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1. INTRODUCTION

The emission of nitro-polycyclic aromatic hydrocarbons (NPAHs) into 
the environment is mainly due to incomplete combustion of coal from 
factories, vehicles, trucks, and electricity-generating stations. These 
emitted NPAHs are a part of atmospheric particulate matter (PM2.5) 
having 2.5 µm or less diameter [1-2]. In addition to the presence of 
NPAHs in PM2.5, they are also detected in river water of some regions 
of China in pg/mL level [3]. It is reported that polycyclic aromatic 
hydrocarbons (PAHs), oxygen-substituted PAHs, and the nitro group-
containing PAHs (nitro-PAHs) are carcinogenic and have the mutagenic 
potential [4]. The evolution studies of excess cancer risk by inhalation 
of PAHs and NPAHs have also been reported [5-7].

The prediction of the relationship between chemical structure and its 
toxicity based on respective molecular structural parameters can be 
established by quantitative structure-activity relationship models [8]. 
In molecular systems, a number of non-covalent interactions 
between protein-protein, DNA-protein, drug-protein, and other 
various molecules occur through hydrogen [9-12], halogen [13-15], 
chalcogen [16-18], and pnictogen bonds [19-22]. Poater et al. [23] 
investigated the role of hydrogen bonding and π-π stacking interactions 
to stabilize the B-DNA structure. Researchers also have reported π-π 
stacking interactions between various molecular systems [24-29]. The 
DNA base-stacking interactions [30] and π-π stacking interactions 
between PAHs and nucleobases have been reported [31]. Fu et al. [32] 
experimentally reported that the derivatives of nitrobenzo[a]pyrene 
have drastically different DNA binding, mutagenicity, and metabolism 
pattern compared to their parent PAHs and the orientation of the nitro 
group plays an important role in these properties.

To determine the kind of interactions between the toxins and biological 
molecules, researchers have proposed some reactivity descriptors such 

as chemical potential (µ), chemical hardness (η), softness (S), and 
electrophilicity index (ω) [33-35]. Applying these descriptors, charge 
transfer methods, ∆N [34] and electrophilicity-based charge transfer (ECT) 
[36], have been developed to predict the interactions between the systems.

The toxicity of a different class of PAHs such as polychlorinated 
dibenzofurans, polyhalogenated dibenzo-p-dioxins, and 
polychlorinated biphenyls has been investigated using ∆N 
method [37,38]. Interactions among proteins, DNA, drugs, and ligands 
occur through covalent bonding, dative bonding, or hydrogen bonding 
by exchanging partial charge [35]. In the field of drug design, using 
these charge transfer descriptors, Rizwana et al. [39] have analyzed 
the activities and potencies of drug molecules for specific targets. Ash 
et al. [40] have detected the transition states and products of the proton 
transfer processes in molecules through these descriptors.

In the present work, B3LYP hybrid functional of density functional 
theory (DFT) with 6-31G* Gaussian basis set was used to calculate 
reactivity descriptors of selected NPAHs and DNA/RNA bases and 
base pairs.

For the comparison of ECT interactions between the two systems, ΔN 
and ECT methods were used. Furthermore, non-covalent interactions 
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and binding affinity of some NPAHs with ATWC and GCWC base 
pairs were studied. The chemical structures of nine NPAHs and seven 
DNA/RNA bases and base pairs are shown in Figure 1.

2. THEORY AND COMPUTATIONAL DETAILS

2.1. Theory
The chemical potential (µ) and chemical hardness (η) were defined by 
Parr and Pearson, in 1983 [34]. A chemical potential (Equation 1) is a 
form of the amount of energy changes with respect to electron number 
(N) of the molecule at a certain external potential which is generated 
by nuclei of the molecular system;

   ( )V r

Eµ
N
∂ =  ∂  

 (1)
While chemical hardness (Equation 2) is a variation of chemical 
potential (µ) with respect to the electron number of molecular systems 
at fixed external potential ( )( ) V r
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According to the Mulliken [41,42] and Pearson [43] theories, the 
absolute electronegativity (χ) and absolute hardness (η) are expressed as,
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In Equations (3) and (4), IE and EA are, respectively. Chemical 
potential and electronegativity can be correlated [44] as,

µ = −χ

Hence,

          
(IE+EA)

2
− ≈ −  

 (5)

By applying Koopmans [45] theorem and Kohn and Sham 
formalism [46] to DFT theory, the IE and EA can be expressed by 
EHOMO and ELUMO, respectively, having negative signs so, putting these 
terms in Equations (4) and (5), we get Equations (6) and (7);
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2
−

