations may be used to yield an approximate solution. 

 

The Hamiltonian Operator 

A quantum mechanical operator is associated with each measurable parameter in a 

physical system and the operator associated with the system energy is called the Hamiltonian. 

The Hamiltonian operator, Ĥ is the sum of the kinetic energy, T and potential energy, V 

                                                                        Ĥ = T + V                                       (2-7) 

where  

                                                               [                      ]                       (2-7a) 

                                                    V = 
     ∑ ∑                                       (2-7b) 
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and where ql and qm are the charges on the lth
 and mth

 particle with a separation distance of rlm, 

and 𝜀o is the permittivity of free space. 

A molecule is considered as a system of interacting nuclei and electrons; hence, the 

Hamiltonian operator for such a system is constructed as follows: 

     ∑              ∑              ∑ ∑              ∑ ∑                                ∑ ∑                                                                                      

                                                                              (2-8) 

The equations shown for the Hamiltonian operators of a molecule correspond to the operators for 

kinetic energy contribution of the electrons,        , the kinetic energy contribution of the 

nuclei,       , the potential energy contribution from electron-nuclei interaction,              , the 

potential energy contribution from electron-electron interaction,             , and the potential 

energy contribution from nuclei-nuclei interaction,            . 

 

Atomic Units 

The results of accurate quantum-mechanical calculations on atoms and molecules are 

obtained using atomic units (a. u.). Atomic units form a system of natural units, which is used for 

calculations. They are based on Gaussian units in which the three defining base units are the 

fundamental natural constants e (electronic charge), me (electronic mass), and ħ. The advantage 

of using these units is that they bring the electronic Schrӧdinger equation to its intrinsically 
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simplest form such that the key atomic properties will have the values of one.81,82 In order to 

obtain a less complicated expression for the Hamiltonian:  

                             ∑           ∑         ∑ ∑                  ∑ ∑                                 (2-9) 

The atomic unit of energy, 
    , is the hartree (Eh), 

                                                                                                                              (2-10a) 

                                                      (2-10b) 

where one hartree is the Coulombic repulsion between two electrons separated by a distance of 

one Bohr radius, or 0.52911725 Å. It is equivalent to 27.21138602 eV or 4.359744650 × 10–18 J. 

 

Born-Oppenheimer Approximation 

The Born-Oppenheimer (BO) approximation is one of the basic concepts underlying the 

description of the quantum states of molecules. The physical idea behind the BO approximation 

is that the nuclei are much heavier than electrons. As electrons move much faster than nuclei, the 

nuclei can be considered as fixed with respect to the motion of the electrons. So ignoring 

relativistic interactions, the molecular Hamiltonian may be written as: 

                ∑             ∑     ∑ ∑               ∑ ∑           ∑ ∑                     (2-11) 

where i and j are nuclei and l and m are electrons. The first term of the equation is the kinetic 

energy operator for the nuclei, and the second term is the kinetic energy operator for electrons. 
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The third term is the electrostatic energy of repulsion between the nuclei separated by a distance 

rij. The fourth is the electrostatic energy for attraction between nucleus i and electron l separated 

by a distance rli. By separating the nuclear and electronic motions, the problem can be simplified 

to the electronic Schrödinger equation: 

                                                           (    )        (    )                                             (2-12) 

The nuclear kinetic energy terms in the molecular Hamiltonian are neglected and the 

Schrödinger equation for the electronic motion is written as: 

                                                           (       )                                                     (2-13) 

where the electronic Hamiltonian is  

                                          ∑      ∑ ∑           ∑ ∑                                           (2-14) 

Also, the nuclear repulsion term VNN is given as  

                                                         ∑ ∑                                                                 (2-15) 

The total energy inclusive of the internuclear repulsion experienced by the nuclei i and j 

is the energy U. The internuclear distance rij is fixed at a constant value and hence the electronic 

wave functions and energies depend parametrically on the nuclear coordinates: 

                                                            (     )                                                    (2-16) 

                                                                    (  )                                                         (2-17) 
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The electronic Hamiltonian is dependent on the electronic coordinates and parameterizes the 

nuclear coordinates. The nuclear repulsion term VNN is constant for a particular nuclear 

configuration. Hence, VNN can be neglected from the electronic Schrödinger equation giving: 

                                                                                                                           (2-18) 

The purely electronic energy Eel is related to the total energy as  

                                                                                                                         (2-19) 

The approximation yields reasonable results for the ground electronic states of diatomic 

molecules. 

 

The Hartree-Fock Self Consistent Field Method 

The Hartree-Fock Self-Consistent Field (HF-SCF) method is the basis for the use of 

atomic and molecular orbitals in many-electrons system. In many-electron systems such as 

Helium or Lithium, the HF-SCF method is employed to determine the accurate wave functions. 

The exact wave function for hydrogen can be calculated, however, the wave functions of larger 

systems can only be obtained if approximations are made. For an n-electron system, the 

Hamiltonian operator is given as:  

                                            ∑         ∑           ∑ ∑                                        (2-20) 

where the first term represents the sum of the kinetic energy for n-electrons, the second term 

represents the sum of the potential energy for the attractions between the electrons and the 

nucleus of charge Ze. Z = n for neutral atoms and the third term represents the interelectronic 
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repulsion term. The restriction j˃i rejects counting the same interelectronic repulsion twice and 

avoids terms like
     . As an initial approximation, the interelectronic repulsion term may be 

neglected to obtain a zeroth-order wave function. The zeroth-order wave function may be 

expressed as a product of n hydrogen-like (one-electron) orbitals: 

                                        ( )    (      )  (      )   (      )                                   (2-21) 

The hydrogen-like wave functions are given as: 

                                                                   ( )   (   )                                                   (2-22) 

Rnl (r) represents the radial component of the hydrogen-like orbitals and is given by:83 

                                         ( )  ,             -  (     )                     (      )                           (2-23) 

The         (      ) term is associated Laguerre polynomials, while n and l terms are quantum 

numbers. The spherical harmonic,    (   ), terms are given by:84 

                                (   )  *(    )     | | (  | | +    | |    ( )                       (2-24) 

where   | |    ( ) is the associated Legendre polynomials. 

The approximate wave function is qualitatively useful; however, it is quantitatively 

inaccurate because all electrons experience the same nuclear charge. Therefore, the 

approximation can be made quantitatively accurate by employing different effective atomic 

numbers for different orbitals for the screening effect. Hence, there is the need to use a 

variational function that is not restricted to any form of orbitals. Such a function is written as: 
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                                (      )  (      )   (      )                                (2-25) 

The variational integral is then minimized by the functions gi as shown below: 

                                                     ∫      ∫                                                                 (2-26) 

where E1 is the ground state energy for the system. 

Generally, an approximation is made in the atomic calculations as: 

                                                          (  )    (    )                                                   (2-27) 

Hartree introduced the procedure for calculating gi and it is termed as the Hartree Self-Consistent 

field (HSCF) method.85,86 

 

Hartree‘s Procedure 

The product wave function is the first step to guess in Hartree‘s procedure. 

                                       (      )  (      )   (      )                              (2-28) 

si in the above equation is the normalized function of r multiplied by a spherical harmonic. The 

primary approximation is the central field approximation where the electrostatic electron-

electron repulsion term is averaged. Each electron is considered to interact with a continuous 

charge distribution where by each electron sees the other electrons as being smeared out to form 

a static distribution of electric charges through which it moves. The potential energy of 

interactions between two charges q1 and q2 is given as  
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                                                                                                                                 (2-29) 

By considering a charge density (charge per unit volume) ρ and the infinitesimal charge in the 

infinitesimal volume (dv), the potential energy of interaction of any electron carrying a charge Q 

with the static continuum is given as 

                                                                 ∫                                                                   (2-30) 

where r is the distance between Q and ρ.  

The probability density for electron i is |si|
2, hence  

                                                             |  |                                                                       (2-31) 

The probability density function of the second electron with |  | is  

                                                               ∫ |  |                                                           (2-32) 

By adding the interaction with other electrons gives 

                                                    ∑           ∫ |  |                                             (2-33) 

The potential energy of interaction between an electron and the nucleus gives 

                             (      )   ∑           ∫ |  |                                                            (2-34) 

The effective potential acting on an electron, from the central field approximation, is 

considered as a function of r only.  (      ) is averaged over the angles   and   to give  
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                                      (  )  ∫ ∫  (      )                ∫ ∫                                                                    (2-35) 

Therefore,   (  ) is substituted in a one electron Schrödinger equation to give: 

                                  𝜀  ( )  *            (  )+   ( )                                                    (2-36) 

where 𝜀  is the energy of the orbital of electron one and  ( ) is the improved orbital of electron 

one. This procedure is repeated iteratively to improve the orbitals for each electron until the final 

sets of orbitals give the HSCF wave function. The general form of the differential equation for 

finding the Hartree-Fock orbitals is given as:  

                                                           ( )      ( )                                                           (2-37) 

   is the Hartree-Fock operator where 

                                                  *            (  )+                                                          (2-38) 

The orbital energy in the SCF approximation is calculated by iteratively solving the one electron 

Schrödinger equation where by the energy of the atom is the sum of the orbital energies minus a 

correction term. The correction term is introduced to avoid the double counting of the repulsion 

terms. Hence, the corrected energy is given as 

                                 ∑ 𝜀      ∑ ∑ ∬                   |  ( )| |  ( )|                                  (2-39) 

In the equation, the first term is the sum of orbital‘s energies and the second term is the sum of 

potential energy terms counted twice. 
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There is an improvement on Hartree‘s method by using the properly antisymmetrized wave 

function (Slater determinant) instead of simple one-electron wavefunctions.87 The method is 

ideal for a computer, because it is easily written as an algorithm as shown below: 

 

 

 

 

 

 

                 No 

                                     

                  Yes 

 

 

Figure 6: Algorithm for self-consistent field theory  
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The Wave Function as a Slater Determinant 

The two important properties of the electronic wave function Ψ are that the wave 

function must be normalized and the electron wave function must be anti-symmetric (it changes 

sign when two electrons are interchanged) because electrons are fermions. The molecular 

Hartree-Fock (HF) wave function is written as anti-symmetrized and normalized products of spin 

orbitals, where each spin-orbital being a product of a spatial orbital ϕi and a spin function (either 

α or β).88 

                    √  |  ( )    ( )     ( )    ( )    ( )    ( )     ( )    ( )     ( )     ( )                                      ( )    ( )  |                                  (2-40) 

The vital assumption in the HF method is that the wave function of an electron, which is 

not a physical observable, can be represented mathematically as an anti-symmetric product of 

molecular orbitals. Each electron is assumed to experience an average charge distribution due to 

other electrons in the system, and not interact explicitly with other electrons. 

 

The Variational Principle 

The variational principle is a starting point for almost all methods that seek to find an 

approximate solution to the Schrödinger equation. The Variational theorem states that the energy 

determined from any approximate wavefunction will always be greater than the energy for the 

exact wavefunction. It gives the expression for the HF molecular electronic energy EHF as  

                                                               |       |                                              (2-41) 
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where ψ is the Slater determinant HF wave function,     is the electronic Hamiltonian operator 

and     is the potential energy for nuclear repulsion. 

The electronic Hamiltonian gives the sum of one-electron Hamiltonians as 

                                                                  ∑                                                               (2-42) 

and the two electron operator as 

                                                                                                                                            (2-43) 

The HF energy of a diatomic or polyatomic molecule with closed shells only is:89 

                                  ∑          ⁄    ∑ ∑ (   ⁄     ⁄          )                                      (2-44) 

where         is the core Hamiltonian for one-electron,     the coulomb integral and    , the 

exchange integral. The HF method seeks to minimize the variational integral EHF for the orbitals 

ϕi. The orbitals are assumed orthogonal and must satisfy the equation as: 

                                                 ( )  ( )  𝜀   ( )                                                             (2-45) 

The orbital energy 𝜀  for normalized ϕi is given as: 

                                         𝜀  ∫ ( ) ( )  ( )                                                               (2-46) 

and by simplifying the equation gives: 

                                     𝜀         ∑ (        )  ⁄                                                            (2-47) 

Then, the HF energy is finally obtained as: 
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                           ∑ 𝜀  ∑ ∑ (        )  ⁄         ⁄     ⁄                                          (2-48) 

 

The Roothaan-Hall Equations 

Roothaan and Hall independently formulated the HF equations by using non-orthonormal 

Gaussian type or Slater type basis sets.90,91 The Roothaan-Hall equations are obtained as: 

       ∑ (    𝜀    )                                                                            (2-49) 

The electronic energy is calculated from the core Hamiltonian matrix         , the Fock 

matrix Fμv and the one electron density matrix Pμv. The Hartree-Fock energy is obtained by 

adding Eelec to the nuclear repulsion energy: 

               ∑ ∑    (           )          ∑ ∑                                                    (2-50) 

Figure 7 gives the flowchart summary of the procedure for solving the Roothaan-Hall 

equations. 
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             (  |  ) 
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                    Sμv 

 

 

 

 

 

  

           No 

 

Figure 7: A flowchart summary of the procedure for solving the Roothaan-Hall equations 

  

Initial guess, Pμv 

𝐻𝜇𝑣𝑐𝑜𝑟𝑒    𝑃𝜆𝜎 [(𝜇𝑣|𝜆𝜎)    (𝜇𝜆|𝑣𝜎)]𝑁𝑏𝑎𝑠𝑖𝑠
𝜎  

𝑁𝑏𝑎𝑠𝑖𝑠
𝜆   

 Form Fock Matrix Fμv 

 (𝐹𝜇𝑣  𝜀𝑖𝑆𝜇𝑣)𝐶𝑣𝑖   𝑁𝑏𝑎𝑠𝑖𝑠
𝑣   

Solve Roothan – Hall equation 

  𝐶𝜆𝑖  𝐶𝜎𝑖𝑜𝑐𝑐
𝑖   

Form density matrix, Pλσ 

    𝑃𝜇𝑣(𝐹𝜇𝑣  𝐻𝜇𝑣𝑐𝑜𝑟𝑒)𝑁𝑏𝑎𝑠𝑖𝑠
𝑣  

𝑁𝑏𝑎𝑠𝑖𝑠
𝜇   

Calculate Eelec 

Eelec and/or Pμv  

converged?             Done 

Calculate 2-

electron 

integrals 

Calculate 1 – 

electron integral 



37 
 

Restricted and Unrestricted Hartree-Fock Methods 

The Restricted Hartree-Fock (RHF) method is a HF-SCF method where an atom or a 

molecule is a closed-shell system with all spatial orbitals (atomic or molecular) doubly occupied. 

