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Abstract

Perchloryl derivatives, especially aromatic ones have some explosive character and 
decompose explosively when they are initiated. In the present study, ortho, meta and 
para nitro isomers of perchlorylbenzene have been considered within the framework of 
density functional theory at the level of B3LYP/6-311++G(d,p). The results have 
indicated that they are electronically stable such that the para isomer is more stable than 
the others whereas the ortho isomer is the least stable of all. Various quantum chemical 
properties of these isomers are harvested and discussed. The calculated UV-VIS spectra 
of the isomers have been obtained and the impact sensitivity order is estimated as 
meta < para < ortho. Also nucleus independent chemical shifts values for the isomers are 
calculated which yield the aromaticity order of ortho > meta > para.

1. Introduction

Since perchlorates or perchloryl derivatives have some explosive character, for many 
years the wide use of perchloric acid in organic synthesis has been hindered by greatly 
exaggerated ideas. Although, work with the anhydrous acid is in fact not without danger, 
the use of an aqueous solution (30, 60, and 72%) involves practically no risk of 
explosion. Also, solutions of the anhydrous acid in acetic acid or acetic anhydride 
containing less than 55% of HC1O4 by volume (which are frequently used) are also quite 
safe [1].

The introduction of the C1O3 group into organic compounds by the action of 
perchloric acid on aromatic compounds is not possible. Perchlorylation of organic 
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compounds directly was not developed until 1958 [2,3]. However, perchloryl compounds 
of the aromatic series are easily formed by the action of FC1O3 (in the presence of AlCl3 
or AlBr3) on benzene and other aromatic hydrocarbons containing no electron-acceptor 
groups. Investigations on the spectra [2] and chemical properties of the perchloryl 
compounds confirm that they have the ArClO3 and not the ester structure ArOClO2 [2-4]. 
The synthesis and oxidation of certain perchlorylbenzenes were achieved by Gardner and 
coworkers [5]. Perchlorylation of benzene and synthesis of perchlorylbenzene-d5 have 
been achieved by Lunelli [6].

The perchlorylarenes are generally stable liquids or solid compounds, some of them 
can be distilled without decomposition. They are entirely stable in neutral and acid 
media, but in concentrated alkali solutions they are hydrolyzed to phenols. The perchloryl 
compounds decompose explosively when they are initiated by a sharp blow or when the 
temperature is raised [7,8]. The action of nucleophilic reagents on perchloryl compounds 
has been studied [3].

Perchloric acid and its derivatives may be used in the halogenation [9-12], nitration 
[13,14], nitrosation [15,16], and diazotization [17] of organic compounds. Polarity and 
polarizability of certain perchloryl compounds were determined [18]. Perchlorobenzenes, 
like other similar compounds have greater energies then the corresponding nitro 
compounds because the central chlorine atom within the perchloryl group possesses 
greater energy then do the corresponding nitro groups[8]. This greater energy provides 
overall superior explosive power along with significant energy output. Some nitro 
perchloryl compounds were synthesized by nitrating the suitable perchloryl compounds 
and are used as explosives, such as 3-nitroperchlorylbenzene [8]. It is another interesting 
substance having explosive properties suitable for use in a variety of applications 
including high explosives, gun propellants and high energy-fuel additive for solid rocket 
fuels [8]. Perchlorylamino furazans and their salts were available and constitute new 
high-energy-density materials with high sensitivity [19].

In the present treatment ortho, meta and para nitro isomers of perchlorylbenzene 
have been considered within the framework of density functional theory (DFT). Although 
the meta isomer has been synthesized [2,5], up to the best knowledge of the author the 
other isomers have not been synthesized yet. Also any quantum chemical calculations on 
them have not appeared in the literature.
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2. Method of Calculation

