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Abstract. Oxaziridine [c-CH3NO (X1A)], c-CH2NO (X2A) radicals and Cl, NH2 and methyl derivatives of oxaziridine 
structures have been optimized via DFTB3LYP level of theory using 6-311++G (d, p) basis set. Population analysis 
had been carried out. Vertical ionization energy (VIE) and adiabatic ionization energy (AIE), Fukui indices and some 
quantum chemical parameters were calculated. N-O bond was determined as weakest bond in oxaziridine triangle. 
The effect of electron withdrawing and electron donating groups on stability of weakest bond were assessed.
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Introduction
Oxaziridine [c-CH3NO (X1A)] (structure 1 in Figure 1) has a triangular heterocycle containing oxygen, nitrogen, 

and carbon. 

Figure 1. Structures have been investigated in this study:
(1) oxaziridine [CH3NO (1A)] (2) radical 1 [CH2NO (2A)] (3) radical 2 [CH2NO (2A)] (4) radical 3 [CH2NO 

(2A)] (5) CH2NOCl (1A) (6) CH2NOCl (1A) (7) CH2NOCl (1A) (8) CHNOCl2 (
1A) (9) CHNOCl2 (

1A) (10) 
CHNOCl2 (

1A) (11) CNOCl3 (
1A) (12) C2H5NO (1A) (13) C2H5NO (1A) (14) C2H5NO (1A) (15) C3H7NO (1A) (16) 

C3H7NO (1A) (17) C3H7NO (1A) (18) C4H9NO (1A) (19) CH4N2O (1A) (20) CH4N2O (1A) (21) CH4N2O (1A) (22) 
CH5N3O (1A) (23) CH5N3O (1A) (24) CH5N3O (1A) (25) CH6N4O (1A).
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Oxaziridine derivatives were fi rst discovered by Emmons [1]. A series of N-protected oxaziridines as electrophilic 
amination reagents were studied by Vidal et al. [2, 3] and Armstrong and Cooke [4]. Armstrong and Draffan researched 
on intramolecular epoxidation in oxaziridines [5]. Oxyfunctionalization of nonactivated sites were studied by Arnone et 
al. [6]. Research on synthesis and properties of 3, 3-disubstituted N-sulfonyloxaziridine [7] have been worked by Davis 
and et al. Also they investigated the kinetics and mechanism of the oxidation of oxaziridines [8] and their applications 
in organic synthesis [9].

Transition states of epoxidation and stereo selectivity in oxaziridines were investigated by Houk and et al. 
[10]. Oxaziridines have been studied as intermediate and their activation has been investigated [11, 12]. Oxygen and 
nitrogen typically act as nucleophiles due to their high electronegativity that lead to weak N-O bond. Unusual reactivity 
of oxaziridine is due to the highly strained three-membered ring and the relatively weak N-O bond. 

Because of unstable nature of oxaziridine structure, most of studies have been implemented on oxaziridine 
derivatives [13] and oxaziridine as intermediate [14]. Some theoretical studies have been carried out on oxaziridine 
[c-CH3NO (X1A)] [15, 16]. All structures have been showed in Figure 1. Optimized structures with B3LYP/6-
311++G(d,p) have been represented in Figure S1 (Supplementary material). 

Computational details
In this study oxaziridine [c-CH3NO (X1A)] (structure 1) reaction with fl uorine atom (F) has been presumed that 

produce HF and a radical [c-CH2NO (X2A)], and possible reactions are presented in Eq.(1), Eq.(2) and Eq.(3). One of the 
oxaziridine hydrogen atoms has been removed by F atom. Three probable cyclic radical have been produced.

  + F → HF + Radical 1 (structure 2)                                                                                    (1)

  + F → HF + Radical 2 (structure 3)                                                                              (2)

  + F → HF + Radical 3 (structure 4)                                                                              (3)

All geometries have been optimized by Density Functional B3LYP method with 6-311++G (d, p) basis set. Use 
of this basis set is ordinary for C, H, N, and O and obtained results are in good agreement with experimental ones [17].