The RHF method is thus not suitable for an open-shell system. Therefore, to solve this problem, 

two methods are used; the Restricted Open-Shell Hartree-Fock (ROHF) and the Unrestricted 

Hartree-Fock method (UHF). The UHF method is the common one used to treat open-shell 

systems to separate α and β electrons into singly occupied spatial orbitals. It is also used to solve 

two sets of Roothaan-Hall equations, known as the Pople-Nesbet equations:92 

                                                                        𝜀                                                        (2-51a) 

                                                                     𝜀                                                          (2-51b) 

where    and    are the Fock matrices for the α and β orbitals,    and    are the coefficient 

matrices for the α and β orbitals, S is the overlap matrix of the basis functions, and 𝜀  and 𝜀  are 

the matrices of orbital energies for the α and β orbitals. However, the disadvantage of using the  

UHF method is that one-electron Slater determinants for α and β electrons are not satisfactory 

eigenfunctions of the total spin operator, Ŝ2. As a result, wave functions of higher states 

contaminate the total wave function. The spin contamination, which is the deviation of the 

expectation value of the total spin operator, 〈Ŝ2〉, from S(S+1) gives an indication of the 

contamination from higher spin states. ROHF uses doubly occupied molecular orbitals as far as 

possible and then singly occupied orbitals for the unpaired electrons. The ROHF method, unlike 

UHF, gives a satisfactory eigenfunction of the total spin operator Ŝ2, (that is, it has no spin 

contamination from higher spin states). 
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Figure 8 shows a graphical representation of the orbital treatment for RHF, UHF and ROHF 

methods 

 

Figure 8: A graphical representation of the orbital treatment for the RHF, UHF and ROHF 

methods 

 

Møller-Plesset Perturbation Theory (MPPT) 

Møller-Plesset Perturbation Theory (MPPT) plays a unique role in quantum chemistry 

because of its treatment of dynamic electron correlation.93 It is a particular formulation of many 

body perturbation theory (MBPT) which takes    to be the sum of the one-electron Fock 

operators, and treats electron correlation as the perturbation to the zeroth-order Hamiltonian. 

The Hamiltonian operator,   in MPPT is divided into two parts: 

                                                                                                                             (2-52) 

where λV is a small perturbation.  

Rayleigh-Schrödinger Perturbation Theory (RSPT) can be used to find the ground state 

wave function and energy of the system as a power series: 



39 
 

                               ( )    ( )     ( )     ( )                                                      (2-53) 

                              ( )    ( )     ( )     ( )                                                       (2-54) 

By substituting these equations into the time-independent Schrödinger equation gives: 

                  (     )(∑    ( )  )  (∑    ( )  )(∑    ( )  )                                                  (2-55) 

The HF energy, EHF = E(0) + E(1) and the HF wave function Ψ(0) are obtained for n = 1 

and for n = 0, the sum of the electronic orbital energies i is also obtained. The corresponding 

MPn energies are obtained when these equations are used to solve to the nth order, for example, 

MP2, MP3 and MP4.   

 

Density Functional Theory 

The basic principle of Density Functional Theory (DFT) is that the energy of a molecule 

may be determined from the electron density  ( ) instead of the approximate many electron 

wave function ψ.94 They are extremely popular and are one of the most used methods in 

computational chemistry, computational physics, and condensed-matter physics.95 In 1927, DFT 

found its root in the works of Thomas and Fermi. They proposed that ―electrons are distributed 

uniformly in the six dimensional phase space for the motion of an electron at the rate of two for 

each of volume‖ and that there is an effective potential field that ―is itself determined by the 

nuclear charge and this distribution of electrons,‖ the kinetic energy of the system of electrons is 

approximated in the Thomas-Fermi method as an explicit functional of the density, but neglects 

exchange and correlation among electrons.96 Dirac extended the approximation of Thomas and 
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Fermi, by formulating the local approximation for exchange, giving rise to the energy functional 

for electrons in an external potential: 

                                                                                                (2-56) 

where ET is the kinetic energy of the electron, EV is the external potential energy from electron-

nuclear interaction and nuclear-nuclear repulsion. EJ and EXC are the electron repulsion term and 

the exchange correlation term respectively.  

Current DFT methods originate from the Hohenberg-Kohn theorem,97 which states that 

all properties of a system defined by an external potential are uniquely determined by the ground 

state electron density. Hence, the state electron density that gives the minimum total energy is 

the ground state electron density because of the variational principle. 

The Hamiltonian of a given system, and its electronic energy, is divided using the Kohn-Sham 

approach98 

                                    ( )       ( )     ( )       ( )                                      (2-57) 

                                                ∫ ( )         ( )                                                  
where    ( )  is a functional of the electron density, ρ(r). 

The factors of    ( )  are: the kinetic energy of the non-interacting system with density 

Ts[ρ(r)], the classical electrostatic electron-electron repulsion energy, J[ρ(r)], and the exchange-

correlation energy Exc[ρ(r)].  

The DFT approach in Equation 2-57 gives the following expression for the calculation of 

energy: 
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   ( )     ∑ 〈  |  |  〉     ∑ ∑ ∬|  ( )|         |  (  )|        ∑ ∫∑          |  (  )|          ( )                                                                                                                               (2-58) 

However, the exact form of the exchange correlation energy,      ( ) , is unknown. 

Finding the accurate form of      ( )  is still an agendum of modern research in quantum 

chemical methods. 

Logically, EXC is approximated as a local or nearly local functional of the density with99 

                                                   ∫   ( ) 𝜀  (     )                                                     (2-59) 

where 𝜀   is the energy per electron at point r that depend on only ρ. The equation shows that     can be calculated locally at a position r and exclusively from the positional value of ρ.   

The local density and the Dirac exchange energy produce the exchange energy of a 

uniform free electron gas as:100 

                                                   (  )  ∫    ( )                                               (2-60) 

where    represents the Dirac exchange-energy formula and α , an empirical constant which has 

a value of 2/3 for a uniform free electron gas.  

The Kohn-Sham Local-Spin-Density Approximation (KS-LSDA) can correct the 

shortcomings of the Kohn-Sham Local Density Approximation (KS-LDA) where the LDA for 

exchange energy functional gives the equation:101 

                               [    ]       ∫((  )   (  )  )                                                         (2-61) 
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When the spin polarization energy is defined as: 

                                                                                                                                      (2-62) 

then the exchange energy becomes: 

                                              ∫ 𝜀 (   )                                                                 (2-63) 

with 

                            𝜀 (   )  𝜀    𝜀  ( )  𝜀  ( )  ( )                                       (2-64) 

where 𝜀   is the exchange energy density for the spin-compensated homogeneous electron gas 

and 𝜀   is the exchange energy for spin-completely-polarized homogeneous electron gas.  

Since the exchange energy is the major source of error in LDA, this model has been 

simplified to give the generalized gradient approximation (GGA). 

                                                     (  )  ∫      ( )                                                     (2-65) 

with 

                                                      |  ( )|                                                                                  (2-66) 

                                                    (    )                                                                            (2-67) 

and 

                          ( )  (                    )                                       (2-68) 
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When the exchange function combines with the correlation functional, it reduces the error 

on the exchange correlation energy through the exchange functional. An example of a hybrid 

functional is Becke‘s three parameter exchange functional combined with the correlation 

functional of Lee, Yang and Parr (B3LYP)102,103 and it is written as: 

                  (   )                    (   )                      (2-69) 

where B88 is the Becke‘s exchange functional and LYP is the Lee-Young-Parr correlation 

functional.102,103 

The Kohn-Sham theory solves the equation: 

                                                     ( )  𝜀                                                                  (2-70) 

where  

                                 ( )         ∑        ∑   ( )                                      (2-70a) 

                                                                                                                          (2-70b) 

The electron density is obtained from the sum over the occupied orbitals when the Kohn-

Sham orbitals are determined: 

                                                                 ∑ |  |                                                     (2-71) 

Hybrid functionals such as BLYP; Becke exchange, Perdew and Wang correlation(B3PW91) and 

Becke exchange, Perdew correlation (B3P86) have attained great success in the computational 

chemistry.104 This is due to the accuracy of the results they give for a large variety of 
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compounds, particularly organic molecules,105 the prediction of molecular geometries, and 

harmonic vibrational frequencies.104 

Basis Sets 

A basis set is defined as a set of functions (called basis functions) which are combined 

in linear combinations to create molecular orbitals. Basis functions are atomic orbitals described 

by a mathematical function based on spherical or Cartesian coordinates. 

                                                   ∑                                                                          (2-72) 

The two most common basis functions are Slater-type orbitals and Gaussian-type orbitals. 

Historically, Slater-type orbitals (STOs) were used as basis functions of molecular orbitals due to 

their similarity to the atomic orbitals of the hydrogen atom. 

                                   (             )              (   )                                   (2-73) 

where   is an exponent, Ylm is a spherical-harmonic function that describes the shape (the angular 

momentum part); N is a normalization constant; rand  are the spherical coordinates and n, l, 

m are the principal, angular momentum, and magnetic quantum numbers respectively.     , the 

exponential term, represents the energy of electrons near the nucleus. STOs are no longer used 

because they are difficult to evaluate the resulting secular determinants. Multicenter integrals, 

which involve more than one nuclear center, are difficult to calculate. This problem may be 

overcome by using Gaussian-type functions (GTFs) 

                              (             )      (        )                                (2-74) 

                                                                                                                    (2-75) 
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where x, y, and z are spherical coordinates; n, l, m are integral exponents of Cartesian 

coordinates, and α is the exponent instead. 

STO-nG, where n is an integer, is the most common minimal basis set. The n value gives 

the number of Gaussian primitive functions, which comprise a single basis function. Minimal 

basis sets give rough results that are insufficient for research-quality publication; however they 

are much cheaper than their larger counterparts. Examples of commonly used minimal basis sets 

are: STO-3G, STO-4G, STO-6G and STO-3G*. 

The split-valence basis sets describe the inner-shell electron using a single Slater orbital 

and the valence shell by a sum of Slater orbitals. They have a larger number of basis functions 

per atom. Two or more sizes of basis functions are given to the valence shells of each atom, 

which allow the orbitals to change size. The notation for the split-valence basis sets is X-YZg. X 

represents the number of primitive Gaussians, comprising each core atomic orbital basis 

function. the Y and Z represent the valence orbitals that are composed of two basis functions 

each, the first one is a linear combination of Y primitive Gaussian functions and the second one 

is a linear combination of Z primitive Gaussian functions. The presence of two numbers after the 

hyphen indicates that the basis set is a split-valence double-zeta basis set. X-YZWg and X-

YZWVg are split-valence triple- and quadruple-zeta basis sets respectively.  

Polarized basis sets add orbitals with a higher angular momentum than the ground state 

electronic configuration of each atom at the Hartree-Fock level. These could improve the split 

valence basis sets by adding orbitals with different shapes. The 6-31G(d) (also called 6-31G*) 

and the 6-311G(d, p) basis sets are the examples of polarized basis sets.  
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Basis sets with added diffuse functions are important for systems where electrons are far 

from the nucleus such as anions, and molecules with lone pairs of electrons. These allow diffuse 

orbitals to occupy larger regions in space. An example of a diffuse basis set is the 6-311+G(d, p) 

basis set. 

Polarization effects occur when orbitals of higher orbital quantum number are added to 

the mathematical expression of a given orbital, for example 3d orbital and the 2p orbital. When 

3d orbitals are added to the 2p orbital functions for second row elements of the periodic table, an 

asterisk (*) alternative used to indicate the basis set (as above). Also, a double asterisk indicates 

that polarization is being added on hydrogen 1s orbitals. 3-21G* is an exception to this in which 

the asterisk denotes the addition of a d-orbital to the second row atoms, that is, 3-21G(d). Also, 

when different orbitals are added, the added orbitals are given in parenthesis, that is, 6-31G(d,p) 

means that extra sets of p and d functions are added to non-hydrogen atoms and p extra functions 

are added to hydrogen, thus denoting 6-31G**. Examples of commonly used split-valence basis 

sets are 3-21G, 3-21G* and 6-311G*.  

Dunning and coworkers106 developed the correlation consistence (cc) basis sets such as 

cc-pVDZ, cc-pVTZ, cc-pVQZ, cc-pV5Z, and cc-pV6Z. They are denoted as cc-pVnZ, where n 

ranges from 2 to 6. The 'cc-p', stands for ‗correlation-consistent polarized‘, the ‗V‘ indicate that 

they are valence-only basis sets while Z represents zeta. The Complete Basis Set methods were 

developed by Petersson and co-workers as a model chemistry.107-109 They make use of a 

complete basis set (CBS) extrapolation of the correlation energy based on the asymptotic 

convergence of pair natural orbital expansions.110-114
 CBS methods are important in that, at 

higher and higher levels of correlation, the contribution of the correction to the total energy can 

be determined to less accuracy than at lower levels of theory. Thus, these methods use relatively 
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large basis sets for the structure calculation, medium sized basis sets for the second-order 

correlation correction, and small sized basis sets for higher order correlation corrections. Also, 

empirical corrections are added as necessary.115  
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CHAPTER 3 

RESULTS AND DISCUSSION 

Computational Details 

All calculations were carried out using NWChem from the Molecular Sciences 

Laboratory Software Group of Pacific Northwest National Laboratory.116,117 Extensible 

Computational Chemistry Environment software was used to manage the calculations and 

generate pictorial representations.118 All geometries of the nitrones were fully optimized at 

Hartree-Fock (self-consistent field) (HF-SCF) and Density Functional Theory (DFT) with the 6-

31G* basis set levels of theory, and the single point calculations were done on the HF-SCF 

optimized geometries at second–order Møller-Plesset Perturbation Theory (MP2) with the cc-

pVDZ, cc-pVTZ and cc-pVQZ basis sets to obtain energies. All equilibrium geometries were 

characterized by the absence of imaginary frequencies. The geometries of DMPO, PBN and 

FxBN were fully optimized at DFT/m06/6-31G* and HF/6-31G*. In addition, Milliken 

population analyzes were used to obtain spin and charge populations.  

Discussion of the Results 

Table 1 shows calculated bond lengths and bond angles for formaldonitrone and the new 

heteroaryl nitrones at HF/6-31G*. Formaldonitrone is a parent nitrone and has a planar 

geometry. It has C=N and N-O bond lengths of 1.269 Å and 1.254 Å, respectively. The C-H 

bond length is 1.083 Å. The CNO bond angle for formaldonitrone is 128.3º. The new heteroaryl 

substituents considered in this work are 1,2,3-thiadiazol-5-yl, 1,2,4-thiadiazol-3-yl, 1,2,4-

thiadiazol-5-yl, furoxan-3-yl, and furoxan-4-yl. When the hydrogen, H attached to the nitrone is 

substituted by these heteroaryl substituents, the bond lengths and the bond angles shorten or 



49 
 

lengthen depending on the nature of the substituents. The C=N bonds lengthen by 0.006 Å - 

0.010 Å while the N-O bond lengths shorten by 0.003 Å – 0.013 Å. The C-Cheteroaryl bond lengths 

lengthen in the range of 1.428 Å – 1.440 Å. In addition, there is a decrease in the CNO bond 

angle in the range of 127.3º - 127.8º. The O atom in the nitrones is highly electronegative 

because of its higher charge population than the N atom and the C atom. Figure 9 shows the 

optimized geometry of formaldonitrone and the new heteroaryl nitrones. 
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Table 1: Calculated bond lengths for formaldonitrone and the new heteroaryl nitrones at HF/6-

31G* 

Nitrone Spin Trap 
Calculated bond lengths (Å) 

Calculated  

bond angles (deg.) 