≈
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Figure 1: Molecular structures of nine nitro-polycyclic aromatic hydrocarbons and seven DNA/RNA bases and base pairs.
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When an electrophilic species or ligand is immersed in a sea of 
electron-rich media, ligand gets saturated and soaks up electrons until 
its chemical potential becomes same as that of electronic media, and 
consequently, ligand gets stabilized and reaches up to minimum energy. 
The ability of the ligand to accept electrons is defined by electrophilicity 
index (ω) and was introduced by Parr et al., in 1999 [35]. This term is 
expressed in Equation (8);

   

2
=

2
µω
η  (8)

In molecular systems, partial charge transfer occurs between 
electrophilic (acceptor) and nucleophilic (donor) molecules when they 
are brought together in a single system and the extent of electronic 
charge transfer can be determined by ΔN method [34] as expressed in 
Equation (9),

   ( )
M S

MS
S M

( )N
2 +
µ −µ

∆ =
η η  (9)

Where, M and S are the two different systems which interact with each 
other. If ΔNMS< 0, transfer of charge occurs from S to M (S-donor, 
M-acceptor), and if, ΔNMS> 0, charge flows from M to S (M-donor, 
S-acceptor).

Table 1: HOMO-LUMO energies (eV) and reactivity descriptors of NPAHs calculated at B3LYP/6-31G* level of theory.

NPAHs Abbreviation EHOMO ELUMO µ η ω ΔNmax

1,8-dinitronaphthalene 1,8-DNNAP −6.874 −2.575 −4.725 2.150 5.192 2.198
2-nitrofluorene 2-NFLU −6.330 −2.274 −4.302 2.028 4.563 2.121
2-nitroanthracene 2-NANT −5.724 −2.511 −4.118 1.607 5.277 2.563
9-nitroanthracene 9-NANT −5.671 −2.328 −4.000 1.672 4.785 2.392
9-nitrophenanthrene 9-NPHE −6.265 −2.337 −4.301 1.964 4.709 2.190
2-nitrofluoranthene 2-NFLT −6.207 −2.494 −4.351 1.857 5.097 2.343
1-nitropyrene 1-NPYR −5.805 −2.457 −4.131 1.674 5.097 2.468
6-nitrochrysene 6-NC −5.952 −2.341 −4.147 1.806 4.761 2.296
6-nitrobenzo[a] pyrene 6-NBPYR −5.502 −2.403 −3.953 1.550 5.041 2.550
NPAHs: Nitro-polycyclic aromatic hydrocarbons

Table 2: HOMO-LUMO energies (eV) and reactivity descriptors of DNA/RNA bases and base pairs calculated at B3LYP/6-31G* 
level of theory.

DNA/RNA bases and base pairs EHOMO ELUMO µ η ω ΔNmax

Adenine −5.875 −0.412 −3.144 2.732 1.809 1.151
Thymine −6.467 −0.916 −3.692 2.776 2.455 1.33
Guanine −5.581 −0.088 −2.835 2.747 1.463 1.032
Cytosine −6.092 −0.77 −3.431 2.661 2.212 1.289
Uracil −6.768 −1.071 −3.92 2.849 2.697 1.376
ATWC −5.698 −0.794 −3.246 2.452 2.149 1.324
GCWC −4.956 −1.153 −3.055 1.902 2.453 1.606

Figure 2: Charge transfer (eV) between nitro-polycyclic aromatic hydrocarbons and DNA/RNA bases and base pairs based on ΔN 
and ECT methods at B3LYP/6-31G* level of theory.
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Figure 3: Comparison of charge transfer (eV) from each DNA/RNA base and base pair to nine nitro-polycyclic aromatic hydrocarbons 
by ΔN and ECT methods.

In 2007, Padmanabhan et al. proposed a new model called ECT 
[36] which defines the maximum charge accepting ability of 

species from its chemical environment. This can be mathematically 
expressed as;
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  ( ) ( )max maxS MECT= N N∆ − ∆  (10)

In this model, if  ECT < 0, charge transfers from S to M (S-donor, M-acceptor) 
and if ECT > 0, charge transfers from M to S (M-donor, S-acceptor).

Where, ΔNmax term was introduced by Parr et al. [35] which is the ratio 
of chemical potential and chemical hardness;

   
maxN = µ

∆ −
η  (11)

2.2 Computational Details
The ORCA 4.0.1 Ab initio program [47] was used to calculate the electronic 
properties of the molecular system. The Avogadro 1.2.0 molecular editing 
software [48] was used to generate all input files. There was no symmetry 
restriction used while optimization of structures. The molecular geometry 
of NPAHs and DNA/RNA bases and base pairs was optimized using DFT 
hybrid functional, B3LYP [49,50] and Pople basis set 6-31G* [51]. The 
ground states of molecules were confirmed by the absence of negative 
frequency in the output files. In binding energy calculation, the geometrical 
counterpoise (gCP) correction [52] and dispersion correction [53,54] were 
carried out using gCP-D3 web service [55,56]. The binding energies of 
ATWC-NPAHs and GCWC-NPAHs complexes were computed using the 
supermolecule approach [57] and the AIM [58] analysis was performed 

using Multiwfn 3.3.6 program [59] at the same level of DFT theory. 
During the optimization of geometry, RIJCOSX approximation [60,61] 
was used and all the calculations were carried out in gas-phase geometry.