Vertical Ionization Energy (VIE), Adiabatic Ionization Energy (AIE), global hardness (η), global softness (S), 
chemical potential (μ), electronegativity (χ) and electrophilicity (ω) have been calculated. Natural bond orbital (NBO) 
analysis has been used for study of oxaziridine and its radicals and derivatives. Changes in free energy and chemical 
potential for reactions (1)-(3) were calculated. It can be noted that results of calculations belong to the gas phase. Before 
this, MP2 and B3LYP have been used for ring opening study [18]; B3LYP has been used for study of interaction between 
chemical species [19] and for study of complex compounds [20]. The effect of substituted groups on bond strength in 
ring and vertical ionization energy has been studied. For fi nding weak bond in molecule and radicals, NBO charges, and 
population analysis have been used. Geometry and structure parameters have been used by Arnold and Carpenter [18] 
for study of ring opening in cyclopropyl radical and cyclopropyl cation.

In this study Cl has been used as electron withdrawing group, and NH2 and CH3 groups have been used as 
electron donor groups. All calculations were performed with the GAMESS program suite [21].

Results and discussion
Structures
Oxaziridine (c-CH3NO) Molecule and c-CH2NO radicals

Geometry of oxaziridine (structure 1) and three radicals were optimized. Optimized geometries are presented 
in Table S1 (Supplementary material) and Figure S1. Important structural parameters have been presented in Table 1. 
Results are in good agreement with the results of Turecek et al. [16]. Vibrational frequencies have been computed for 
all optimized structures to ensure that the local minima had no imaginary frequencies and the excited spices had one.

C-O bond in radical 1 (structure 2) is longer than this bond in oxaziridine, but in radicals 2 (structure 3) and 3 
(structure 4) this bond is smaller than molecule C-O. C-N-O angle is against C-O bond. This angle increased in radical 1 
but decreased in radicals 2 and 3. This evidence shows that C-O bond is weak in radical 1 in comparison with oxaziridine 
molecule and radicals 2 and 3. C-N bond decreased some deal in all radicals. N-O-C angle increased a little in radical 
1 and decreased a little in radicals 2 and 3. N-O bond length decreased in radical 1 and increased in radicals 2 and 3. 
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O-C-N angle that against N-O bond decreased in radical 1 and increased in radicals 2 and 3. In radical 1 N-O bond length 
is near to double bond and this bond can be viewed as N=O.

Table 1
Comparison of ring structure in compounds, calculated by B3LYP/6-311++G (d,p).

Structure
Bond lengths (Å) Bond angles (º)

C-O C-N O-N OĈ N CN̂O CÔ N
1 1.398 1.436 1.496 63.7 56.9 59.4
2 1.426 1.429 1.383 58.0 60.9 61.1
3 1.347 1.414 1.544 68.0 54.0 58.1
4 1.348 1.409 1.541 67.9 54.1 57.9
5 1.365 1.421 1.522 66.2 55.2 58.7
6 1.369 1.424 1.513 65.6 55.5 59.0
7 1.408 1.445 1.436 60.4 58.5 61.0
8 1.377 1.439 1.468 62. 8 56.5 60.7
9 1.378 1.448 1.481 63.2 56.1 60.7
10 1.350 1.419 1.530 67.0 54.3 58.6
11 1.359 1.450 1.498 64. 4 54.9 60.8
12 1.403 1.438 1.499 63.7 57.0 59.3
13 1.404 1.440 1.497 63.5 57.0 59.4
14 1.405 1.425 1.499 64.0 57.4 58.7
15 1.410 1.429 1.501 63.8 57.5 58.7
16 1.409 1.433 1.502 63.8 57.3 58.9
17 1.410 1.443 1.499 63.4 57.2 59.4
18 1.417 1.439 1.501 63.4 57.6 59.0
19 1.409 1.427 1.516 64.6 57.1 58.3
20 1.386 1.450 1.516 64.6 55.7 59.8
21 1.391 1.421 1.648 71.7 53.3 55.0
22 1.402 1.442 1.522 64.7 56.4 59.0
23 1.314 1.529 2.022 90.3 40.5 49.1
24 1.369 1.437 1.768 78.1 49. 3 52.7
25 1.310 1.530 2.038 91.4 40.0 48.6

H3-C-H4 angle in radicals are some larger than this angle in oxaziridine. Order of ring angles in oxaziridine is: 
OCN > CON > CNO. That depict O-N bond is weak.

Order of ring angles in radical 1 is: CON > CNO > OCN. The decreasing of N-O bond length in radical 1 and 
comparison of radical 1 ring angles with oxaziridine angles show that N-O bond in radical 1 strengthen.