The geometry optimizations of all the present structures leading to energy minima 
have been achieved initially by using molecular mechanics (MM2) method followed by 
semi-empirical PM3 self consistent fields molecular orbital (SCF MO) method [20,21] at 
the restricted level [22,23]. Subsequent optimizations were achieved at Hartree-Fock 
level employing various basis sets successfully. Then, geometry optimizations were 
managed within the framework of density functional theory [24,25] at the level of 
B3LYP/6-311++G(d,p) [22,26]. The exchange term of B3LYP consists of hybrid 
Hartree-Fock and local spin density (LSD) exchange functions with Becke’s gradient 
correlation to LSD exchange [25,27]. Note that the correlation term of B3LYP consists of 
the Vosko, Wilk, Nusair (VWN3) local correlation functional [28] and Lee, Yang, Parr 
(LYP) correlation correction functional [29]. Also, vibrational analyses have been done 
on the optimized structures. The total electronic energies are corrected for the zero point 
vibrational energy (ZPE). The normal mode analysis for each structure yielded no 
imaginary frequencies for the 3N–6 vibrational degrees of freedom, where N stands for 
the number of atoms in the system. Consequently, this has indicated that the structure of 
each molecule corresponds to at least a local minimum on the potential energy surface. 
All these calculations have been done by using the Spartan 06 package program [30]. 
Whereas the NICS calculations were performed by using Gaussian 03 program [31].

3. Results and Discussion

Nitro and perchloryl groups are both inductively and mesomerically electron 
withdrawing in character. Measurement of the dipole moment of FC1O3 has shown that, 
although the molecule is electrically neutral, the C1O3 group is the electropositive end of 
a dipole and the fluorine atom is the electronegative end [32]. However, 
perchlorylbenzene is nitrated in the meta-position and its nitro-compound can be reduced 
to the amine [2]. Thus, ClO3 group is a meta-directing group like NO2. Hence, the NO2 
and ClO3 substituents on benzene molecule will exert similar types of effects, at different 
extents, but might be opposing depending on their positions.

Figure 1 shows the top and side views of the isomers considered as well as the 
direction of their dipole moment vectors. The direction of the vectors in the figure 
demonstrate the effects of the substituents, such that the positive end of the vectors 
originate from the phenylene ring in the ortho and meta cases due to strong electron 
attracting powers of the substituents. In the para case, the positive end lies on the NO2 
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group indicating that perchloryl moiety is stronger electron withdrawing effect as 
compared to nitro substituent. It is worth noting that in the ortho case the nitro group is 
not coplanar with the ring probably arising from electronic repulsion between the oxygen 
atoms of the substituents. 

Figure 1. Top and side views of the isomers considered.

Figure 2 displays the calculated bond lengths of the isomers considered. In the ortho 

Figure 2. Calculated bond lengths of the isomers considered.
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isomer, bond lengths of the ring are almost constant (about 1.39 Å) which indicates that 
the ring is highly aromatic (see NICS section below). In the cases of the meta and para 
isomers, some slight bond length variations occurs. The C-NO2 bond lengths are about 
1.48 Å in all the isomers considered. As for the C-ClO3 bond lengths, they are 1.869, 
1.846 and 1.848 Å, respectively for the o-, m- and p-isomers. The Cl-O bond lengths are 
about 1.47 Å in all the three isomers.

Figure 3 shows numbering of atoms (which are key to Tables 1-3) in the isomers 
considered.

          

Figure 3. Numbering of atoms in the isomers considered.

Tables 1-3 show the Mulliken and Lowdin bond orders and bond lengths as well as 
the types of the bonds (as single, double or conjugated) for the isomers considered. They 
indicate some long-range hydrogen bondings (not shown in the tables) between some 
carbon atoms. Lowdin approach also predicts long oxygen-oxygen single bond between 
the nitro oxygen atoms in all the cases. On the other hand, both approaches predict single 
C-Cl bonding having bond order of ca. 0.650- 790. As for the Cl-O bonds, the Mulliken 
approach predicts two of them to be double, the other one delocalized in the ortho isomer. 
Whereas for the other isomers Cl-O bonds are predicted to be delocalized. In contrast to 
the Mulliken treatment Lowdin predicts all Cl-O bonds as double in all the cases.
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Table 1. Mulliken and Lowdin bond orders and bond lengths for the ortho 
isomer.