C=N N-O C-Cheteroaryl CNO 

Formaldonitrone 1.269 1.254 1.083 128.3 

1,2,4-thiadiadozol-3-yl nitrone 1.277 1.244 1.440 127.8 

1,2,4-thiadiazol-5-yl nitrone 1.279 1.241 1.433 127.5 

Furoxan-4-yl nitrone 1.277 1.242 1.436 127.5 

Furoxan-3-yl nitrone 1.275 1.251 1.428 127.3 

1,2,3-thiadiazol-5-yl nitrone 1.278 1.246 1.433 127.3 
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Figure 9: The optimized geometry of formaldonitrone and the new heteroaryl nitrones. All bond 

lengths are in Å 
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Table 2 shows the total energies of selected biologically relevant radicals, •H, •CH3, •OH, 

and their dipole moments. Among the three radicals, •OH radical has the highest polarity of 1.94 

D. It also has the lowest energy. The •CH3 radical has no polarity because its molecular 

geometry is trigonal planar. The optimized geometries for the radicals are shown in Figure 10. 

The order of increasing reactivity for radical addition to nitrones is •H < •CH3 < •OH, which 

correlates with the inductive effect of each radical as well as the radical‘s reduction potential.119 

The spin and charge populations of each radical give insights into the reactivity to nitrones. 

Table 2: Energies of selected biologically relevant radicals and their dipole moments 

Radical 

 

Energy (Eh) 

HF/6-31G* 

Energy (Eh)  

DFT/m06/6-31G* 

Dipole  

Moment (D) 

Reduction  

Potential (V) 

•H -0.49820 -0.49792 0 0 

•CH3 -39.63860 -39.79542 0 1.90 

•OH -75.22340 -75.64294 1.94 2.31 
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Hydrogen Radical            Methyl Radical 

 

 

Hydroxyl Radical 

Figure 10: NWChem optimized geometries of biologically relevant radicals 
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Table 3 shows the relative energies of formaldonitrone and new heteroaryl nitrones at the 

HF/6-31G*, MP2/cc-pVDT, MP2/cc-pVTZ, MP2/cc-pVQZ, the MP2 CBS limit, and 

DFT/m06/6-31G* levels of theory (from HF/6-31G* optimized structures), as well as the dipole 

moments obtained at HF/6-31G*. The relative energies show that the new heteroaryl nitrones are 

more stable due to the electronic effects of new heteroaryl substituents. Because of the high 

stability of the new heteroaryl nitrones, the nitrones show a great capacity to scavenge free 

radicals.63,64 Thus the order of increasing stability of the spin traps is formaldonitrone < 

furoxanyl nitrone < thiadiazoyl nitrone. Also, the polarity of the spin traps is decreasing in the 

order: 1,2,4-thiadiazol-3-yl nitrone > furoxan-3-yl nitrone > 1,2,4-thiadiazol-5-yl nitrone > 

furoxan-4-yl nitrone > 1,2,3-thiadiazol-5-yl nitrone. 
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Table 3: Energies of formaldonitrone and the new heteroaryl nitrones at the HF/6-31G*, 

MP2/cc-pVDT, MP2/cc-pVTZ, MP2/cc-pVQZ, the MP2 CBS limit, and DFT/m06/6-31G* 

levels of theory. The dipole moments were calculated at the HF/6-31* level 

Nitrone Spin 

Trap 

HF/6-31G* 

(Eh) 

MP2/ 

cc-pVDT 

(Eh) 

MP2/ 

cc-pVTZ 

(Eh) 

MP2/ 

cc-pVQZ 

 (Eh) 

E
CBS

 (Eh) 
DFT/m06/ 

6-31G* (Eh) 

Dipole  

moment  

(D) 

Formaldonitrone -168.80921 -169.32379 -169.50071 -169.55895 -169.59220 -169.69089 4.47 

1,2,4- 

thiadiazol-3-yl nitrone 
-750.95291 -752.19826 -752.60343 -752.73909 -752.81677 -753.46128 5.65 

1,2,4-thiadiazol- 

5-yl nitrone 
-750.94373 -752.1917 -752.59696 -752.73268 -752.81040 -753.45461 1.97 

Furoxan-4-yl  

nitrone 
-502.97481 -504.49516 -504.96856 -505.13299 -505.22777 -505.53385 1.76 

Furoxan-3-yl  

nitrone 
-502.97470 -504.47422 -504.96811 -505.13295 -505.22729 -505.53513 4.26 

1,2,3-thiadiazol- 

5-yl nitrone 
-750.89840 -752.15743 -752.56122 -752.69673 -752.77436 -753.41851 0.26 

 

As may be seen in Tables 4 and 5, the reaction of biologically relevant radicals with the 

new heteroaryl nitrones at the C- and O-sites shows that, generally, the spin trapping of 

biologically relevant radicals by the new heteroaryl nitrones at the C-sites is more exothermic 

than the spin trapping at the O-sites. This is because the N-O bond of the spin adducts at the C-

site serves as a resonance contributor. This is due to the high spin populations of N and O for the 

spin adducts at the C-sites. However, at the O-sites of the spin adducts, the C atom of the spin 

adduct carries the higher spin population than N and O, hence the N-O bond does not serve as a 

resonance contributor. From Table 4, thermodynamically, the reactions of •OH with the new 

heteroaryl nitrones have the highest exothermicities as compared to the reactions of •H and •CH3. 

Hence, the spin adducts formed from the spin trapping reactions with •OH have the highest 

stability. The furoxan-3-yl spin adduct with •OH has the largest energy change (most negative) 

of -671.99673 kJ/mol and it is the most stable spin adduct for HF/6-31G*, while furoxan-4-yl 

has the largest change (-379.41101 kJ/mol) for DFT/m06/6-31G*.  
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Also from Table 5, the spin trapping reactions of •CH3 are endothermic in contrast to those for 

•H and •OH. However, from Table 5b, the spin trapping reactions of •OH with the new 

heteroaryl nitrones, except 1,2,4-thiadiazol-3-yl nitrone, are less exothermic as compared to the 

spin trapping reactions of •H and •CH3. Thus, the spin trapping reactions of •H by the new 

heteroaryl nitrones at the O-sites give the highest exothermicities, hence the reactions produce 

the most stable spin adducts. 
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Table 4: Energies of the spin trapping reactions of selected radicals with formaldonitrone and the 

new heteroaryl nitrones at the C-site for (a) HF/6-31G* and (b) DFT/m06/6-31G* 

(a) 

Spin Trap 
∆E (kJ/mol)a 

•H •CH3 •OH 

Formaldonitrone -305.66071 -39.96011 -641.40965 

1,2,4-thiadiadozol-3-yl nitrone -273.83965 -13.62635 -615.33844 

1,2,4-thiadiazol-5-yl nitrone -302.35258 -32.81875 -647.00197 

Furoxan-4-yl nitrone -330.78675 -60.62280 -670.63147 

Furoxan-3-yl nitrone -335.40763 -63.79965 -671.99673 

1,2,3-thiadiazol-5-yl nitrone -303.06147 -33.71142 -654.09082 

(b) 

Spin Trap 
∆E (kJ/mol)a 

•H •CH3 •OH 

Formaldonitrone -274.86360 -241.23094 -372.08586 

1,2,4-thiadiadozol-3-yl nitrone -235.27106 -207.62454 -336.56285 

1,2,4-thiadiazol-5-yl nitrone -250.05262 -222.45862 -377.67818 

Furoxan-4-yl nitrone -265.88439 -230.28261 -379.41101 

Furoxan-3-yl nitrone -261.63108 -230.67643 -378.25579 

1,2,3-thiadiazol-5-yl nitrone -247.95222 -317.23917 -367.17618 

a∆E = energy change for gas phase species at equilibrium bond lengths at 0K 

∆E = Eadduct – [Espin + Eradical]
 

Spin trap and adduct energies are listed in the Appendix.  
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Table 5: Energies of the spin trapping reactions of biologically relevant radicals with the new 

heteroaryl nitrones the O-site for (a) HF/6-31G* and (b) DFT/m06/6-31G* 

(a) 

Spin Trap 
∆E (kJ/mol)a 

•H •CH3 •OH 

Formaldonitrone -125.18384 158.71148 -214.63463 

1,2,4-thiadiadozol-3-yl nitrone -180.81819 54.584145 -337.14046 

1,2,4-thiadiazol-5-yl nitrone -261.44729 31.007155 -351.13437 

Furoxan-4-yl nitrone -293.11082 -0.84016 -387.94388 

Furoxan-3-yl nitrone -241.70353 55.266775 -311.06924 

1,2,3-thiadiazol-5-yl nitrone -280.29838 12.261085 -b 

(b) 

Spin Trap 
∆E (kJ/mol)a 

•H •CH3 •OH 

Formaldonitrone -102.31574 -51.03972 26.93763 

1,2,4-thiadiadozol-3-yl nitrone -159.23658 -134.24182 -164.04124 

1,2,4-thiadiazol-5-yl nitrone -216.91881 -148.55079 -107.01538 

Furoxan-4-yl nitrone -206.15426 -143.74613 -98.95510 

Furoxan-3-yl nitrone -171.99651 -111.11116 -24.18086 

1,2,3-thiadiazol-5-yl nitrone -217.44391 -154.37940 -107.96056 

a∆E = energy change for gas phase species at equilibrium bond lengths at 0K 

∆E = Eadduct – [Espin + Eradical]
 

Spin trap and adduct energies are listed in the Appendix.  

bStructure optimized with an O-O bond length beyond accepted covalent bond length 
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Figure 11: ChemDraw® representations of the new heteroaryl spin adducts with •H added the C-site 

carbon 
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Figure 12: ChemDraw® representations of the new heteroaryl spin adducts with •CH3 added at 

the C-site carbon 
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Figure 13: ChemDraw® representations of the new heteroaryl spin adducts with •OH added at 

the C-site carbon 
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Figure 14: ChemDraw® representations of the new heteroaryl spin adducts with •H added at the 

O-site oxygen 
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Figure 15: ChemDraw® representations of the new heteroaryl spin adducts with •CH3 added at 

the O-site oxygen 
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Figure 16: ChemDraw® representations of the new heteroaryl spin adducts with •OH added at 

the O-site oxygen 
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a) Hydrogen radical at the C-site of 1,2,4-thiadiazol-5-yl nitrone 

 

b) Methyl radical at the O-site of furoxan-3-yl nitrone 

Figure 17: NWChem optimized geometries of example new heteroaryl spin adducts at the C- 

and O-sites. The colors follow standard colors: red - oxygen, hydrogen - white, grey - carbon, 

blue - nitrogen, and yellow - sulfur 
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The energetics of the spin trapping reactions of biologically relevant radicals with the 

new heteroaryl nitrones at both the C- and O-sites are shown in Tables 6, 7, and 8. 

Thermodynamically, the spin trapping reactions of di •OH are highly exothermic, hence their 

diadducts are very stable. The spin trapping reactions of di •CH3 with the new heteroaryl nitrones 

have the least exothermicities as compared to di •H and di •OH. In addition, the diadducts are 

more stable than the mono spin adducts at the C-sites and the mono spin adduct at the O-sites. 

The double spin adducts are known to occur experimentally120,121 having been observed using 

liquid chromatography and mass spectroscopy.122 Even though the double spin adducts are 

generally stable, they are EPR inactive because they are diamagnetic. 
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Table 6: Energies of the spin trapping reactions of •H with formaldonitrone and the new 

heteroaryl nitrones at both C- and O-sites at (a) HF/6-31G* and (b) DFT/m06/6-31G* 

(a) 

Spin Trap 
Energy (Eh)  ∆E 

Parent Diadduct Eh  kJ/mol 

Formaldonitrone -168.80921 -170.01157 -0.20596 -540.74798 

1,2,4-thiadiadozol-3-yl nitrone -750.95291 -752.14573 -0.19642 -515.70071 

1,2,4-thiadiazol-5-yl nitrone -750.94373 -752.14639 -0.20626 -541.53563 

Furoxan-4-yl nitrone -502.97481 -504.17685 -0.20564 -539.90782 

Furoxan-3-yl nitrone -502.97470 -504.17701 -0.20591 -540.61671 

1,2,3-thiadiazol-5-yl nitrone -750.89840 -752.10158 -0.20678 -542.90089 

 

(b) 

Spin Trap 
Energy (Eh)  ∆E 

Parent Diadduct Eh  kJ/mol 

Formaldonitrone -168.80921 -170.91393 -0.22720 -596.51360 

1,2,4-thiadiadozol-3-yl nitrone -750.95291 -754.67003 -0.21291 -558.99521 

1,2,4-thiadiazol-5-yl nitrone -750.94373 -754.67160 -0.22115 -580.62933 

Furoxan-4-yl nitrone -502.97481 -506.75566 -0.22597 -593.28424 

Furoxan-3-yl nitrone -502.97470 -506.75056 -0.21959 -576.53355 

1,2,3-thiadiazol-5-yl nitrone -750.89840 -754.63406 -0.21971 -576.84861 
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Table 7: Energies of the spin trapping reactions of •CH3 with formaldonitrone and the new 

heteroaryl nitrones at both C- and O-sites at (a) HF/6-31G* and (b) DFT/m06/6-31G* 

(a) 

Spin Trap 
Energy (Eh)  ∆E 

Parent Diadduct Eh  kJ/mol 

Formaldonitrone -168.80921 -248.0778 0.00861 22.60556 

1,2,4-thiadiadozol-3-yl nitrone -750.95291 -830.21125  0.01886 49.51693   

1,2,4-thiadiazol-5-yl nitrone -750.94373 -830.21313  0.00780 20.47890    

Furoxan-4-yl nitrone -502.97481 -582.24307 0.00894 23.47197   

Furoxan-3-yl nitrone -502.97470 -582.24686  0.00504 13.23252    

1,2,3-thiadiazol-5-yl nitrone -750.89840 -830.16683 0.00877 23.02564 

 

(b) 

Spin Trap 
Energy (Eh)  ∆E 

Parent Diadduct Eh  kJ/mol 

Formaldonitrone -168.80921 -249.47214 -0.19041 -499.92146 

1,2,4-thiadiadozol-3-yl nitrone -750.95291 -833.22912 -0.17700 -464.71350 

1,2,4-thiadiazol-5-yl nitrone -750.94373 -833.23218 -0.18673 -490.25962 

Furoxan-4-yl nitrone -502.97481 -585.30874 -0.18405 -483.22328 

Furoxan-3-yl nitrone -502.97470 -585.31344 -0.18747 -492.20249 

1,2,3-thiadiazol-5-yl nitrone -750.89840 -833.19462 -0.18527 -486.42639 
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Table 8: Energies of the spin trapping reactions of •OH with formaldonitrone and the new 

heteroaryl nitrones at both C- and O-sites at (a) HF/6-31G* and (b) DFT/m06/6-31G* 

(a) 

Spin Trap 
Energy (Eh)  ∆E 

Parent Diadduct Eh  kJ/mol 

Formaldonitrone -168.80921 -319.62732 -0.37131 -974.87441 

1,2,4-thiadiadozol-3-yl nitrone -750.95291 -901.76282 -0.36311 -953.345305 

1,2,4-thiadiazol-5-yl nitrone -750.94373 -901.76535 -0.37482 -984.08991 

Furoxan-4-yl nitrone -502.97481 -653.79778 -0.37617 -987.63434 

Furoxan-3-yl nitrone -502.97470 -653.79602 -0.37452 -983.30226 

1,2,3-thiadiazol-5-yl nitrone -750.89840 -901.72202 -0.37682 -989.34091 

 

(b) 

Spin Trap 
Energy (Eh)  ∆E 

Parent Diadduct Eh  kJ/mol 

Formaldonitrone -168.80921 -320.2125 -0.23573 -618.90912 

1,2,4-thiadiadozol-3-yl nitrone -750.95291 -904.965539 -0.21838 -573.35406 

1,2,4-thiadiazol-5-yl nitrone -750.94373 -904.96419 -0.22370 -587.32435 

Furoxan-4-yl nitrone -502.97481 -657.04745 -0.22772 -597.87886 

Furoxan-3-yl nitrone -502.97470 -657.04763 -0.22662 -594.99081 

1,2,3-thiadiazol-5-yl nitrone -750.89840 -904.92959 -0.22520 -591.26260 
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Figure 18: ChemDraw® representations of the new heteroaryl diadducts with •H added at both 

the C-site carbon and the O-site oxygen 
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Figure 19: ChemDraw® representations of the new heteroaryl diadducts with •CH3 added at both 

the C-site carbon and the O-site oxygen 
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Figure 20: ChemDraw® representations of the new heteroaryl diadducts with •OH added at both 

the C-site carbon and the O-site oxygen 
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Figure 21: NWChem optimized geometry of the most stable diadduct thermodynamically of 

1,2,3-thiadiazol-5-yl nitrone with di •OH at added both the C- and O-sites. The colors follow 

standard colors: red - oxygen, hydrogen - white, grey - carbon, blue - nitrogen, and yellow - 

sulfur 

 

From Table 9, the reaction of PBN with •OH is highly endothermic for both the mono 

spin adduct and the diadduct while the reactions of DMPO and FxBN with •OH are exothermic. 