Orders of ring angles in radicals 2 and 3 are: OCN > CON > CNO. Study on bond length and angles in these 
radicals and compare them with correspondent bonds and angles in oxaziridine show that N-O bond weaken and indeed 
this bond is broken and ring is opened. This result is in good agreement with other results [2-4, 15, 16, 18].

Cations structure
For calculation of adiabatic ionization energy (AIE) the geometry optimization has been carried out for cations. 

Optimized geometries of cations are presented in Table S1 (Supplementary material). Results are in good agreement 
with the Tureceket et al. work [16].
Oxaziridine in comparison with its positive ion:

H3-C-H4 angle in ion is larger than this angle in molecule. C-O bond and C-N-O angle increase in cation. 
In comparison with oxaziridine, C-N bond and C-O-N angle in ion have not important change. N-O bond in cation is 
shorter than this bond in oxaziridine and O-C-N angle is smaller than this angle in molecule. This evidence presents 
that N-O bond strengthen in cation in comparison with this bond in oxaziridine. This leads to decreasing of N-O bond 
cleavage probability, but C-O bond weaken.
Radical 1 in comparison with its positive ion:

H3-C-H4 in ion is larger than this angle in radical. C-O bond length and C-N-O angle in cation increase. C-N 
bond and C-N-O angle do not show important change in comparison with radical 1. N-O bond and N-C-O angle in cation 
decrease. This evidence shows that N-O bond in cation strengthen but C-O bond weaken.
Radical 2 in comparison with its positive ion:

C-O bond length and C-N-O angle in cation decrease. C-N bond length and C-N-O angle in cation decrease 
too. But N-O bond length and N-C-O angle in cation increase. In cation C-O and C-N bonds shortened, but N-O bond 
weaken and most probable bond breaking happen for N-O bond that leads to ring opening.
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Radical 3 in comparison with its positive ion:
C-O bond length and C-N-O angle decrease in cation. C-N bond and C-N-O angle in cation decrease too. 

But N-O bond length and N-C-O angle in cation increase. C-O and C-N bonds strengthen and N-O bond weaken and 
breaking in cation, that leads to ring opening. In comparison with C3H7

+ with C-C bond length 1.4 Å and 1.8 Å [22]; ring 
bonds in oxaziridine radical cations are small.

Cl, NH2 and methyl derivatives structures
For comparison, ring structure, C-O, C-N and N-O bond lengths and corresponding angles in oxaziridine ring 

were presented in Table 1. Cl acts as electron withdrawing group and NH2 and CH3 act as electron donating groups. 
In c-CH2NOCl (structures 5, 6 and 7) Cl acts as electronegative atom. In these compounds C-N bond do not show 
important change in comparison with oxaziridine (structure 1). C-O bond strengthen in structures 5 and 6 but do not has 
important change in structure 7. N-O bond length in structures 5 and 6 are longer than bond length in structure 1, but 
decrease of this bond in structure 7 shows that N-O bond strengthen in this structure. Because of Cl electronegativity, 
negative charge on N atom decrease and repulsion between N and O decrease. No important changes have been seen in 
c-CHNOCl2 (structures 8, 9 and 10) and c-CNOCl3 (structure 11) bond lengths and bond angles.

Also, c-CH2NOCH3 (structures 12, 13 and 14), c-CHNOC2H6 (structures 15, 16 and 17) and c-CNOC3H9 
(structure 18) do not show important changes in bond lengths and bond angles. 

In c-CH2NONH2 (structures 19, 20 and 21) C-O bond do not have important change, C-N bond shortened and 
strengthen, but N-O bond can be larger than structure 1. This means that N-O bond are weak in structures 19, 20 and 21 
in comparison with structure 1. In c-CHNON2H4 (structures 22, 23 and 24) C-O bond length in 22 is near to C-O bond 
length in 1 but in 23 and 24 this bond length decrease and bond strengthen. C-N bond in 23 in comparison with 1 is large 
and weak. This bond length in 22 and 24 is near to 1 amount. N-O bond length in 22, 24 and special in 23 is longer than 
1. Bond lengths and angles in structure 25 are similar to 23. In both of them NN linkage are double bond and do not exist 
N-O bond. This means that structures 23 and 25 do not exist. Optimum geometry of them was presented in Figure 2.