Mulliken Lowdin

Bond Order Length Order Length

C1 C2 1.45 1.3914 [deloc] 1.352 1.3914 [deloc]

C1 C6 1.377 1.3903 [deloc] 1.398 1.3903 [deloc]

C1 N1 0.477 1.4831 [single] 0.956 1.4831 [single]

C4 C5 1.581 1.3912 [deloc] 1.473 1.3912 [deloc]

C4 C3 1.401 1.3958 [deloc] 1.438 1.3958 [deloc]

C4 H4 0.933 1.0831 [sing-H] 0.874  1.0831 [sing-H]

C2 C3 1.416 1.3810 [deloc] 1.452  1.3810 [deloc]

C2 Cl 0.690 1.8695 [single] 0.751  1.8695 [single]

C6 C5 1.525 1.3919 [deloc] 1.455  1.3919 [deloc]

C6 H6 0.897 1.0824 [sing-H] 0.849  1.0824 [sing-H]

C5 H5 0.944 1.0831 [sing-H] 0.079  1.0831 [sing-H]

C3 H1 0.902 1.0821 [sing-H] 0.844  1.0821 [sing-H]

N1 O1 1.9 1.2208 [double] 2.006  1.2208 [double]

N1 O2 1.952 1.2169 [double] 2.022  1.2169 [double]

Cl O3 1.706 1.4657 [double] 1.802  1.4657 [double]

Cl O4 1.719 1.4687 [double] 1.778  1.4687 [double]

Cl O5 1.587 1.4746 [deloc] 1.748  1.4746 [double]

For numbering of atoms see Figure 3.
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Table 2. Mulliken and Lowdin bond orders and bond lengths for the meta 
isomer.

Mulliken Lowdin

Bond Order Lengths Order Lengths

C1 C2 1.598 1.3920 [deloc] 1.373 1.3920 [deloc]

C1 C6 1.443 1.3900 [deloc] 1.397 1.3900 [deloc]

C1 N1 0.524 1.4859 [single] 0.968 1.4859 [single]

C4 C5 1.493 1.3942 [deloc] 1.456 1.3942 [deloc]

C4 C3 1.216 1.3841 [single] 1.421 1.3841 [deloc]

C4 H4 0.922 1.0827 [sing-H] 0.968 1.0827 [sing-H]

C2 C3 1.356 1.3777 [deloc] 1.456 1.3777 [deloc]

C2 H2 0.889 1.0815 [sing-H] 1.421 1.0815 [sing-H]

C6 C5 1.561 1.3936 [deloc] 0.968 1.3936 [deloc]

C6 H6 0.913 1.0812 [sing-H] 1.456 1.0812 [sing-H]

C5 H5 0.891 1.0827 [sing-H] 0.872 1.0827 [sing-H]

C3 Cl  0.641 1.8460 [single] 0.78 1.8460 [single

N1 O1 1.912 1.2209 [double] 2.008 1.2209 [double]

N1 O2 1.879 1.2220 [double] 2.003 1.2220 [double]

Cl O3 1.689 1.4729 [deloc] 1.779 1.4729 [double]

Cl O4 1.600 1.4730 [deloc] 1.769 1.4730 [double]

Cl O5 1.609 1.4716 [deloc] 1.771 1.4716 [double]

For numbering of atoms see Figure 3.
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Table 3. Mulliken and Lowdin bond orders and bond lengths for the para 
isomer.

Mulliken Lowdin

Bond Order Lengths Order Length

C1 C2 1.782 1.3895 [double] 1.401 1.3895 [deloc]

C1 C6 1.726 1.3924 [double] 1.384 1.3924 [deloc]

C1 N1 0.616 1.4871 [single] 0.969 1.4871 [single]

C4 C5 1.363 1.3839 [deloc] 1.422 1.3839 [deloc]

C4 C3 1.449 1.3805 [deloc] 1.442 1.3805 [deloc]

C4 Cl  0.710 1.8479 [single]  0.780 1.8479 [single]

C2 C3 1.256 1.3940 [deloc]  1.44 1.3940 [deloc]

C2 H7 0.882 1.0812 [sing-H]  0.849 1.0812 [sing-H]