The reactivity of FxBN with •OH is highly exothermic and shows the highest stability for both 

the mono and diadduct, with the diadduct being the most stable all the spin adducts. This is 

rationalized by the presence of intramolecular hydrogen bonding in both the mono and diadduct 

of FxBN with •OH, which makes them very stable. The order of increasing stability of the spin 
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adducts of PBN, DMPO, and FxBN follows the same trend with the experimental half-lives and 

the spin trapping rate constants, obtained by Barriga et al.64 Experimental studies have shown 

that the new heteroaryl nitrone, FxBN, is more sensitive to trapping the hydroxyl radical than 

DMPO in competition assays and is known to possess spin trapping capability in biological 

system because of its low toxicity.64 The EPR experiments have also shown that the presence of 

a heteroaryl substituent in the nitrone increases the stability of the spin adduct formed.62 

Data obtained for the new heteroaryl nitrones, mono spin adducts, and diadducts at the 

DFT/m06/6-31G* level of theory provide lower energies than data obtained at HF/6-31G*. DFT 

is well known to be a reliable method for the computation of molecular structures, vibrational 

frequencies and energy studies. The energy changes from DFT and HF are comparable. 

Thermodynamically, DFT indicates that the monoadduct of DMPO is more stable than the 

diadduct. However, from HF, the diadduct of DMPO is more stable than the mono spin. The 

mono spin adduct and diadduct of PBN at HF/6-31G* are more stable than at DFT/mo6/6-31G*. 

The present results by DFT and HF all indicate that FxBN for both the mono spin adduct and the 

diadduct are highly exothermic and are more stable than those of DMPO and PBN. In addition, 

the energy changes of the mono spin adduct and diadduct of FxBN at DFT/m06/6-31G* are 

lower than the energy changes of at HF/6-31G*. 
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Table 9: Energies of the addition of •OH to DMPO, PBN and FxBN at the DFT/m06/6-31G* 

and HF/6-31* levels of theory 

 

Nitrone 

∆E (kJ/mol) 

t1/2 (s) 
kST*109 

(dm3mol-1s-1) 

DFT HF 

 

Monoadduct 

 

Diadduct 

 

Monoadduct 

 

Diadduct 

DMPO -1123.81 -571.73 -628.14 -935.92 3300.0 3.6 

PBN +5940.85 +5739.95 +5471.65 +5195.04 36.0 2.6 

FxBN -1548.71 -1847.18 -698.44 -979.83 7560.0 12.2 
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Figure 22: ChemDraw® representations of 5,5-dimethylpyrroline-N-oxide, phenyl-N-t-

butylnitrone and (Z)-(3-methylfuroxan-4-yl)-N-tert-butylnitrone 
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Figure 23: NWChem optimized geometry of the spin adduct of PBN with •OH radical at C- site. 

The colors follow standard colors: red - oxygen, hydrogen - white, grey - carbon, and blue - 

nitrogen 
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Figure 24: NWChem optimized geometry of diadduct of DMPO with di •OH at both the C- and 

O- sites. The colors follow standard colors: red - oxygen, hydrogen - white, grey - carbon, and 

blue - nitrogen 
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       a              b 

Figure 25: NWChem optimized geometries of a) the spin adduct of FxBN with •OH at C-site 

and b) the diadduct of FxBN with di •OH at both C- and O- sites. The intramolecular hydrogen 

bonds are present in both a) and b). The colors follow standard colors: red - oxygen, hydrogen - 

white, grey - carbon, and blue - nitrogen 
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CHAPTER 4 

CONCLUSIONS 

The connectivity, the nature, and the position of the new heteroaryl substituents in the 

parent nitrone may affect the chemical and biological properties of the nitronyl group. New 

heteroaryl nitrones are the most stable spin traps due to the electronic effects of new heteroaryl 

substituents. The addition reaction between the new heteroaryl nitrones and the radicals at the C-

site is more exothermic than at the O-site. This is due to the presence of resonance stabilization 

occurring at the C-site adduct. Generally, diadducts are thermodynamically more stable than 

mono spin adducts. The reactions of di •OH with the nitrones at both the C- and O- sites show 

the highest exothermicities with 1,2,3-thiadiazol-5-yl diadduct being the most 

thermodynamically stable compound. The new heteroaryl nitrone, FxBN, is the most stable spin 

trap adducts for the •OH radical compared to DMPO and PBN.  
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APPENDIX 

Tables of Additional Data from the Calculations 

Table A1: The parent nitrone spin traps 

Optimized Speciesa 

Selected Parameters 

bCharge 
Population Energy (Eh)

c 

Dipole 

Moment 

(D) 

Bond 
lengths 

(Å) 

Bond angles 

(deg) 

 

CN  1.269 

NO  1.254 

CNO  128.3 

CNH1  116.5 

NCH2  118.9 

C  -0.223 

O  -0.593 

N  -0.016 

H1 +0.393 

 

SCF  -168.80921 

MP21  -169.32379 

MP22  -169.50071 

MP23  -169.55895 

DFT   -169.69089 

4.47 

 

CN  1.277 

NO  1.244 

 

CNO  127.8 

CNH1  116.1 

NCS  120.0 

C  -0.017 

O  -0.557 

N -0.072 

H1 +0.433 

 

SCF  -750.95291 

MP21  -752.19826 

MP22  -752.60343 

MP23  -752.81677 

DFT   -753.46128 

 

 

5.65 

 

CN  1.279 

NO  1.241 

CNO  127.5 

CNH1  117.9 

NCS  123.0 

C  +0.027 

O  -0.538 

N  -0.081 

H1 +0.417 

SCF  -750.94373 

MP21  -752.19170 

MP22  -752.59696 

MP3   -752.81040 

DFT   -753.45461 

1.97 
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CN  1.277 

NO  1.242 

CNO  127.5 

CNH1  117.7 

NCS  122.1 

 

C  +0.021 

O  -0.540 

N  -0.083 

H1 +0.411 

 

SCF  -502.97481 

MP21  -504.49516 

MP22  -504.96856 

MP23  -505.13295 

DFT   -505.53385 

1.76 

 

 

CN  1.275 

NO  1.251 

 

CNO  127.3 

CNH1  118.0 

NCS  122.5 

C  +0.054 

O  -0.556 

N  -0.106 

H1 +0.404 

SCF  -502.97470 

MP21  -504.47422 

MP22  -504.96811 

MP23  -505.13295 

DFT   -505.53513 

4.26 

 

CN  1.278 

NO  1.246 

CNO  127.3 

CNH1  117.6 

NCS  122.8 

C  +0.035 

O  -0.548 

N  -0.083 

H1 +0.413 

SCF  -750.89840 

MP21  -752.15743 

MP22  -752.56122 

MP23  -752.69673 

DFT   -753.41851 

0.26 

 

aAll structures were optimized at the HF/6-31G* level and have no imaginary frequencies 

 bMulliken population analysis 

c1 au = 2625.5 kJ/mol. The MP21, MP22 and MP23 energies are single point energies obtained 

with the cc-pVDZ, cc-pVTZ and cc-pVQZ basis sets respectively using the 6-31G* optimized 

geometry, i.e. MP2/cc-pVDZ//HF/6–31G*, MP2/cc-pVTZ//HF/6–31G* and MP2/cc-

pVQZ//HF/6–31G* respectively. 
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Table A2: Selected biological relevant radicals 

Optimized 
Radicala 

 

 

Selected Parameters 

Spin 
Population 

bCharge 
Populations 

cEnergy (Eh) 

 
Dipole (D) Bond 

lengths 

(Å) 

Bond 
angles 

(deg) 

•H     

SCF  -0.49820 

MP21  -0.49927 

MP22  -0.49980 

DFT   -0.49792 

0 

•CH3 CH  1.073 HCH 120.0 
C  +1.294 

H  -0.098 

C  -0.530 

H  +0.175 

SCF  -39.63860 

MP21  -39.69002 

MP22  -39.73568 

DFT   -39.79542 

0 

•OH 

 

 

OH  0.958 
 

 

O   +1.056 

H  -0.056 

O  -0.457 

H  + 0.457 

SCF  -75.22340 

MP21  -75.36660 

MP22  -75.46843 

DFT   -75.64294 

1.94 

 

aAll structures were optimized at the HF/6-31G* level and have no imaginary frequencies 

 bMulliken population analysis 

c1 au = 2625.5 kJ/mol. The MP21 and MP22 energies are single point energies obtained with the 

cc-pVDZ and cc-pVTZ basis sets respectively using the 6-31G* optimized geometry, i.e. 

MP2/cc-pVDZ//HF/6–31G* and MP2/cc-pVTZ//HF/6–31G* respectively. 
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Table A3: The reaction of new heteroaryl nitrones with •H at the C-site carbon and the O-site oxygen 

Table A3a: 1,2,4-thiadiazol-3-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 

 

 

CN 1.441 

NO 1.258 

 

CNO    119.5 

CNH1   121.6 

NCH3   109.7  

NCH2   109.7 

NCS     111.5 

 

ONCH1 +180.0 

ONCH3 +59.0 

ONCH2  -59.0 

ONCS   +180.0 

 

C  -0.069 

N +0.361 

O +0.687 

H1+0.034 

 

C  -0.119 

N  -0.310 

O  -0.350 

H1 +0.412 

 

SCF  -751.55541 

MP21 -752.77293 

MP22 -753.17996 

DFT  -754.04881 

 

SCF  -273.83965 

MP21 -197.9627 

MP22 -201.43099 

DFT   -235.27106 

 

4.53 

 

 
 
 

 

CN 1.352 

NO 1.378 

OH2 0.948 

 

CNO   123.0 

CNH1  124.8 

NCH3  118.1 

NCS    121.7 

NOH2  106.9 

 

ONCH1 +180.0 

ONCH3    0.0 

ONCS   +180.0 

CNOH1 +180.0 

 

C +0.748 

N +0.208 

O  -0.012 

H1 -0.025 

H2 -0.0006 

 

C  -0.013 

N   -0.384 

O   -0.577 

H1  +0.428 

H2  +0.464 

 

SCF -751.51998 

MP21 -752.7280 

MP22 -753.13914 

DFT -754.01985 

 

SCF -180.81819 

MP21 -79.99899 

MP22 -94.25808 

DFT  -159.23658 

 

0.62 
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Table A3b: 1,2,4-thiadiazol-5-yl nitrone  

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 
 

Bond angles 
(deg) 

Dihedral 
angles 
(deg) 

 
 

 

 

CN  1.445 

NO  1.271 

 

CNO    118.0 

CNH1   118.3 

NCH3   107.9 

NCH2   111.3 

NCS     112.5 

 

ONCH1+146.1 

ONCH3+166.9 

ONCH2 +48.4 

ONCS   -73.7 

 

C   -0.033 

N  +0.254 

O  +0.769 

H1  -0.018 

 

C   -0.141 

N   -0.330 

O   -0.294 

H1  +0.387 

 

SCF  -751.55709 

MP21-752.76984 

MP22-753.17619 

DFT  -754.04777 

 

SCF  -302.35258 

MP21 -207.07319 

MP22 -208.51984 

DFT  -250.05262 

 

3.76 

 
 

 
 

 

CN  1.399 

NO  1.388 

OH2 0.948 

 

CNO 110.6 

CNH1   112.8 

NCH3   118.2 

NCS     121.0 

NOH2   104.8 

 

ONCH1+118.9 

ONCH3  +0.9 

ONCS  -177.2 

CNOH1-122.8 

 

C  +0.034 

N  +0.045 

O   +0.043 

H1    0.0 

H2    0.0 

 

C  +0.038 

N   -0.411 

O   -0.597 

H1  +0.386 

H2  +0.467 

 

SCF -751.54151 

MP2 -751.59407 

MP22-753.14303 

DFT  -754.03515 

 

SCF -261.44729 

MP212879.91095* 

MP22 -121.45826 

DFT -216.91881 

 

2.19 
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Table A3c: Furoxan-4-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 
 

 

 

CN 1.450 

NO 1.269 

 

CNO  117.7 

CNH1 117.9 

NCH3 112.2 

NCH2 106.2 

NCS   110.6 

 

ONCH1+144.6 

ONCH3 +85.1 

ONCH2  -33.3 

ONCS  -153.3 

 

C   -0.100 

N   +0.276 

O   + 0.760 

H1   -0.015 

 

C  -0.167 

N  -0.301 

O  -0.301 

H1 +0.383 

 

SCF  -503.59900 

MP21 -505.01714 

MP22 -505.50841 

DFT  -506.13304 

 

SCF  -330.78675 

MP21 -59.625105 

MP22 -105.12765 

DFT  -265.88439 

 

2.53 

 
 

 

 

CN 1.406 

NO 1.391 

OH2 0.948 

 

CNO  109.9 

CNH1 112.0 

NCH3 118.8 

NCS   119.8 

NOH2 104.9 

 

ONCH1+116.9 

ONCH3  +12.5 

ONCS   -167.6 

CNOH1 -120.9 

 

C   +1.015 

N   -0.038 

O   -0.003 

H1  +0.027 

H2  +0.001 

 

C  +0.007  

N   -0.412 

O   -0.600 

H1  +0.382 

H2  +0.466 

 