Figure 2. Optimum geometry of (23) CH5N3O and (25) CH6N4O with double bond and cleavage ring.

It should be noted that bond lengths 1.492 Å for N-O, 1.420 Å for C-O and 1.460 Å for C-N have been seen 
in almost stable structure (CHPhNCOOCH3O) [2]. But 2.02 Å and 1.035 Å for N-O, 1.47 Å and 1.801 Å for C-O and 
1.39 Å and 1.357 Å for C-N have been reported for transition states [10, 23]. In a work on photochemical and thermal 
rearrangement of oxaziridines bond lengths of N-O, C-O and C-N is 1.535Å, 1.428 Å and 1.456 Å respectively [24]. 
Furthermore in theoretical study of the mechanisms of iron-catalyzed amino hydroxylation reactions, 1.48 Å, 1.41 Å and 
1.46 Å have been reported for N-O, C-O and C-N bond length respectively in N-sulfonyloxaziridine [12]. 

Atomic charge
It is possible to note that the values of Mulliken charges on atoms are substantially different from those obtained 

in the NBO analysis. Along with this, it should be noted that it is diffi cult to judge about the orders of the corresponding 
bonds by the overlap population values [25].

Atomic charges are presented in Table S2 (Supplementary material). N, O and C atoms make ring. N and O 
atoms have negative charge but carbon atom has positive charge. Negative charge on O atom in three radical deal some 
decreases in comparison with oxaziridine. Positive charge on C atom decreases in radical 1 but increase in radicals 2 and 
3. Considering charges on N atom in oxaziridine molecule and radicals depict that nitrogen charge in radical 1 decreases, 
but in radicals 2 and 3 increases a little.

Severe decrease of negative charge on nitrogen atom in radical 1 shows that most of this charge share with 
neighboring atoms and strengthen C-N and O-N bonds. Dipole moment shows the molecular charge distribution and 
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is given as a vector in three dimensions. It can depict the charge movement across the chemical species depends on the 
center of charges [26]. In oxaziridine dipole moment vector is oriented to C-H bond, in radical 1 is oriented to C atom, 
in radicals 2 and 3 is oriented to C-N bond. In radical 1 negative charge contributed with neighbouring atoms and dipole 
moment oriented to carbon. But in radicals 2 and 3, dipole moment is oriented to C-N bond. Decreasing of negative 
charge on O and N atoms in radical 1 (structure 2) cause the N-O bond strengthen.

Molecular electrostatic potential (MEP) gives many data about the electrostatic effect produced by total 
charge distribution of the chemical space [27]. It also depicts the relative polarity of the molecule [28]. An electronic 
density isosurface mapped with electrostatic potential surface show the size, shape, charge density and reactive sites 
of the molecules [27]. MEP and the electronic density are related together; it is a useful descriptor to indicate sites for 
electrophilic and nucleophilic reactions [29-31].

To study on reactive sites for electrophilic and nucleophilic attack the molecular electrostatic potential (MEP) 
were calculated using DFTB3LYP method and 6-311++G(d,p) basis set for optimum geometry of compounds. The 
negative part of MEP was related to electrophilic reactivity (presented by red and yellow), the positive part to nucleophilic 
reactivity (shown by blue) and green represents regions of zero potential [27] (Figure 3). In oxaziridine (structure 1) the 
negative regions are on oxygen and nitrogen atoms, at the same time the hydrogen atoms are positive. In structures 2, 
3 and 4, the negative charge on O and N atoms is weaker than in structure 1, but they are obedient of structure 1 charge 
order. In Cl derivatives of oxaziridine (structures 5-11) the chlorine atom contribute to decreasing of negative charge 
on O and N in molecules and the most of negative regions are presented in green (zero potential), but hydrogen remain 
positive. In structure 11 chlorine atoms give some positive charge.

Figure 3. Molecular electrostatic potential map calculated by B3LYP/6-311++G(d,p) method. 
Only structures 1, 2, 3, 4, 11, 18 and 25 have been shown.

In the methyl derivatives of oxaziridine (structures 12-18), the methyl group have been amplifi ed negative 
charge on O and N atoms, in comparison with Cl derivatives. In the NH2 derivatives of oxaziridine (structures 19-25) the 
negative charge mostly are on oxygen atom and nitrogen atom in ring, but when the number of NH2 groups is increasing 
the negative charge on the nitrogen ring is decreasing. In all cases the positive charge are on hydrogen atoms (when 
exist).