3. RESULTS AND DISCUSSION

The Kohn and Sham DFT (KS-DFT) is widely used by researchers 
and the B3LYP hybrid functional has become popular among the 
scientific community in the field of computational chemistry to 
investigate various structural [62,63], spectroscopic [64-70], and 
thermodynamic [71-74] properties of molecules and non-covalent 
interactions [75-79] between molecular systems. Furthermore, the 
B3LYP functional with Gaussian basis set 6-31G* has been used to 
calculate various molecular properties in literature [80-85].

3.1. Charge-transfer Interactions
The charge-transfer interactions between nine NPAHs and seven 
DNA/ RNA bases and base pairs have been investigated using ΔN [34] 
and ECT [36] methods. The HOMO-LUMO energies and magnitudes of 
reactive descriptors such as chemical potential (µ), chemical hardness (η), 
electrophilicity index (ω), and maximum charge transfer (Nmax) for 
NPAHs and DNA/RNA bases and base pairs are shown in Tables 1 and 2, 
respectively, while Tables 3 and 4 indicate the calculated charge transfer 
between these two systems by ∆N and ECT methods, respectively.

Table 3: Charge transfer (eV) between NPAHs and DNA/RNA bases and base pairs by ΔN method calculated at B3LYP/6-31G* 
level of theory.

DNA/RNA bases and base pairs
NPAHs Adenine Thymine Guanine Cytosine Uracil ATWC GCWC
1,8-DNNAP 0.162 0.105 0.193 0.134 0.081 0.161 0.206
2-NFLU 0.122 0.063 0.154 0.093 0.039 0.118 0.159
2-NANT 0.112 0.049 0.147 0.080 0.022 0.107 0.151
9-NANT 0.097 0.035 0.132 0.066 0.009 0.091 0.132
9-NPHE 0.123 0.064 0.156 0.094 0.040 0.119 0.161
2-NFLT 0.132 0.071 0.165 0.102 0.046 0.128 0.172
1-NPYR 0.112 0.049 0.147 0.081 0.023 0.107 0.150
6-NC 0.111 0.050 0.144 0.080 0.024 0.106 0.147
6-NBPYR 0.094 0.030 0.130 0.062 0.004 0.088 0.130
NPAHs: Nitro-polycyclic aromatic hydrocarbons

Table 4: Charge transfer (eV) between NPAHs and DNA/RNA bases and base pairs by ECT method calculated at B3LYP/6-31G* 
level of theory.

DNA/RNA bases and base pairs
NPAHs Adenine Thymine Guanine Cytosine Uracil ATWC GCWC
1,8-DNNAP 1.047 0.868 1.166 0.909 0.822 0.874 0.592
2-NFLU 0.970 0.791 1.089 0.832 0.745 0.797 0.515
2-NANT 1.412 1.233 1.531 1.274 1.187 1.239 0.957
9-NANT 1.241 1.062 1.360 1.103 1.016 1.068 0.786
9-NPHE 1.039 0.860 1.158 0.901 0.814 0.866 0.584
2-NFLT 1.192 1.013 1.311 1.054 0.967 1.019 0.737
1-NPYR 1.317 1.138 1.436 1.179 1.092 1.144 0.862
6-NC 1.145 0.966 1.264 1.007 0.920 0.972 0.690
6-NBPYR 1.399 1.220 1.518 1.261 1.174 1.226 0.944
NPAHs: Nitro-polycyclic aromatic hydrocarbons
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By comparing the values of reactivity descriptors in Tables 1 and 2, it 
can be concluded that the chemical potential (µ) and electrophilicity 
index (ω) values of NPAHs are greater in magnitude than DNA/RNA 
bases and base pairs. In a system, wherein NPAHs and DNA/RNA 
bases and base pairs are brought together, the former have a higher 
tendency for electrons and behave as an electron acceptor, whereas the 
latter act as an electron donor.

Hence, NPAHs will receive a fraction of charge from their neighboring 
DNA/RNA bases and base pairs. The charge transfer occurs until the 
system reaches equilibrium. After this, the system will have a single 
chemical potential [35].