SCF  -503.58465 

MP21 -504.99882 

MP22 -505.49367 

DFT  -506.11029 

 

SCF -293.11082 

MP21 -11.525945 

MP22 -66.42778 

DFT  -206.15426 

 

5.14 
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Table A3d: Furoxan-3-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 

 
 

 

CN 1.446 

NO 1.267 

 

CNO  117.9 

CNH1 118.6 

NCH3 107.1 

NCH2 109.4 

NCS   112.9 

 

ONCH1+147.4 

ONCH3  -50.3 

ONCH2 -167.6 

ONCS    +71.5 

 

C   +0.046 

N   +0.277 

O   +0.734 

H1  -0.021 

 

C    -0.180 

N   -0.275 

O   -0.324 

H1  +0.385 

 

SCF  -503.60065 

MP21 -505.02015 

MP22 -505.5107 

DFT  -506.13270 

 

SCF  -335.40763 

MP21 -122.50583 

MP22 -112.32152 

DFT  -261.63108 

 

2.64 

 
 

 
 
 

 

CN 1.356 

NO 1.380 

OH2 0.949 

 

CNO  122.4 

CNH1 126.9 

NCH3 117.2 

NCS   124.3 

NOH2 107.1 

 

ONCH1+180.0 

ONCH3    0.0 

ONCS  +180.0 

CNOH1+180.0 

 

C  +0.739 

N +0.165 

O  -0.011 

H1 -0.022 

H2 -0.0004 

 

C    +0.021 

N     -0.406  

O     -0.570 

H1   +0.411 

H2   +0.470 

 

SCF -503.56496 

MP21 -504.99118 

MP22 -505.48776 

DFT  -506.09856 

 

SCF -241.70353 

MP21 -46.445095 

MP22 -52.09255 

DFT  -171.99651 

 

4.85 
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Table A3e: 1,2,3-thiadiazol-5-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 

 

 

CN  1.448 

NO  1.269 

 

CNO  117.5 

CNH1 117.6 

NCH3 106.5 

NCH2 111.1 

NCS   110.7 

 

ONCH1 -143.8 

ONCH3  +38.1 

ONCH2   -78.8 

ONCS  +158.2 

 

C   +0.025 

N   +0.258 

O   +0.758 

H1   -0.017 

 

C   -0.114 

N   -0.301 

O   -0.302 

H1  +0.378 

 

SCF  -751.51203 

MP21 -752.71618 

MP22 -753.11723 

DFT   -754.01087 

 

SCF  -303.06147 

MP21 -156.16474 

MP22 -147.55573 

DFT  -247.95222 

 

2.34 

 

 

 

CN  1.410 

NO  1.392 

OH2 0.948 

 

CNO  109.6   

CNH1 111.7 

NCH3 117.0 

NCS   120.2 

NOH2 104.8 

 

ONCH1+116.5 

ONCH3  +13.0 

ONCS   -167.5 

CNOH1 -120.4 

 

 

C   +0.937     

N   -0.037 

O   -0.003 

H1   +0.024 

H2   +0.001 

 

C   +0.029 

N   -0.409 

O   -0.605 

H1  +0.380 

H2  +0.465 

 

SCF -751.50336 

MP21 -752.69053 

MP22 -753.09476 

DFT -753.99925 

 

SCF -280.29838 

MP21 -88.82067 

MP22 -88.56074 

DFT  -217.44391 

 

4.06 
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aAll structures were optimized at the HF/6-31G* level and have no imaginary frequencies 

bMulliken population analysis 

c1 au = 2625.5 kJ/mol. The MP21 and MP22 energies are single point energies obtained with the cc-pVDZ and cc-pVTZ basis sets 

respectively at the 6-31G* optimized geometry, i.e. MP2/cc-pVDZ//HF/6–31G* and MP2/cc-pVTZ//HF/6–31G* respectively.  

d∆E = energy change for gas phase species at equilibrium bond lengths at 0K  

∆E = E adduct – [E new heteroaryl nitrone + E hydrogen radical]
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Table A4: The reaction of new heteroaryl nitrones with •CH3 at C- site and O- site 

Table A4a: 1,2,4-thiadiazol-3-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 

 

 

C1N 1.454 

C1C21.532 

NO  1.266 

 

C1NO 117.9 

C1NH1118.0 

NC1C2112.2 

 

ONC1C2  +70.7 

ONC1H1 +147.3 

NC1C2S  +24.8 

ONC1H2  -49.6 

 

C1 -0.038 

N  +0.302 

O  +0.724 

H1  -0.020 

C2 +0.027 

 

C1  -0.016 

N   -0.283 

O  -0.334 

H1  +0.390 

C2  -0.495 

 

SCF-790.59670 

MP21-791.96107 

MP22 -792.40857 

DFT  -793.33578 

 

SCF-13.626345 

MP21-191.11015 

MP22-182.36723 

DFT -207.62454 

 

4.24 

 

 

 

C1N 1.388 

NO  1.390 

OC2 1.402 

 

C1NO 111.0 

NOC2 110.2 

CNH1 112.4 

 

C1NOC2 +127.3 

ONC1S   +144.1 

ONC1H2  -41.5 

NOC2H4  -179.4 

ONC1H1 +120.8 

 

C1 +0.937 

N  -0.007 

O  +0.037 

C2 -0.004 

 

C1  +0.036 

N   -0.408 

O  -0.492 

C2  -0.142 

 

SCF -790.57072 

MP21 -791.90729 

MP22 -792.35674 

DFT -793.30783 

 

SCF 54.584145 

MP21-49.910755 

MP22-46.287565 

DFT-134.241815 

 

1.81 
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Table A4b: 1,2,4-thiadiazol-5-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 
 
 

 

 

CN  1.458 

CC  1.529 

NO  1.269 

 

CNO  119.0 

CNH1 117.0 

NCC  110.7 

 

ONC1C2 +39.1 

ONC1H1 +143.7 

NC1C2S  +1.7 

ONC1H2  -82.1 

 

C1  -0.031 

N   +0.257 

O   +0.761 

H1  -0.015 

C2   +0.002 

 

C1  -0.010 

N   -0.309 

O    -0.302 

H1  +0.381 

C2   -0.484 

 

SCF  -790.59483 

MP21 -791.95849 

MP22 -792.40549 

DFT  -793.33476 

 

SCF  -32.81875 

MP21-201.55964 

MP22-191.26768 

DFT  -222.45862   

 

1.38 

 
 

 
 

 

C1N 1.398 

 NO 1.384 

OC2 1.405 

 

C1NO 110.7 

NOC2 110.3 

CNH1 112.9 

 

C1NOC2 +118.4 

ONC1S   +177.7 

ONC1H2  +0.4 

NOC2H4  -179.5 

ONC1H1 +119.1 

 

C1 +0.927 

N   -0.009 

O   -0.004 

C2  +0.002 

 

C1  +0.042 

N   -0.400 

O   -0.492 

C2  -0.147 

 

SCF -790.57052 

MP21 -791.90136 

MP22 -792.35077 

DFT  -793.30661 

 

SCF 31.007155 

MP21 -51.56482 

MP22 -47.60032 

DFT -148.55079 

 

2.51 
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Table A4c: Furoxan-4-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 
 

 

 

CN 1.454 

CC 1.528 

NO 1.269 

 

CNO  118.7 

CNH1 117.3 

NCC  109.1 

 

ONC1C2 +174.4 

ONC1H1 +145.4 

NC1C2S   -11.8 

ONC1H2  +54.8 

 

C1 +0.038 

N  +0.270 

O  +0.751 

H1  -0.019 

C2  -0.013 

 

C1 +0.020 

N  -0.319 

O  -0.308 

H1 +0.386 

C2  -0.524 

 

SCF  -542.6365 

MP21 -544.20237 

MP22 -544.73582 

DFT  -545.41698 

 

SCF  -60.622795 

MP21-45.132345 

MP22 -82.91329 

DFT -230.28261 

 

6.08 

 
 

 

 

C1N 1.406 

NO 1.387 

OC2 1.404 

 

C1NO 109.9 

NOC2 110.4 

CNH1 112.0 

 

C1NOC2 +116.1 

ONC1S   -167.1 

ONC1H2  +13.1 

NOC2H4  -179.5 

ONC1H1 +116.9 

 

C1 +1.015 

N  -0.039 

O  -0.003 

C2 +0.003 

 

C1 +0.008 

N   -0.401 

O   -0.495 

C2  -0.147 

 

SCF -542.61373 

MP21 -544.16534 

MP22 -544.70116 

DFT -545.38402 

 

SCF  -0.84016 

MP21  52.08992 

MP22  8.08654 

DFT  -143.74613 

 

5.41 
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Table A4d: Furoxan-3-yl nitrone 

 
Optimized adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 
 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 
 

 

 

 

 

 

CN 1.446 

CC 1.528 

NO 1.262 

 

CNO 120.2 

CNH1 119.8 

NCC  109.4 

 

ONC1C2+175.5 

ONC1H1 -159.0 

NC1C2S  +10.1 

ONC1H2 +56.8 

 

C1  -0.116 

N  +0.320 

O  +0.720 

H1 -0.028 

C2 +0.023 

 

C1 +0.030 

N   -0.302 

O   -0.322 

H1 +0.383 

C2  -0.529 

 

SCF  -542.6376 

MP21 -544.20364 

MP22 -544.7369 

DFT -545.41841 

 

SCF  -63.79965 

MP21 -103.4447 

MP22 -86.93031 

DFT -230.67643 

 

4.76 

 
 

 
 

 

C1N1.358 

NO 1.379 

OC21.400 

 

C1NO 126.4 

NOC2 116.0 

CNH1 124.7 

 

C1NOC2    0.0 

ONC1S   +180.0 

ONC1H2    0.0 

NOC2H4   -61.9 

ONC1H1 +180.0 

 

C1  +0.727 

N   +0.167 

O    -0.008 

C2  -0.0008 

 

C1 +0.018 

N   -0.393 

O   -0.447 

C2  -0.200 

 

SCF -542.59225 

MP21 -544.15632 

MP22 -544.69504 

DFT -545.37287 

 

SCF 55.266775 

MP21 20.79396 

MP22 22.973125 

DFT -111.11116 

 

5.51 
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Table A4e: 1,2,3-thiadiazol-5-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 

 

 

CN 1.459 

CC 1.529 

NO 1.268 

 

CNO 118.2 

CNH1 117.0 

NCC  110.2 

 

ONC1C2 +50.5 

ONC1H1 +143.1 

NC1C2S   +8.0 

ONC1H2   -69.0 

 

C1  +0.029 

N   +0.258 

O   +0.753 

H1   -0.016 

C2   -0.010 

 

C1 +0.023 

N  -0.300 

O  -0.308 

H1 +0.378 

C2  -0.475 

 

SCF  -790.54984 

MP21 -791.90436 

MP22 -792.34702 

DFT -793.33476 

 

SCF  -33.71142 

MP21-149.41721 

MP22-131.59006 

DFT-317.239165 

 

2.03 

 
 

 
 

 

C1N1.410 

NO 1.388 

OC21.404 

 

C1NO 110.0 

NOC2 110.3 

CNH1 111.6 

 

C1NOC2 +116.0 

ONC1S   -166.7 

ONC1H2  +14.0 

NOC2H4  -179.4 

ONC1H1 +116.4 

 

C1 +0.938 

N   -0.038 

O   -0.002 

C2  +0.003 

 

C1 +0.030 

N  -0.398 

O  -0.499 

C2 -0.146 

 

SCF -790.53233 

MP21 -791.85703 

MP22 -792.30216 

DFT   -793.27273 

 

SCF  12.261085 

MP21 -25.15229 

MP22 -13.81013 

DFT   -154.3794 

 

4.32 
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aAll structures were optimized at the HF/6-31G* level and have no imaginary frequencies  

bMulliken population analysis 

c1 au = 2625.5 kJ/mol. The MP21 and MP22 energies are single point energies obtained with the cc-pVDZ and cc-pVTZ basis sets 

respectively at the 6-31G* optimized geometry, i.e. MP2/cc-pVDZ//HF/6–31G* and MP2/cc-pVTZ//HF/6–31G* respectively.  

d∆E = E adduct – [E new heteroaryl nitrone + E methyl radical]  
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Table A5: The reaction of new heteroaryl nitrones with •OH at C- site and O- site 

Table A5a: 1,2,4-thiadiazol-3-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 
 

 

 

CN  1.429 

NO1 1.274 

CO2 1.274  

 

CNO1  117.2 

CNH1  117.0 

NCO2  109.4 

CO2H2 109.7 

 

O1NCO2  +77.7 

O1NCH1 +143.4 

NCO2H2  -166.2 

 

C  -0.014 

N  +0.224 

O1 +0.791 

O2 +0.009 

H1  -0.014 

 

C  +0.317 

N   -0.305 

O1  -0.291 

O2  -0.731 

H1 +0.396 

 

SCF  -826.41068 

MP21-827.81433 

MP22-828.29661 

DFT  -829.23241 

 

SCF-615.33844 

MP21-654.98349 

MP22 -590.08113 

DFT  -336.56285 

 

4.46 

 
 

 
 
 

 

CN  1.391 

NO1 1.359 

O1O21.403 

 

CNO1 113.6 

NO1O2   109.6 

O1O2H4102.0 

CNH1 114.0 

 

CNO1O2   -67.4 

NO1O2H4-113.9 

O1NCH1 +127.4 

O1NCH2  -38.0 

O1NCS  +147.6 

C  +0.956 

N  -0.005 

O1 -0.013 

O2 +0.038 

H1 +0.001 

H4  -0.002 

C  +0.023 

 N -0.348 

O1 -0.226 

O2 -0.453 

H1 +0.390 

H4 +0.460 

 

SCF -826.30472 

MP21-827.69631 

MP22-828.17858 

DFT  -829.16670 

 

SCF -337.14046 

MP21 -345.12198 

MP22 -280.19336 

DFT  -164.04124 

 

3.48 
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Table A5b: 1,2,4-thiadiazol-5-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 
 

 
 

 

CN    1.436 

NO1  1.266 

CO2  1.389 

 

CNO1  116.6 

CNH1  120.1 

NCO2  113.4 

CO2H2 109.4 

 

O1NCO2  +64.6 

O1NCH1 +151.0 

NCO2H2   -63.9 

 

C   -0.022 

N   +0.287 

O1  +0.738 

O2  +0.015 

H1  -0.021 

 

C   +0.362 

N    -0.290 

O1   -0.324 

O2   -0.743 

H1  +0.394 

 

SCF  -826.41356 

MP21 -827.82036 

MP22 -828.30285 

DFT  -829.24140 

 

SCF  -647.00197 

MP21 -688.03853 

MP22 -623.45123 

DFT  -377.67818 

 

0.68 

 
 

 

 

CN    1.392 

NO1  1.375 

O1O2 1.381 

 

CNO1 110.5 

NO1O2 108.1 

O1O2H4103.5 

CNH1  115.3 

 

CNO1O2 +137.0 

NO1O2H4  -80.0 

O1NCH1 +122.2 

O1NCH2   -24.1 

O1NCS   +160.8 

 

C   +0.893 

N   +0.013 

O1  +0.016 

O2   -0.009 

H1   +0.011 

H4  -0.0001 

 