HOMO–LUMO 
HOMO is defi ned as the outer occupied orbital, containing electrons that can donate electrons and LUMO is 

defi ned as the inner unoccupied orbital, containing free places to accept electrons. Considering HOMO coeffi cients in 
oxaziridine molecule and radicals depict that O and N atomic orbitals have important contribution in HOMO. Also in 
radical 1 O and N atoms are important, but in radicals 2 and 3 C and O atoms have important contribution in HOMO. 
This evidence shows that N atomic orbitals contribution decreases in radicals 2 and 3, and N-O bonds weaken. 

In oxaziridine cation the most important orbitals for produce HOMO are O and N atomic orbitals; that show 
N-O bond strengthen in ion in comparison with this bond in oxaziridine. This leads to decrease probability of N-O bond 
cleavage, but C-O bond weaken.

M.T. Taghizadeh et al. / Chem. J. Mold. 2015, 10(2), 77-88



82

In radical 1 the atomic orbitals of O and N atoms have important contribution in HOMO, but in its cation 
furthermore O and N atoms, atomic orbitals of carbon have important role in HOMO producing. With considering 
foregoing cases, N-O bond in cation strengthen but C-O bond weaken in cation. In radical 2 and its cation in optimum 
geometry, the most important atomic orbitals in radical 2 that make HOMO are C and O atomic orbitals. But in cation, 
O and N atomic orbitals are important. In this case C-O and C-N bonds in ion are shortened, but N-O bond is weaken 
and most probability for ring opening is produced by break of N-O bond. In radical 3 the atomic orbitals of O and C 
are important in HOMO, but in its cation atomic orbitals of O and N are important in HOMO. In this case C-O and C-N 
bonds strengthen and N-O bond weaken in ion and ring opening probably happen because of N-O bond breaking.

The energy gap of HOMO and LUMO shows the chemical activity of the molecule. A chemical species with 
a larger HOMO–LUMO gap have less reactivity than one having a smaller gap [32]. Large HOMO-LUMO energy gap 
means high excitation energies for many of excited states [29]. The value of the HOMO-LUMO energy separation are 
7.14 eV, 7.02 eV, 5.44 eV and 5.42 eV for oxaziridine, radicals 1, 2 and 3, respectively, for α spin orbitals radicals and 
6.63 eV, 5.63 eV and 5.76 eV for β spin orbitals in radicals 1, 2 and 3, respectively, (values from B3LYP/6-311++G (d, 
p)). Oxaziridine and radical 1 have large HOMO-LUMO energy gap in comparison with radicals 2 and 3. Oxaziridine 
and radical 1 are relatively stabler than radicals 2 and 3. Difference between HOMO-LUMO energies are presented in 
Table 2. More data can be fi nding in Table S3 (Supplementary material).

Isodensity plots of the frontier molecular orbitals and energy levels of the HOMO and LUMO orbitals computed 
by B3LYP/6-311++G (d,p) method for Oxaziridine and for radicals 1, 2 and 3 are presented in Figure 4 and Figures S2, 
S3 and S4 (Supplementary material), respectively. Energy gap for chlorinated oxaziridines in structures 5, 6 and 10 is 
higher than oxaziridine (structure 1) and in structures 7, 8, 9 and 11 is smaller than of structure 1.

Table 2
Difference between HOMO and LUMO energy (eV) calculated using B3LYP/6-311++G(d,p).

Structure Spin | ɛHOMO- ɛLUMO | Structure | ɛHOMO- ɛLUMO |
1 7.14 12 7.01
2 α 7.02 13 7.05

β 6.63 14 6.93
3 α 5.44 15 6.81

β 5.63 16 6.54
4 α 5.42 17 6.82

β 5.76 18 6.40
5 7.34 19 6.53
6 7.54 20 6.42
7 5.90 21 6.58
8 6.07 22 6.54
9 5.91 23 4.12
10 7.20 24 5.49
11 5.98 25 4.04

Figure 4. Isodensity plots of the frontier molecular orbitals of oxaziridine.