C6 C5 1.261 1.3908 [deloc]  1.46 1.3908 [deloc]

C6 H6 0.877 1.0812 [sing-H]  0.849 1.0812 [sing-H]

C5 H5 0.875 1.0824 [sing-H]  0.854 1.0824 [sing-H]

C3 H1 0.879 1.0817 [sing-H]  0.848 1.0817 [sing-H]

N1 O1 1.887 1.2218 [double]  2.005 1.2218 [double]

N1 O2 1.897 1.2218 [double]  2.005 1.2218 [double]

Cl O3 1.619 1.4726 [deloc]  1.766 1.4726 [double]

Cl O4 1.655 1.4726 [deloc]  1.778 1.4726 [double]

Cl O5 1.622 1.4725 [deloc]  1.775 1.4725 [double]

For numbering of atoms see Figure 3.

Figure 4 shows electrostatic potential (ESP) charges on the atoms of the isomers 
considered. Note that the ESP charges are obtained by the program based on a numerical 
method that generates charges that reproduce the electrostatic potential field from the 
entire wavefunction [30]. In the figure note that the carbon atoms having the substituents 
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possess negative partial charges in the ortho and para cases in contrast to the meta 
isomer.

Figure 4. The ESP charges on the atoms of the isomers considered.

Figure 5 depicts the electrostatic potential maps of the isomers where the blue regions 

 Figure 5. The ESP maps of the isomers considered.
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relatively stand for the most positive potential field and red ones, if exists any, the most 
negative ones. As seen in the figure, in all the cases, positive potential region overlaps 
with the peripheral hydrogen atoms and less intensely with the aromatic kernel. The 
oxygen atoms of the substituents engender certain negative potential regions at different 
extents.

Figure 6 shows the local ionization maps of the isomers considered. In the local 
ionization potential map conventionally red regions (if any exists) on the density surface 
indicate areas from which electron removal is relatively easy, meaning that they are 
subject to electrophilic attack. In the present case, the presence of two electron attracting 
groups make the systems of interest rather electron poor.

Figure 6. Local ionization maps of the isomers considered.

Figure 7 stands for the LUMO maps of the isomers considered. A LUMO map 

 

 Figure 7. The LUMO maps of the isomers considered.
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displays the absolute value of the LUMO on the electron density surface. The blue color 
stands for the maximum value of the LUMO and the color red, the minimum value.

Table 4 tabulates the dipole moment components as well as the resultant values of the 
moments for the isomers considered. The order of dipole moments is ortho> meta> para. 
Since dipole moment is a vectorial quantity, in the case of the para isomer two similar 
type substituents present exert electron attracting effects opposingly to diminish the 
dipole moment as compared to the other isomers. The polarizability values for the 
isomers are 52.96, 52.92 and 52.93 (units of 10-30 m3), respectively.

Table 4. Dipole moment components and the resultant moment values for the isomers 
considered.

Isomer X Y Z Resultant

Ortho -0.899003 5.836954 4.881098 7.661812

Meta -0.954238 4.410895 2.258982 5.046738

Para 0.016246 0.917010 -0.629465 1.112383

In debye units.

Table 5 displays some energies of the isomeric structures considered where E, ZPE 
and EC stand for the total electronic energy, zero point vibrational energy and the 
corrected total electronic energy, respectively. The data indicate that electronically the 
para isomer is more stable than the others whereas the ortho isomer is the least stable of 
all.

Table 5. Some energies of the isomers considered.

Isomer E ZPE EC

ortho -2945411.14 273.30 -2945137.84

meta -2945455.06 272.88 -2945182.18

para -2945455.97 272.81 -2945183.16

Energies in kJ/mol.

Figure 8 displays some of the molecular orbital energies of the isomers considered. 
The ortho isomer is characterized with comparatively higher HOMO and LUMO energy 
levels than the respective energy levels of the other isomers (see Table 6).
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Figure 8. Some of the molecular orbital energies of the isomers considered.