C   +0.048 

N    -0.370 

O1   -0.238 

O2   -0.406 

H1   +0.392 

H4   +0.458 

 

SCF -826.30087 

MP21 -827.68721 

MP22 -828.16920 

DFT -829.13831 

 

 

SCF -351.13437 

MP21 -338.45321 

MP22 -272.55316 

DFT  -107.01538 

 

1.52 
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Table A5c: Furoxan-4-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 
 

 
 

 

CN   1.454 

NO1  1.267 

CO2  1.377 

 

CNO1   115.9 

CNH1   118.7 

NCO2   109.9 

CO2H2  108.6 

 

O1NCO2  +53.3 

O1NCH1  +145.4 

NCO2H2  -46.6 

 

C    +0.035 

N    +0.275 

O1   +0.735 

O2 +0.0003 

H1    -0.019 

 

C    +0.385 

N    -0.299 

O1   -0.326 

O2   -0.747 

H1   +0.397 

 

SCF  -578.45364 

MP21 -580.06375 

MP22 -580.63187 

DFT  -581.32130 

 

SCF  -670.63147 

MP21 -530.32475 

MP22 -511.65744 

DFT -379.411005 

 

3.15 

 

 
 

 
 

 

CN   1.393 

NO1  1.360 

O1O2 1.399 

 

CNO1   113.7 

NO1O2 109.4 

O1O2H4 102.9 

CNH1   115.7 

 

CNO1O2   +70.8 

NO1O2H4 -110.2 

O1NCH1  -126.2 

O1NCH2  +39.9 

O1NCS   -149.0 

 

C   +2.511 

N   +3.672 

O1  +4.112 

O2  +4.209 

H1  +0.309  

H4  +0.268 

 

C    0.0101 

N   -0.3394 

O1   -0.2165 

O2  -0.4482 

H1   0.3813 

H4   0.4653 

 

SCF -578.34597 

MP21 -579.95622 

MP22 -580.52482 

DFT  -581.21448 

 

SCF -387.94388 

MP21 -248.00473 

MP22 -230.59765 

DFT -98.955095 

 

3.55 



113 

 

Table A5d: Furoxan-3-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 
 

 

 

CN  1.458 

NO1 1.268 

CO2 1.377 

 

CNO1  115.7 

CNH1  118.0 

NCO2  109.5 

CO2H2 108.5 

 

O1NCO2  +50.9 

O1NCH1 +142.3 

NCO2H2   -45.3 

 

C   +0.050 

N   +0.263 

O1 +0.740 

O2  -0.002 

H1  -0.017 

 

C  +0.384 

N  -0.297 

O1 -0.324 

O2 -0.743 

H1 +0.395 

 

SCF  -578.45405 

MP21 -580.06424 

MP22 -580.63178 

DFT  -581.32214 

 

SCF  -671.99673 

MP21 -586.58921 

MP22 -512.60262 

DFT -378.255785 

 

2.52 

 
 

 
 
 

 

CN  1.363 

NO1 1.384 

O1O21.391 

 

CNO1   125.0 

NO1O2 107.7 

O1O2H4  99.9 

CNH1   126.7 

 

CNO1O2     0.0 

NO1O2H4+180.0 

O1NCH1  +180.0 

O1NCH2     0.0 

O1NCS  +180.0 

 

C   +0.762 

N   +0.130 

O1  -0.009 

O2+0.0002 

H1  -0.019 

H4-0.0005 

 

C  +0.042 

N   -0.409 

O1  -0.224 

O2  -0.428 

H1 +0.411 

H4 +0.485 

 

SCF -578.31658 

MP21 -579.93187 

MP22 -580.50227 

DFT  -581.18728 

 

SCF -311.06924 

MP21 -239.05178 

MP22 -172.57412 

DFT -24.180855 

 

6.68 
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Table A5e: 1,2,3-thiadiazol-5-yl nitrone 

 
Optimized 
adductsa 

 

 
Selected parameters 

 
Spin 

populations 

 
bCharge 

populations 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D) 

Bond 
lengths 

(Å) 

Bond angles 
(deg) 

Dihedral angles 
(deg) 

 
 

 

 

CN 1.443 

NO1 1.273 

CO2 1.388 

 

CNO1  +116.6 

CNH1  +117.7 

NCO2  +112.9 

CO2H2 +109.2 

 

O1NCO2 +75.2 

O1NCH1 +142.8 

NCO2H2  -66.0 

 

C   -0.068 

N   +0.249 

O1  +0.774 

O2  +0.017 

H1  -0.014 

 

C  +0.362 

N   -0.309 

O1  -0.304 

O2  -0.735 

H1  +0.388 

 

SCF  -826.37093 

MP21 -827.76384 

MP22 -828.24107 

DFT  -829.20130 

 

SCF  -654.09082 

MP21 -629.62116 

MP22 -555.08321 

DFT  -367.17618 

 

3.02 

 
 

 

 

CN 

NO1 

O1O2 

 

CNO1 

NO1O2 

O1O2H4 

CNH1 

 

CNO1O2 

NO1O2H4 

O1NCH1 

O1NCH2 

O1NCS 

 

C 

N 

O1 

O2 

H1 

H4 

 

C 

N 

O1 

O2 

H1 

H4 

 

SCF   - 

MP21   - 

MP22   - 

DFT   -

829.10257 

 

SCF   - 

MP21   - 

MP22   - 

DFT  -107.96056 

 

- 
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aAll structures were optimized at the HF/6-31G* level and have no imaginary frequencies  

bMulliken population analysis  

c1 au = 2625.5 kJ/mol. The MP21 and MP22 energies are single point energies obtained with the cc-pVDZ and cc-pVTZ basis sets 

respectively at the 6-31G* optimized geometry, i.e. MP2/cc-pVDZ//HF/6–31G* and MP2/cc-pVTZ//HF/6–31G* respectively.  

d∆E = E adduct – [E new heteroaryl nitrone + E hydroxyl radical]  
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Table 6: The energetic studies of nitrone double adducts 

Table A6a: Di •H spin adducts 

 
Optimized adductsa 

 

 
Selected parameters 

 

 
Charge 

populationsb 

 
Energy 
(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D)  

Bond 
lengths 

(Å) 

 
Bond angles 

(deg) 

 
Dihedral angles 

(deg) 

 
 

 

 
1,2,4-thiadiazol-3-yl 

nitrone 

 

NO  1.401 

CN  1.452 

OH2 0.947 

 

CNO   107.2 

CNH1  108.8 

NOH2  104.5 

 

CNOH2  +122.2 

ONCH1  +112.7 

ONCS    +171.3 

 

C    -0.138 

N    -0.397 

O    -0.620 

H1   +0.376 

H2   +0.457 

 

SCF -752.14573  

MP21 -753.39683    

MP22 -753.8124   

DFT  -754.67003  

 

SCF  -515.70071   

MP21  -525.17877   

MP22  -549.65368  

DFT   -558.9952 

 

2.06 

 

 

 

 
1,2,4-thiadiazol-5-yl 

nitrone 

 

NO   1.397 

CN   1.450 

OH2  0.948 

 

CNO   107.9 

CNH1  109.7 

NOH2  104.7 

 

CNOH2   +123.7 

ONCH1   +113.4 

ONCS     -174.0 

 

C   -0.135 

N   -0.411 

O   -0.609 

H1  +0.368 

 

SCF  -752.14639   

MP21 -753.39737   

MP22 -753.81613   

DFT   -754.67160 

 

SCF -541.53563   

MP21  -543.81982  

MP22 -576.43378   

DFT  -580.62932 

 

1.91 
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H2  +0.462 

 
 

 

Furoxan-4-yl nitrone 

 

NO   1.398 

CN   1.453 

OH2  0.948 

 

CNO    107.0 

CNH1   110.1 

NOH2   104.6 

 

CNOH2  +122.4 

ONCH1  +112.7 

ONCS     +175.5 

 

C     -0.147 

N     -0.382 

O     -0.616 

H1    +0.358 

H2    +0.465 

 

 

SCF -504.17685    

MP21 -505.67923    

MP22 -506.18402  

DFT  -506.75566 

 

SCF -539.90782   

MP21 -487.10902   

MP22 -566.69317 

DFT  -593.28423  

 

4.60 

 

 

 

Furoxan-3-yl nitrone 

 

NO    1.398 

CN    1.454 

OH2  0.948 

 

CNO    107.2 

CNH1   109.7 

NOH2   104.5 

 

CNOH2    -121.2 

ONCH1   -112.9 

ONCS      -177.6 

 

C     -0.116 

N     -0.372 

O     -0.620 

H1   +0.357 

H2   +0.465 

 

SCF -504.17701     

MP21 -505.6818   

MP22 -506.18613 

DFT  -506.75056  

 

SCF -540.616705    

MP21 -548.83452   

MP22 -573.41445 

DFT  -576.53354  

 

4.37 



118 
 

 
 

 

1,2,3-thiadiazol-5-yl 
nitrone 

 

NO    1.398 

CN    1.452 

OH2  0.947 

 

CNO    107.5 

CNH1   109.4 

NOH2   104.7 

 

CNOH2    +124.1 

ONCH1    +113.2 

ONCS     +178.0 

 

C     -0.117 

N     -0.395 

O     -0.615 

H1    +0.366 

H2    +0.462 

 

SCF  -752.10158 

MP21 -753.36426   

MP22 -752.27449*  

DFT -754.63406 

 

SCF  -542.90089  

MP21 -546.86540    

MP223377.30667*   

DFT -576.84860 

 

3.69 
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Table A6b: •H + •CH3 spin adducts 

 
Optimized adductsa 

 

 
Selected parameters 

 

 
Charge 

populationsb 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D)  

Bond 
lengths 

(Å) 

 
Bond angles 

(deg) 

 
Dihedral angles 

(deg) 

 
 

 

 
1,2,4-thiadiazol-3-yl 

nitrone 

 

C1N   1.452 

NO    1.396 

OC2   1.399 

 

C1NO    107.1 

NOC2    110.1 

C1NH1   108.8 

NC1S   109.6 

 

C1NOC2   +125.6 

ONC1H1  +112.7 

ONC1S   +171.7 

NOCH3   -178.7 

 

C1  -0.137 

N   -0.383 

O   -0.513 

C2  -0.134 

H1  +0.375 

 

SCF -791.17431 

MP21 -792.56327  

MP22 -793.01945 

DFT  -793.94355 

 

SCF -222.1173    

MP21 -461.35286   

MP22 -473.98414   

DFT -558.99521 

 

1.96 

 

 

 

 
1,2,4-thiadiazol-5-yl 

nitrone 

 

C1N   1.450 

NO    1.392 

OC2   1.402 

 

C1NO    107.8 

NOC2    110.2 

C1NH1   109.7 

NC1S   109.8 

 

C1NOC2  -125.9 

ONC1H1  -113.5 

ONC1S   +173.6 

NOCH3   +179.0 

 

C1   -0.135 

N    -0.398 

O    -0.502 

C2   -0.141 

H1    +0.366 

 

SCF -791.17523    

MP21 -792.56395   

MP22 -793.01999 

DFT  -793.94512 

 

SCF  -248.63485  

MP21 -480.36148   

MP22 -492.38890  

DFT  -580.62933 

 

2.19 
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Furoxan-4-yl nitrone 

 

C1N   1.453 

NO    1.393 

OC2   1.403 

 

C1NO   106.8 

NOC2   110.1 

C1NH1  110.0 

NC1S  110.1 

 

C1NOC2   +125.1 

ONC1H1  +112.6 

ONC1S   +176.5 

NOCH3    -178.6 

 

C1    -0.147 

N     -0.370 

O     -0.510 

C2    -0.142 

H1   +0.356 

 

SCF -543.20561  

MP21 -544.84553   

MP22 -545.39112   

DFT  -546.02289 

 

SCF -246.79700 

MP21 -422.91554    

MP22 -491.15491 

DFT  -593.28424  

 

4.91 

 

 
Furoxan-3-yl nitrone 
 

 

C1N    1.454 

NO     1.393 

OC2    1.403 

 

C1NO   107.0 

NOC2   110.0 

C1NH1   109.7 

NC1S   110.4 

 

C1NOC2    -123.1 

ONC1H1   -112.8 

ONC1S     -177.0 

NOCH3    +178.2 

 

C1    -0.117 

N     -0.360 

O     -0.513 

C2    -0.142 

H1   +0.353 

 

SCF -543.20566     

MP21 -544.84817   

MP22 -545.39334 

DFT -546.02435 

 

SCF -247.21708    

MP21 -484.82483   

MP22 -498.16500 

DFT -576.53355   

 

4.56 

 
 

 

1,2,3-thiadiazol-5-yl 
nitrone 

 

C1N  

NO 

OC2  

 

C1NO 

NOC2 

C1NH1 

NC1S 

 

C1NOC2 

ONC1H1 

ONC1S 

NOCH3 

 

C1 

N 

O 

C2 

H1 

 

SCF -   

MP21 -   

MP22 -   

DFT -793.81042 

 

SCF -   

MP21 -    

MP22 -   

DFT -576.84861 

 

- 
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Table A6c: •CH3 + •H spin adducts 

 
Optimized adductsa 

 

 
Selected parameters 

 

 
Charge 

populationsb 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D)  

Bond 
lengths 

(Å) 

 
Bond angles 

(deg) 

 
Dihedral angles 

(deg) 

 

 

 
1,2,4-thiadiazol-3-yl 

nitrone 

 

C1N   1.458 

NO    1.401 

C1C2  1.532 

 

C1NO    108.4 

NC1C2   114.3 

C1C2H3  109.9 

NOH2    104.2 

C1NH1   109.6 

 

ONC1C2  +58.1 

C1NOH2  +121.4 

ONC1H1  +113.7 

NC1C2H3   -57.7 

 

C1   -0.014 

C2   -0.506 

N    -0.385 

O      -0.624 

H1    +0.370 

H2    +0.458 

 

SCF  -791.18274   

MP21 -792.58298  

MP22 -793.03994 

DFT  -793.95547 

 

SCF   -244.25027 

MP21 -513.10147    

MP22  -527.78064 

DFT  -527.33168 

 

1.91 

 
 

 

 
1,2,4-thiadiazol-5-yl 

nitrone 
 

 

C1N   1.457 

NO    1.397 

C1C2  1.527 

 

C1NO     108.6 

NC1C2    114.7 

C1C2H3  109.4 

NOH2    104.5 

C1NH1   109.7 

 

ONC1C2   +66.6 

C1NOH2  +123.0 

ONC1H1  +113.8 

NC1C2H3   -57.2 

 

C1    +0.004 

C2     -0.490 

N      -0.410 

O      -0.610 

H1    +0.364 

 

SCF -791.18435   

MP21 -792.58498  

MP22 -793.0413  

DFT  -793.95871 

 

SCF  -272.57941   

MP21  -535.57575   

MP22  -548.33830 

DFT  -553.35038 

 

2.04 
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H2    +0.463 

 

 

Furoxan-4-yl nitrone 

 

C1N   1.459 

NO    1.398 

C1C2  1.527 

 