M.T. Taghizadeh et al. / Chem. J. Mold. 2015, 10(2), 77-88



83

For methyl derivatives of oxaziridine, HOMO-LUMO energy gap are near and some deal smaller than structure 1 energy 
gap. Energy gap in NH2 derivatives decreases in comparison with structure 1. Specially 23 and 25 structures energy gap are 
smaller than energy gaps in radicals 1, 2 and 3. Structures 23 and 25 have not ring and N=N is a double bond (Figure 2).

NBO analysis
The NBO analysis have been carried out using B3LYP level of theory with 6-311++G (d,p) basis set. Selected 

natural bond orbital occupancies of oxaziridine and related radicals are presented in Table S4 (Supplementary material). 
Also these results for other compounds have been presented in Table S5 (Supplementary material). NBO results have 
been reported for both α and β spin for radicals [33, 34]. NBO occupancies have been used for identifi ed π character of 
bonds. NBO occupancies show that in radical 1 N-O bond have π character and this bond strengthen in comparison with 
oxaziridine N-O bond, but C-O bond in radical 1 weaken, and similar to oxaziridinyl methyl radical ring opening of 
radical 1 by C-O bond cleavage favoured over other bonds in ring [35]. In radicals 2 and 3 C-O bond has π character and 
strengthened, but N-O bond weaken. This highlights the ring cleavage in radical 1 due to C-O bond breaking, but in radicals 
2 and 3 because of N-O bond breaking ring opened. In other structures the bonds that make ring have single bond, except 
structures 23 and 25. In these structures N-O bond is broken and NN connection is double bond. Table S6 (Supplementary 
material) shows selected second order perturbation theory analysis of Fock Matrix in NBO Basis for structures 1-25 that 
calculated by B3LYP/6-311++G (d, p) method. Interaction between different parts has been studied by them.

According to this data, O2-N5 has been weaken by C1-O2 as in structures. Interactions between them in 
structure 2 have been weakened and leads to N-O bond strengthen. In structures 5-11 lone pair on Cl atom interacts with 
bonds that chlorine connect to one of the bond composer atom in ring. When methyl group connects to nitrogen on of 
C-H bond as donor NBO can affect the bonds in ring while the carbon of methyl connect to composer atom and weaken 
it some deal. For example in structures 14, 15, 16 and 18 C-H bond as donor impress on N-O bond in ring. Look like 
above, NH2 impress on neighbouring bonds. In 23 and 25 lone pair of nitrogen atom in NH2-C as donor in cis position 
of N=N has been weaken N-H bond in N=N. Furthermore, interaction between BD*(2) N=N and BD*(1) N=N cause 
the N=N bond strengthen.

Quantum chemical parameters
Vertical ionization energy (VIE) and adiabatic ionization energy (AIE) were calculated for oxaziridine and three 

radicals. The vertical ionization energy is defi ned as the energy difference between the molecule in its ground state and 
the ion in a particular electronic state, but with the nuclei in the same positions as they had in the neutral molecule. 

According to Franck-Condon principle, a vibronic transition happen so fast that nuclear positions don’t change. 
The most intense vibrational component is said to be due to a vertical ionization, because it most closely corresponds 
to the vertical transition in a classical picture of the Franck–Condon principle [36]. It is to be noted that not in all cases 
the Franck-Condon transition is the most intensive one. The Jahn-Teller effect can bring some essential complications 
so that the Franck-Condon transition manifests itself as a deep well in the band shape, for example in the singlet-doublet 
transition [37].

Adiabatic transitions are often seen in photoelectron spectra as the fi rst vibrational lines in the different bands 
[38]. AIE is the energy of the thermal transition between the neutral molecule in its electronic, vibrational and rotational 
ground state and the ion in the lowest vibrational and rotational level of a particular electronic state.

VIE has been calculated as the difference between the total energies of the neutral molecule or radical and the 
cation at same structure with parent molecule or radical (cation without geometry optimization). AIE has been computed 
as the total energy differences between the neutral molecule or radical and the cation at the optimum geometry.

VIE = Etotal (Ion in radical Z-matrix) - Etotal (molecule or radical in optimum Z-matrix)                                                  (4)

AIE = Etotal (Ion in optimum Z-matrix) - Etotal (molecule or radical in optimum Z-matrix)                                              (5)

VIE and AIE of the oxaziridine and three radicals are presented in Table S7 (Supplementary material). Turecek 
et al. [16] results are in good agreement with the DFT results in this work. The difference between VIE and AIE is a crude 
measure of the degree of distortion of the molecule caused by ionization. The stabilization energy is equivalent to the 
difference between the vertical and adiabatic ionization energy for a normal band [38].