Table 6 lists the HOMO, LUMO energies and Δε (Δε = εLUMO - εHOMO) values 
(interfrontier molecular orbital energy gap) of the structures presently considered. The 
HOMO and LUMO energy levels follow the same order of para < meta < ortho. Note 
that both of the present substituents are electron attracting type inductively and 
mesomerically. However, due to the size mismatch between the orbitals of carbon and 
chlorine atoms, the conjugative effect of ClO3 group should be highly diminished as 
compared to the nitro group. Also note that both of the Mulliken and Lowdin bond orders 
predict the C-ClO3 bonds to be single. An additional factor should be worth mentioning 
that is in the case of the meta isomer these substituents are crossly conjugated, thus they 
do not interact conjugatively with each other. All these effects collectively dictate the 
physical, chemical and quantum chemical properties of these isomers. The Δε values 
follow the order of ortho < para < meta. Thus, in terms of impact sensitivity, a reverse 
order is to be expected, because there exists a reverse correlation between the impact 
sensitivity and Δε values [33,34].

ortho meta para
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Table 6. The HOMO, LUMO energies and Δε values of the isomers considered.

Isomer HOMO LUMO Δε

Ortho -830.95 -330.31 500.64

Meta -868.20 -358.95 509.25

Para -870.29 -366.39 503.90

Energies in kJ/mol.

Figure 9 shows the calculated UV-VIS time-dependent density functional (TDDFT) 
spectra of the isomers considered. The appearance of the spectra implies the existence of 
better extended conjugation in the ortho case as compared to the others.

Figure 9. Calculated UV-VIS (TDDFT) spectra of the isomers considered.

ortho

meta

para
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Figure 10 depicts the HOMO and LUMO patters of the species considered. As seen 
in the figure, the nitro group greatly contributes to the HOMO and LUMO in the ortho 
isomer whereas the contribution from the perchloryl group is rather low. In the case of 
the meta isomer contribution of the nitro group in to the HOMO is lesser than the 
perchloryl group but the perchloryl moiety contributes nil in to the LUMO. The HOMO 
of the para isomer has low contributions from both of the substituents whereas in to the 
LUMO the predominant contribution comes from the nitro group.

Figure 10. The HOMO and LUMO patterns of the isomers considered.

NICS

In the literature, generally aromaticity has been discussed in terms of energetic, 
structural and magnetic criteria [35-40]. A simple but efficient probe has been introduced 
for aromaticity that is “nucleus-independent chemical shift” (NICS) [41]. It is the 
computed value of the negative magnetic shielding at some selected point in space 
(generally, at a ring or cage center). Through the years the calculated data piled in the 
literature which indicate that negative NICS values denote aromaticity (-11.5 for 
benzene, -11.4 for naphthalene) whereas positive NICS values denote antiaromaticity 
(28.8 for cyclobutadiene) while small NICS values indicate non-aromaticity (-2.1 for 



Mononitro-monoperchlorylbenzenes - A DFT Treatment 

Earthline J. Chem. Sci. Vol. 8 No. 1 (2022), 77-95

91

cyclohexane, -1.1 for adamantine). NICS has been proved to be an effective probe for 
local aromaticity of individual rings of polycyclic systems although couple of 
contradictory results exist [41].

Table 7 shows the NICS(0) values of the isomers considered. The aromaticity order 
of these isomers is ortho > meta > para. Since, for the existence and strengths of 
aromaticity ring current is an essential factor, the above order implies that in the ortho 
isomer more pronounced ring current prevails than the others and a less effective one 
exists in the para isomer. These are the outcome of overall perturbation effects of the 
substituents arising from their positions and electronic effects.

Table 7. NICS(0) values of the isomers considered.

Structures

ortho meta para

-12.1694 -11.7754 -11.5376

4. Conclusion

The present density functional treatment, within the restrictions of the theory and the 
basis set employed, has indicated that the positional variations of the substituents in nitro 
perchlorylbenzenes result electronically stable isomers in all the cases. The para and 
ortho isomers are the most and the least stable ones, respectively. The impact sensitivity 
order is estimated as meta < para < ortho. As compared to the ortho isomer, perchloryl 
group at the meta or para position lowers both the HOMO and LUMO energy levels 
while the interfrontier molecular orbital energy gaps somewhat expands.
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