C1NO    108.2 

NC1C2   114.8 

C1C2H3  109.3 

NOH2   104.6 

C1NH1  109.4 

 

ONC1C2  +62.9 

C1NOH2  +124.4 

ONC1H1  +113.4 

NC1C2H3   -56.7 

 

C1    -0.004 

C2    -0.500 

N     -0.399 

O     -0.611 

H1   +0.364 

H2   +0.462 

 

SCF -543.21796    

MP21 -544.86879   

MP22 -545.41433  

DFT -546.03944 

 

SCF -279.221925   

MP21 -483.98467   

MP22 -552.09277   

DFT  -557.262375 

 

5.03 

 

 

 

Furoxan-3-yl nitrone 
 

 

C1N   1.457 

NO    1.387 

C1C2  1.533 

 

C1NO     111.4 

NC1C2    114.3 

C1C2H3  114.3 

NOH2    109.2 

C1NH1   110.8 

 

 

ONC1C2   +76.9 

C1NOH2    -62.9 

ONC1H1  +119.5 

NC1C2H3   -60.8 

 

C1    +0.012 

C2     -0.523 

N      -0.378 

O      -0.590 

H1    +0.348 

H2    +0.442 

 

SCF -543.20754   

MP21 -544.86162   

MP22 -545.40685 

DFT  -546.03069 

 

SCF -252.15302   

MP21 -520.13780    

MP22  -533.63550  

DFT  -530.92861 

 

4.85 
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1,2,3-thiadiazol-5-yl 
nitrone 

 

 

C1N   1.458 

NO    1.399 

C1C2  1.529 

 

C1NO    108.0 

NC1C2   110.4 

C1C2H3  110.0 

NOH2    104.8 

C1NH1   108.8 

 

ONC1C2   -69.0 

C1NOH2  +124.5 

ONC1H1  +112.7 

NC1C2H3  +62.0 

 

C1    +0.04 

C2    -0.478 

N     -0.391 

O     -0.617 

H1    +0.366 

H2    +0.461 

 

SCF -791.13786   

MP21 -792.551    

MP22 -793.00617  

DFT  -793.41860 

 

SCF -269.53383  

MP21 -536.33714    

MP22 -549.93986   

DFT +769.92788* 

 

0.46 
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Table A6d: di •CH3 spin adducts  

 
Optimized adductsa 

 

 
Selected parameters 

 

 
Charge 

populationsb 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D)  

Bond 
lengths 

(Å) 

 
Bond angles 

(deg) 

 
Dihedral angles 

(deg) 

 

 

 

1,2,4-thiadiazol-3-yl 
nitrone 

 

C1N   1.459 

NO    1.396 

OC3   1.399 

C1C2  1.532 

 

C1NO    108.2 

NOC3    109.9 

NC1C2   114.3 

C1C2H2  109.9 

OC3H3   106.3 

 

C1NOC3  +124.3 

ONC1C2   +58.9 

NOC3H3  -178.7 

NC1C2H2   -57.8 

ONC1H1  +113.8 

 

C1    -0.013 

C2    -0.504 

N     -0.371 

O     -0.514 

C3    -0.133 

H1   +0.368 

 

 

SCF -830.21125    

MP21 -831.74958  

MP22 -832.24718 

DFT -833.22912 

 

SCF +49.51693   

MP21 -449.69564   

MP22 -452.60995 

DFT  -464.7135 

 

1.80 

 
 

 

1,2,4-thiadiazol-5-yl 
nitrone 

 

C1N   1.457 

NO    1.392 

OC3   1.402 

C1C2  1.527 

 

C1NO    108.6 

NOC3    110.1 

NC1C2   114.8 

C1C2H2  109.4 

 

C1NOC3  +125.0 

ONC1C2   +67.3 

NOC3H3  -179.2 

NC1C2H2   -57.2 

 

C1    +0.005 

C2     -0.488 

N      -0.397 

O      -0.502 

 

SCF -830.21313    

MP21 -831.75174    

MP22 -832.24888  

DFT  -833.23218 

 

SCF  +20.47890    

MP21 -472.59000   

MP22 -474.06028   

DFT  -490.25962 

 

2.32 
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OC3H3   106.2 ONC1H1  +113.9 C3     -0.140 

H1    +0.362 

 

 

 

Furoxan-4-yl nitrone 

 

C1N   1.459  

NO    1.394 

OC3   1.403 

C1C2  1.531 

 

 

C1NO   107.9 

NOC3   110.0 

NC1C2  114.4 

C1C2H2  109.6 

OC3H3   106.2 

 

C1NOC3  +123.7 

ONC1C2   +63.7 

NOC3H3  -178.9 

NC1C2H2+113.0 

ONC1H1   -57.4 

 

 

C1    -0.032 

C2    -0.500 

N     -0.363 

O     -0.510 

C3    -0.141 

H1    -0.141 

 

SCF  -582.24307   

MP21 -584.03147   

MP22 -584.6185   

DFT -585.30874 

 

SCF +23.47197   

MP21 -410.28689    

MP22 -468.86179  

DFT -483.22328   

 

5.19 

 

 

 

Furoxan-3-yl nitrone 

 

C1N   1.449  

NO    1.393 

OC3   1.404 

C1C2   1.52 

 

C1NO   109.7 

NOC3  110.3 

NC1C2 108.5 

C1C2H2 110.9 

OC3H3  109.6 

 

 

C1NOC3   -122.2 

ONC1C2   -175.1 

NOC3H3   +59.3 

NC1C2H2   -58.2 

ONC1H1  -115.6 

 

C1    +0.017 

C2    -0.510 

N     -0.367 

O     -0.522 

C3    -0.139 

H1   +0.353 

 

SCF -582.24686    

MP21 -584.03664   

MP22 -584.62351 

DFT   -585.31344 

 

SCF +13.23252    

MP21 -478.83869   

MP22 -483.19702 

DFT  -492.20249 

  

5.51 
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1,2,3-thiadiazol-5-yl 
nitrone 

 

 

C1N   1.459 

NO    1.392 

OC3   1.402 

C1C2  1.529 

 

C1NO     108.5 

NOC3     110.1 

NC1C2    114.2 

C1C2H2  109.4 

OC3H3   106.2 

 

C1NOC3  +125.6 

ONC1C2   +61.6 

NOC3H3  -178.8 

NC1C2H2   -54.8 

ONC1H1  +114.1 

 

C1   +0.04 

C2   -0.506 

N    -0.385 

O    -0.507 

C3    -0.140 

H1   +0.361 

 

 

SCF  -830.16683 

MP21 -831.7171    

MP22 -832.21347 

DFT  -833.19462 

 

SCF  23.025635   

MP21 -471.61857  

MP22 -474.92670   

DFT -486.42639 

 

4.29 
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Table A6e: •H + HO• spin adducts 

 
Optimized adductsa 

 
Selected parameters 

 

 
Charge 

populationsb 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D)  

Bond 
lengths 

(Å) 

 
Bond angles 

(deg) 

 
Dihedral angles 

(deg) 

 
 

 

1,2,4-thiadiazol-3-yl 
nitrone 

 
 
 
 
 
 

 

CN    1.454 

NO1   1.390 

O1O2 1.381 

O2H2 0.952 

 

CNO1     106.1 

NO1O2   107.8 

O1O2H2  103.2     

 

CNO1O2  +148.8 

O1NCH1  +113.8 

NO1O2H2  -70.7 

O1NCS    +172.1 

 

O1   -0.260 

C     -0.154 

N     -0.361 

O2    -0.414 

H1   +0.382 

H2   +0.453 

 

 

SCF -826.90589  

MP21 -828.34859   

MP22 -828.8375 

DFT -829.77255 

 

SCF -607.48819    

MP21 -746.84973   

MP22 -697.93929   

DFT -447.41146 

 

3.27 
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1,2,4-thiadiazol-5-yl 
nitrone 

 
 
 

 

 

CN    1.453 

NO1   1.361 

O1O2 1.403 

O2H2 0.950 

 

CNO1     111.5 

NO1O2   109.2 

O1O2H2  101.7 

 

CNO1O2   +67.3 

O1NCH1   -120.5 

NO1O2H2 +121.7 

O1NCS    +161.8 

 

O1    -0.224 

C     -0.158 

N     -0.346 

O2    -0.465 

H1   +0.360 

H2   +0.465 

 

SCF  -826.90914   

MP21 -828.35397    

MP22 -828.84264  

DFT  -829.77668  

 

SCF -640.123155  

MP21 -778.1982    

MP22 -728.42135  

DFT  -475.76686 

 

3.16 

 

 

 

Furoxan-4-yl nitrone 
 
 

 

CN   1.452 

NO1 1.361 

O1O2 1.404 

O2H2 0.951 

 

CNO1     112.0 

NO1O2   109.2 

O1O2H2  102.3 

 

CNO1O2  +66.5 

O1NCH1  -120.2 

NO1O2H2  -127.0 

O1NCS    +167.0 

 

O1    -0.225 

C      -0.174 

N      -0.333 

O2     -0.462 

H1     +0.374 

H2     +0.465 

 

SCF -578.94298   

MP21 -580.63937    

MP22 -581.21676   

DFT  -581.85837 

 

SCF -647.369535    

MP21 -730.78167  

MP22 -735.03761  

DFT  -482.19933 

 

 

4.95 
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Furoxan-3-yl nitrone 

 

 

CN  1.454 

NO1 1.362 

O1O2 1.403 

O2H2 0.951 

 

CNO1   111.9 

NO1O2  109.3 

O1O2H2 102.5 

 

CNO1O2   -66.8 

O1NCH1  +119.8 

NO1O2H2 +122.6 

O1NCS    -166.7 

 

O1    -0.226 

C     -0.158 

N     -0.334 

O2    -0.460 

H1    +0.372 

H2    +0.464 

 

SCF -578.94282   

MP21 -580.63984    

MP22 -581.21677 

DFT  -581.85827 

 

SCF -647.23826   

MP21 -786.99363  

MP22 -736.24534   

DFT  -478.57614 

 

3.63 

 
 

 

1,2,3-thiadiazol-5-yl 
nitrone 

 

 

 

CN  

NO1 

O1O2 

O2H2 

 

CNO1 

NO1O2 

O1O2H2 

 

CNO1O2 

O1NCH1 

NO1O2H2 

O1NCS 

 

O1  

C  

N  

O2  

H1 

H2  

 

 

SCF -    

MP21 -   

MP22 -   

DFT - 

 

SCF -    

MP21 -    

MP22 -   

DFT - 

 

- 
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Table A6f: •OH + •H spin traps 

 
Optimized adductsa 

 

 
Selected parameters 

 

 
Charge 

populationsb 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D)  

Bond lengths 
(Å 

 
Bond angles 

(deg) 

 
Dihedral angles 

(deg) 

 
 

 

1,2,4-thiadiazol-3-
yl nitrone 

 

CN   1.441 

NO1  1.404 

CO2   1.391 

O2H2 0.950 

O1H3 0.947 

 

C1NO1   106.8 

NCO2    113.1 

CO2H2   108.0 

CNH1     108.6 

NO1H3   104.7 

 

CNO1H3  +122.2 

O1NCO2   +56.8 

NCO2H2   -56.0 

O1NCH1  +112.5 

 

O1    -0.641 

C     +0.300 

N      -0.390 

O2      -0.744 

H1     +0.381 

H2     +0.467 

H3     +0.465 

 

SCF -827.00376   

MP21 -828.44645   

MP22 -828.93855 

DFT  -829.86184  

 

SCF -864.445875   

MP21-1003.78116   

MP22 -963.24607 

DFT -681.84235 

 

1.77 

 

 

 

1,2,4-thiadiazol-5-
yl nitrone 

 

CN   1.444 

NO1  1.383 

CO2   1.371 

O2H2 0.951 

 

C1NO1   111.6 

NCO2    111.1 

CO2H2   108.4 

CNH1     112.2 

 

CNO1H3    +57.6 

O1NCO2    +67.7 

NCO2H2    +56.5 

O1NCH1   -121.8 

 

O1   -0.587 

C    +0.324 

N     -0.357 

O2   -0.706 

 

SCF -826.98912    

MP21 -828.43533    

MP22 -828.92734 

DFT   -829.84962 

 

SCF -850.110645    

MP21 -991.80888    

MP22 -950.79070   

DFT -667.270825 

 

2.30 
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 O1H3 0.953 NO1H3   109.2 H1   +0.356 

H2   +0.470 

H3   +0.434 

 

 

 

Furoxan-4-yl 
nitrone 

 

 

CN    1.442 

NO1   1.401 

CO2   1.390 

O2H2 0.950 

O1H3 0.948 

 

C1NO1   106.5 

NCO2    113.3 

CO2H2   108.5 

CNH1     109.4 

NO1H3   104.8 

 

CNO1H3  +123.1 

O1NCO2  +57.8 

NCO2H2  -57.1 

O1NCH1  +112.5 

 

O1    -0.637 

C     +0.317 

N     -0.368 

O2    -0.752 

H1    +0.365 

H2    +0.477 

H3    +0.472 

 

SCF -579.03794    

MP21 -580.73184 

MP22 -581.31275  

DFT   -582.24759 

 

SCF  -896.687015  

MP21 -973.56166  

MP22 -987.05935   

DFT -1504.09644 

 

5.79 

 

 

 

Furoxan-3-yl 
nitrone 

 

CN   1.428 

NO1  1.386 

CO2  1.393 

O2H2 0.953 

O1H3 0.953 

 

C1NO1    109.8 

NCO2     109.6 

CO2H2    110.3 

CNH1     109.3 

NO1H3   107.6 

 

CNO1H3     -55.4 

O1NCO2    +66.7 

NCO2H2  +173.3 

O1NCH1  +117.5 

 

O1    -0.600 

C    +0.354 

N     -0.365 

O2    -0.777 

H1   +0.358 

H2   +0.460 

 

SCF -579.03666    

MP21 -580.73192    

MP22 -581.31199  

DFT  -581.94381  

 

SCF -893.61518    

MP21-1028.7497    

MP22  -986.24545 

DFT -703.16141 

 

2.09 



132 
 

H3   +0.494 

 

 

 

 
1,2,3-thiadiazol-5-

yl nitrone 

 

CN    1.440 

NO1   1.401 

CO2   1.391 

O2H2  0.949 

O1H3 0.947 

 

C1NO1    106.8 

NCO2     113.5 

CO2H2    108.7 

CNH1     108.8 

NO1H3   104.9 

 

CNO1H3  +124.2 

O1NCO2   +58.5 

NCO2H2    -60.8 

O1NCH1  +112.7 

 

O1    -0.634 

C     +0.369 

N     -0.385 

O2    -0.754 

H1    +0.370 

H2    +0.473 

H3    +0.467 

 

SCF  -826.96191  

MP21 -828.41642  

MP22 -828.90696 

DFT  -829.82980   

 

SCF -897.68471   

MP21-1032.13656  

MP22 -991.12888   

DFT   -710.01397 

 

5.17 
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Table A6g: •CH3 + •OH spin adducts 

 
Optimized adductsa 

 

 
Selected parameters 

 

 
Charge 

populationsb 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D)  

Bond 
lengths 

(Å) 

 
Bond angles 

(deg) 