The difference between VIE and AIE is 0.92 eV, 0.64 eV, 1.45 eV and 1.50 eV for oxaziridine and radicals 1, 2 
and 3, respectively. This result reveals that radical 1 cation has most likeness with parent radical (radical 1) among four 
structures and don’t have many distortions by ionization. After radical 1 cation, cations from oxaziridine and radicals 2 
and 3 have less different between cation and parent chemical species. VIEs have been calculated and presented in Table 
S8 (Supplementary material). In radicals 2 and 3 (structures 3 and 4) VIE decreases in comparison with oxaziridine and 
radical 1 (structures 1 and 2), because of less electronegativity in carbon atom.
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In Cl substituted oxaziridines, chlorine acts as electron-withdrawing group and increases the VIE, but NH2 
and CH3 act as electron donor groups that decrease the VIE. NH2 is more powerful electron donor than methyl and the 
decreasing of VIE in NH2 derivatives is more severe than of methyl derivatives (Figure 5).

Figure 5. Effects of substituted groups (Cl, CH3 and NH2) on VIE (eV).

Furthermore, some quantum chemical parameters are calculated: ionization potential (Eq.(6)), electron affi nity 
((Eq.(7)), absolute electronegativity (Eq.(8)), global hardness (Eq.(9)) and global softness, S or σ, (Eq.(10)) [39].

                                                                                                                                                                        (6) 

                                                                                                                                                                      (7) 

                                                                                                                                                                        (8) 

                                                                                                                                                                        (9) 

                                                                                                                                                                             (10)  

VIE (vertical ionization energy) and VAE (vertical electron affi nity) have been used for ionization potential and 
electron affi nity, respectively. VAE was calculated as the difference between the total energies of the neutral molecule or 
radical and the anion at same structure with parent molecule or radical (anion without optimization geometry).

Chemical potential (Eq.(11)) is defi ned as the negative of the electronegativity [40]. The propensity of an 
electrophile to accept electrons is measured in terms of the electrophilicity within a relative scale, which is generally 
considered to be a kinetic quantity. Global electrophilicity index (Eq.(12)) was introduced by Parret et al. [38].

 Or                                                                                                                                                (11) 

                                                                                                                                                                           (12) 

The electrophilicity index encompasses both, the propensity of the electrophile to acquire an additional 
electronic charge driven and the resistance of the system to exchange electronic charge with the environment [41]. 
Jaque et al. [42] related the electrophilicity to electron population. The electrophilicity values follow the hardness trend. 
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The quantum chemical parameters of the oxaziridine and of three radicals are presented in Table S9 (Supplementary 
material).

The values of softness and hardness show that radicals 2 and 3 are softer than oxaziridine and radical 1. The 
changes in free energies were calculated through difference between reactants and products [43] for oxaziridine reaction 
with F atom (reactions 1-3). Results are presented in Table 3. Free energies were obtained from vibrational frequency 
calculations. These results show that reaction 1 is thermodynamically most probable than reactions 2 and 3.

Table 3
Free energy change (kJ mol-1) of the reactions (1), (2) and (3), B3LYP method and 6-311++G (d, p) basis set have 

been used, (1Hartree = 627.5095 kcal/mol = 2625.499748 kJ/mol).
Free energy changes

Reaction 1 -232/16
Reaction 2 -138/68
Reaction 3 -133/30

Fukui functions
Fukui functions are one of the local reactivity descriptors that explain the chemical reactivity at a particular 

site of chemical species [44]. Fukui indices are reactivity indices and give information about which atoms in a chemical 
system have a larger tendency to either loose or accept an electron that means nucleophilic or electrophilic attack, 
respectively. The Fukui function is defi ned as (Eq.(13)):

                                                                                                                                                               (13) 

where ρ(r) is the electronic density, N is the number of electrons, r is the external potential that rooted from the nucleus. 