 
Dihedral angles 

(deg) 

 
 

 
1,2,4-thiadiazol-3-yl 

nitrone 
 
 
 
 

 

C1N  1.462 

NO1  1.365 

O1O2 1.404 

C1C2 1.525 

 

 

C1NO     112.8 

NC1C2   110.4 

NO1O2   109.8 

O1O2H2  102.6 

 

 

C1NO1O2  +67.0 

O1NC1H1  -119.2 

NO1O2H2  -118.6 

O1NC1C2   +60.8 

 

O1    -0.233 

C1    -0.025 

N     -0.314 

O2    -0.466 

H1   +0.369 

H2   +0.459 

C2    -0.483 

 

SCF  -865.94315   

MP21 -867.53918  

MP22 -868.06903 

DFT  -869.06181  

 

SCF -336.69412   

MP21 -746.42965   

MP22 -686.54200 

DFT -425.77734 

 

2.78 

 

 

 

1,2,4-thiadiazol-5-yl 
nitrone 

 

C1N  1.461 

NO1  1.362 

O1O2 1.403 

C1C2 1.529 

 

C1NO    112.6 

NC1C2   110.7 

NO1O2   109.4 

O1O2H2  101.8 

 

C1NO1O2  +65.2 

O1NC1H1  -120.1 

NO1O2H2 +119.8 

O1NC1C2   +52.5 

 

O1    -0.228 

C1    -0.019 

N     -0.337 

O2    -0.466 

 

SCF  -865.94652   

MP21 -867.54168  

MP22 -868.07195 

DFT  -869.05792   

 

SCF  -369.644145  

MP21 -770.21668    

MP22 -711.19544   

DFT  -433.07623 

 

2.84 
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  H1    +0.359 

H2    +0.465 

C2  -0.4844 

 

 

 

Furoxan-4-yl nitrone 
 
 

 

C1N   1.459 

NO1   

1.361 

O1O2 1.405 

C1C2  1.529 

 

 

C1NO    113.0 

NC1C2   110.5 

NO1O2  109.0 

O1O2H2 102.2 

 

 

C1NO1O2   +66.8 

O1NC1H1  -119.8 

NO1O2H2  -130.2 

O1NC1C2   +58.5 

 

O1    -0.229 

C1    -0.0363 

N      -0.325 

O2     -0.463 

H1    +0.373 

H2    +0.465 

C2     -0.483 

 

SCF -617.97987   

MP21 -619.8256    

MP22 -620.44471 

DFT  -546.03944* 

 

SCF -375.60403    

MP21 -718.91441   

MP22 -714.24102   

DFT  - 

 

5.14 

 

 

 

Furoxan-3-yl nitrone 

 

C1N  1.456 

NO1  1.366 

O1O2 1.402 

C1C2  1.529 

 

 

C1NO    112.1 

NC1C2   108.6 

NO1O2   109.6 

O1O2H2  101.7 

 

 

C1NO1O2   -66.6 

O1NC1H1 +119.9 

NO1O2H2  -121.8 

O1NC1C2 +170.3 

O1    -0.239 

C1    -0.003 

N     -0.347 

O2    -0.457 

H1   +0.365 

H2   +0.467 

C2    -0.517 

 

SCF  -617.98311    

MP21 -619.82824  

MP22 -620.44766   

DFT  -621.46768 

 

SCF  -384.399455   

MP21  -780.8237   

MP22 -723.16772   

DFT-1297.49585* 

 

6.53 
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1,2,3-thiadiazol-5-yl 
nitrone 

 

C1N  1.462 

NO1  1.384 

O1O2 1.382 

C1C2 1.528 

 

 

C1NO    109.8 

NC1C2   114.0 

NO1O2   107.7 

O1O2H2  103.2 

 

 

C1NO1O2   +96.3 

O1NC1H1 +114.3 

NO1O2H2   +75.6 

O1NC1C2   +62.5 

 

O1    -0.249 

C1    +0.028 

N      -0.371 

O2     -0.417 

H1     +0.371 

H2     +0.457 

C2      -0.511 

 

SCF -865.89919   

MP21 -867.5037  

MP22 -868.03245    

DFT  -869.01864 

 

SCF -364.393145    

MP21 -760.47608   

MP22  -701.32356  

DFT  -424.727135 

 

3.34 
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Table A6h: •OH + •CH3 spin adducts 

 
Optimized adductsa 

 

 
Selected parameters 

 

 
Charge 

populationsb 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D)  

Bond 
lengths 

(Å) 

 
Bond angles 

(deg) 

 
Dihedral angles 

(deg) 

 
 

 
1,2,4-thiadiazol-3-yl 

nitrone 
 
 
 
 

 

C1N  1.441 

NO1  1.399 

C1O2 1.392 

O1C2 1.402 

 

C1NO1  106.7 

NO1C2  110.3 

NC1O2  113.2 

 

C1NO1C2+125.1 

O1NC1H1+112.6 

O1NC1O2  +57.7 

NC1O2H2  -55.2 

 

O1     -0.535 

C1     +0.303 

N       -0.376 

O2      -0.746 

H1     +0.379 

H2     +0.466 

C2      -0.138 

 

SCF  -866.03236  

MP21 -867.61288   

MP22 -868.14558  

DFT  -869.13521 

 

SCF -570.914975   

MP21 -939.92900   

MP22 -887.52402  

DFT  -618.48904 

 

1.75 

 

 

 

1,2,4-thiadiazol-5-yl 
nitrone 

 

C1N  1.442 

NO1  1.395 

C1O2 1.383 

O1C2 1.404 

 

C1NO1   107.1 

NO1C2   110.4 

NC1O2  113.7 

 

C1NO1C2+128.1 

O1NC1H1  +112.8 

O1NC1O2   +64.6 

NC1O2H2 -63.819 

 

O1    -0.521 

C1   +0.337 

N     -0.395 

O2    -0.720 

 

SCF -866.02962 

MP21 -867.61098   

MP22 -868.14369 

DFT  -869.13454  

 

SCF -587.823195   

MP21 -952.16383   

MP22 -899.54881 

DFT-634.242035   

 

3.60 



137 
 

 
 
 
 

 

H1   +0.370 

H2    +0.464 

C2     -0.145 

 

 

Furoxan-4-yl nitrone 
 

 

C1N  1.441 

NO1  1.396 

C1O2 1.391 

O1C2 1.405 

 

C1NO1 106.3 

NO1C2 110.3 

NC1O2 113.3 

 

C1NO1C2  +126.7 

O1NC1H1  +112.6 

O1NC1O2   +58.6 

NC1O2H2   -56.3 

 

O1    -0.534 

C1   +0.319 

N     -0.356 

O2     -0.754 

H1    +0.362 

H2     +0.475 

C2      -0.145 

 

 

SCF -618.06674    

MP21 -619.89814    

MP22 -620.51987  

DFT  -621.21798 

 

SCF -603.681215    

MP21 -909.36818    

MP22 -911.57360  

DFT -645.26914 

 

6.13 

 

 

 

Furoxan-3-yl nitrone 
 

 

 

 

C1N  1.451 

NO1  1.388 

C1O2 1.388 

O1C2 1.403 

 

C1NO1 108.8 

NO1C2 110.8 

NC1O2 107.5 

 

C1NO1C2   -115.1 

O1NC1H1   -114.4 

O1NC1O2   -172.6 

NC1O2H2    -59.3 

 

O1    -0.509 

C1   +0.322 

N     -0.379 

O2    -0.747 

H1   +0.359 

 

SCF -618.06293    

MP21 -619.89488   

MP22 -620.51702 

DFT  -621.21299 

 

SCF -593.966865   

MP21 -955.78702    

MP22 -905.2724  

DFT  -628.80725 

 

5.38 
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H2   +0.4643  

C2    -0.1402 

 

 

 

 

1,2,3-thiadiazol-5-yl 
nitrone 

 

 

C1N  1.441 

NO1  1.396 

C1O2 1.389 

O1C2 1.404 

 

C1NO1 106.8 

NO1C2 110.4 

NC1O2 113.6 

 

 

C1NO1C2   128.1 

O1NC1H1   112.9 

O1NC1O2   +59.4 

NC1O2H2   -58.9 

 

O1    -0.529 

C1    +0.368 

N    -0.378 

O2   -0.749 

H1   +0.369 

H2   +0.470 

C2    -0.144 

 

SCF -865.99065   

MP21 -867.58307 

MP22 -868.11419 

DFT   -869.10347 

 

SCF -604.521375   

MP21 -968.86201   

MP22 -915.93193  

DFT  -647.44830 

 

5.29 
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Table A6i: Di •OH spin adducts 

 
Optimized adductsa 

 

 
Selected parameters 

 

 
Charge 

populationsb 

 
Energyc 

(a.u.) 

 
∆Ed 

(kJ/mol) 

 
Dipole 

moments 
(D)  

Bond 
lengths 

(Å) 

 
Bond angles 

(deg) 

 
Dihedral angles 

(deg) 

 
 

 
 

1,2,4-thiadiazol-3-yl 
nitrone 

 

CN  1.449 

NO1 1.362 

CO2 1.385 

O1O3 1.400 

 

 

CNO1   113.3 

NO1O3 110.4 

O1O3H2 103.0 

NCO2   107.9 

CO2H3  108.3 

 

CNO1O3   +71.7 

NO1O3H2  -107.7 

O1NCO2   +161.4 

NCO2H3    -49.3 

O1NCH1    -123.4 

 

O1    -0.231 

C     +0.310 

N     -0.360 

O2    -0.731 

O3    -0.461 

 

SCF  -901.76282 

MP21 -903.40002    

MP22 -903.96529 

DFT  -904.96554 

 

SCF  -953.345305  

MP21-1230.20428   

MP22 -1115.8375   

DFT   -573.35407 

 

2.06 

 
 

 
 

1,2,4-thiadiazol-5-yl 
nitrone 

 
 
 

 

 

CN  1.448 

NO1 1.369 

CO2 1.383 

O1O31.402 

 

 

CNO1 110.0 

NO1O3 110.0 

O1O3H2 101.9 

NCO2 111.0 

CO2H3 109.5 

 

CNO1O3    +68.9 

NO1O3H2   +114.1 

O1NCO2     +69.6 

NCO2H3     -56.3 

O1NCH1    -120.3 

 

O1     -0.251 

C      +0.357 

N       -0.332 

O2      -0.751 

O3      -0.462 

 

SCF -901.76535   

MP21 -903.40222   

MP22 -903.96805  

DFT  -904.96419 

 

SCF -984.08991  

MP21-1253.20366   

MP22-1140.07086 

DFT   -587.32435 

 

3.60 
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Furoxan-4-yl nitrone 

 
 

 

CN    1.455 

NO1  1.368 

CO2   1.381 

O1O3 1.403 

 

CNO1  110.0 

NO1O3  109.8 

O1O3H2 101.9 

NCO2   110.1 

CO2H3 109.2 

 

CNO1O3     +68.1 

NO1O3H2   +116.6 

O1NCO2     +63.3 

NCO2H3      -55.0 

O1NCH1     -119.5 

 

O1     -0.251 

C      +0.339 

N      -0.326 

O2     -0.745 

O3     -0.461 

 

SCF -653.79778   

MP21 -655.68546    

MP22 -656.34039 

DFT  -657.04745  

 

SCF -987.634335    

MP21-1200.11605   

MP22-1142.01374 

DFT -597.87886  

 

5.83 

 
 

 
Furoxan-3-yl nitrone 

 

 

CN    1.449 

NO1  1.362 

CO2   1.387 

O1O3 1.405 

 

 

CNO1   112.0 

NO1O3  109.8 

O1O3H2 102.4 

NCO2   113.4 

CO2H3  109.0   

 

CNO1O3     -63.3 

NO1O3H2   -118.6 

O1NCO2     +90.3 

NCO2H3     -73.7 

O1NCH1    +120.1 

 

O1     -0.218 

C      +0.323 

N      -0.348 

O2     -0.731 

O3     -0.480 

 

SCF -653.79602   

MP21 -655.6862   

MP22 -656.33952  

DFT  -657.04763 

 

SCF -983.30226   

MP21-1257.03689   

MP22-1140.91103 

DFT -594.99081    

 

6.71 

 
 

 
 

1,2,3-thiadiazol-5-yl 
nitrone 

 

 

CN    1.445 

NO1    1.387 

CO2   1.388 

O1O3 1.382 

 

 

CNO1   108.3 

NO1O3 107.9 

O1O3H2 103.2 

NCO2  113.6 

CO2H3 108.9 

 

CNO1O3    +98.2 

NO1O3H2   +77.6 

O1NCO2    +60.6 

NCO2H3     -67.0 

O1NCH1   +113.0 

 

O1    -0.266 

C     +0.354 

N      -0.364 

O2     -0.744 

O3     -0.415 

 

SCF  -901.72202   

MP21 -903.36877   

MP22 -903.93222  

DFT  -904.92959 

 

SCF -989.34091   

MP21-1255.35657   

MP22-1139.83457  

DFT  -591.26260  

 

4.07 
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aAll structures were optimized at the HF/6-31G* level and have no imaginary frequencies 

 bMulliken population analysis  

c1 au = 2625.5 kJ/mol. The MP21 and MP22 energies are single point energies obtained with the cc-pVDZ and cc-pVTZ basis sets 

respectively using the 6-31G* optimized geometry, i.e. MP2/cc-pVDZ//HF/6–31G* and MP2/cc-pVTZ//HF/6–31G* respectively. 

d∆E = E adduct – [E new heteroaryl nitrone + E radical 1 + E radical 2] 
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Table A7: Energetics of the addition reactions of DMPO, PBN and FxBN with •OH 

 
aNitrone 

∆E (kJ/mol) 

dt1/2 (s) 
dkST*109 

(dm3mol-1s-1) 

DFT HF 

 

Monoadductb 

 

Diadductc 

 

Monoadductb 

 

Diadductc 

DMPO -1123.81 -571.73 -628.14 -935.92 3300.0 3.6 

PBN +5940.85 +5739.95 +5471.65 +5195.04 36.0 2.6 

FxBN -1548.71 -1847.18 -698.44 -979.83 7560.0 12.2 
 

aAll structures were optimized and their energies were obtained at the DFT/m06/6-31G* and 

HF/6-31G* levels and have no imaginary frequencies  

b∆E = E adduct – [E nitrone + E OH radical]  

c∆E = E adduct – [E nitrone + E OH radical + E OH radical]  

dExperimental data obtained from Barriga et al.
64 
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Table A8: Molecular energies of DMPO, PBN and FxBN spin traps and adducts at DFT/m06/6-

31* and HF/6-31G* levels 

 Molecular energy, Eh (hartree) 

Molecule DFT HF 

•OH -75.642945 -75.22340 

DMPO -364.922063 -362.841659 

PBN -560.110596 -556.831192 

FxBN -662.659219 -659.102469 

DMPO-OH -440.993092 -438.304334 

PBN-OH -633.490532 -629.970314 

FxBN-OH -738.892104 -734.591920 

DMPO-diOH -516.425738 -513.644974 

PBN-diOH -709.210005 -705.299281 

FxBN-diOH -814.648744 -809.922508 
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