The Fukui function indicates the preferred regions where a chemical species will change its density when the 
number of electrons is modifi ed [45]. Therefore, it indicates the desire of the electronic density to deform at a certain 
position upon accepting or denoting electrons [46, 47]. Atomic Fukui functions on the kth atom site is defi ned as [45]: 

 

                                                                                               (14) 

                                                                                              (15) 

                                                                                           (16) 

Where +, - and 0 represent nucleophilic, electrophilic and radical attack, respectively. Also qk is the atomic 
charge (calculated from Mulliken population analysis) at the kth atomic site is the neutral (N), anionic (N + 1) or cationic 
(N-1) chemical species. To calculate the Fukui function, the atomic charges have been calculated by Mulliken population 
analysis (MPA). Molecular geometry has been optimized by DFTB3LYP/6-311++G(d,p) method for molecule and used 
for MPA in molecule, cation and anion; with respect of charge and multiplicity. Fukui functions have been represented 
in Table 4 for oxaziridine (structure 1). This table shows negative values of the Fukui function. 

Table 4
Values of the Fukui function calculated by B3LYP/6-311++G(d,p) according to Eq.(14-16).
Atom fk(+) fk(-) fk(0)

C 1 2.7895 0.0472 1.4183

O 2 -0.0852 -0.4051 -0.2451

H 3 -1.6041 -0.1270 -0.8656

H 4 -0.9829 -0.1209 -0.5519

N 5 -0.3508 -0.2786 -0.3147

H 6 -0.7664 -0.1157 -0.4411
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Negative Fukui function value means that when adding an electron to the molecule, in some spots, the electron 
density is reduced. Alternatively, when removing an electron from the molecule, in some spots, the electron density 
is increased [48]. In order to solve the negative value of Fukui functions some attempts have been made by different 
researchers [49-51].

Kolandaivel et al. [52] introduced the atomic descriptor to characterize the local reactive sites of the chemical 
system. In the present study, the optimized molecular geometry has been used in single-point energy calculations, 
which have been performed for the anions and cations of oxaziridine (structure 1) using the ground state with doublet 
multiplicity. Table 4 shows the fk values for the oxaziridine. It shows that C1 has higher fk

- value in comparison with other 
atoms that indicates C1 is the possible site for electrophilic attack. The calculated fk

+ value predicts that the possible site 
for nucleophilic attack is C1 and the radical attack was predicted at C1 site, too. By comparison of the three kinds of 
attacks, it has been observe that nucleophilic attack has bigger reactivity related to the radical and electrophilic attack.

Conclusions
Ab initio and DFT calculations have been performed for oxaziridine [c-CH3NO (X1A)], three cyclic radicals 

[c-CH2NO (X2A)] and Cl, NH2 and methyl derivatives of oxaziridine. Geometries have been optimized. Bonds length 
and angles show that in radical 1 C-O bond weaken and in radicals 2 and 3 N-O bonds weaken, that lead to bond breaking 
and ring opening. Population analysis had been carried out and results confi rm geometry optimization results. Some 
quantum chemical parameters were calculated. Radicals 2 and 3 are softer than radical 1. Free energy and chemical 
potential changes have been calculated for three reactions that show reaction 1 is thermodynamically most probable. All 
foregoing cases depict that ring opening happened because of C-O, N-O and N-O bonds cleavage in radicals 1, 2 and 3, 
respectively; and make cyclic radical 1 more probable than cyclic radicals 2 and 3 in oxaziridine reaction with F atom. 
These radicals are short life time species, among them radical 1 is more stable than radicals 2 and 3, because radicals 2 
and 3 have large global softness in comparison with radical 1.

Cl atom acts as electron withdrawing group. When Cl atom conjuncts to N atom in oxaziridine ring, it forms the 
stable ring structure with strengthen weak bond N-O. NH2 acts as electron donating group. Specifi cally, when two NH2 
groups bonded to N and C atoms in ring in cis position the ring structure has been destroyed, because of N-O cleavage 
and N=N double bond has been made. Electron withdrawing group (Cl) on N strengthen N-O bond, but Cl on C weaken 
N-O bond. 2 and 3 Chlorine atoms substituted on triangle don’t make important change on N-O strength (in some cases 
weaken N-O bond a little). Electron donating groups (NH2 and CH3) weaken N-O bond in triangle.

In oxaziridine derivatives electron-withdrawing group (Cl) vertical ionization energy (VIE) increases but in 
electron donor groups VIE decreases. Calculation for Fukui functions shows that nucleophilic attack has bigger reactivity 
related to the radical and electrophilic attack on C1 atom.
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