Figure 2 illustrates the magnitude and pattern of charge transfer 
between NPAHs and DNA/RNA bases and base pairs, whereas 
Figure 3 compares the amount of charge transfer using both ΔN 
and ECT methods for each base and base pair with nine NPAHs. 
It can be clearly shown from Figure 2, the ECT method has 
significantly higher values of charge transfer than ΔN method. 
Furthermore, both methods predict different results for charge 
transfer. The maximum charge transfer in case of ΔN method 
was observed for GCWC base pair while in ECT method, it was 
observed for Guanine base, but the minimum charge transfer 
occurs for uracil in ΔN method and for GCWC base pair in 

Figure 4: Optimized structures of ATWC-nitro-polycyclic aromatic hydrocarbons (NPAHs) and GCWC-NPAHs complexes at 
B3LYP/6-31G* level of theory.

Table 5: gCP and D3 corrected SCF energies (kcal/mol) of NPAHs, DNA/RNA bases and base pairs, and complexes 
(ATWC-NPAHs and GCWC-NPAHs) calculated at B3LYP/6-31G* level of theory.

Complexes SCF energy gCP correction D3 correction gCP‑D3 correction SCF‑gCP‑D3 energy
2-NANT −466,608.914 32.841 −37.853 −5.012 −466,613.926
9-NANT −466,601.104 33.455 −39.050 −5.595 −466,606.699
2-NFLT −514,407.873 34.575 −43.108 −8.533 −514,416.406
6-NBPYR −610,763.256 43.210 −57.625 −14.415 −610,777.671
ATWC −577,909.405 47.304 −37.291 10.013 −577,899.392
GCWC −587,977.536 48.150 −37.064 11.085 −587,966.450
ATWC-2-NANT −1,044,520.861 82.887 −83.807 −0.921 −1,044,521.782
ATWC-2-NFLT −1,092,319.678 85.986 −90.362 −4.376 −1,092,324.055
GCWC-2-NANT −1,054,588.455 85.185 −88.226 −3.041 −1,054,591.496
GCWC-9-NANT −1,054,580.989 84.717 −85.348 −0.631 −1,054,581.620
GCWC-2-NFLT −1,102,393.453 86.516 −87.660 −1.144 −1,102,394.597
GCWC-6-NBPYR −1,198,745.837 95.412 −108.318 −12.907 −1,198,758.743
NPAHs: Nitro-polycyclic aromatic hydrocarbons, SCF: Self-consisted field
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Figure 5: Uncorrected and corrected binding energies (kcal/mol) of ATWC-nitro-polycyclic aromatic hydrocarbons (NPAHs) and 
GCWC-NPAHs complexes at B3LYP/6-31G* level of theory.

ECT method. The charge transfer values calculated by both 
the methods are positive in magnitude which indicates that the 
fraction of charge flows from system M (DNA/RNA bases and 
base pairs) to system S (NPAHs).

For ΔN method, 1,8-dinitronaphthalene accepts the higher charge from 
all bases and base pairs compared to the other NPAHs. In contrast 
to that, 6-Nitrobenzo[a]pyrene gets a significantly lower amount of 
charge from bases and base pairs.

9-nitroanthracene gets only a slightly higher proportion of charge than 
6-Nitrobenzo[a]pyrene. 2-nitrofluoranthene also receives a greater 
amount of charge but considerably lower than 1,8-dinitronaphthalene. 
The proportion of charge transfer from bases and base pairs to 

2-nitroanthracene, 1-nitropyrene, and 6-nitrochrysene is equal in 
magnitudes.

In ECT method, 2-nitroanthracene and 6-nitrobenzo[a]pyrene have 
strong charge-transfer interactions with bases and base pairs, and 
consequently, charge flows from bases and base pairs to these two 
NPAHs are remarkably greater than other NPAHs. 1-nitropyrene is the 
third most interacting species with bases and base pairs. 2-nitrofluorene 
has the least interactions with bases and base pairs so charge transfer 
between the two is substantially less in magnitudes. The charge transfer 
to 1,8-dinitronaphthalene and 9-nitrophenanthrene is almost equal in 
magnitude. The remaining three NPAHs, namely, 9-nitroanthracene, 
2-nitrofluoranthene, and 6-nitrochrysene interact moderately with 
bases and base pairs.

3.2 Binding Energy
The optimized complexes, ATWC-NPAHs and GCWC-NPAHs, are shown 
in Figure 4. To measure the intermolecular distances in the complexes, the 
red dummy atom was put in the center of each monomer. Table 5 represents 
the gCP-D3 corrected and uncorrected self-consisted field energies of 
NPAHs, DNA/RNA bases and base pairs, and the complexes of ATWC-
NPAHs and GCWC-NPAHs, whereas corrected and uncorrected binding 
energies of these complexes are summarized in Table 6.

The binding energies of ATWC-NPAHs and GCWC-NPAHs 
complexes were calculated by supermolecule approach [57], in which 
initially, the geometry of NPAHs and base pairs (ATWC and GCWC) 
was optimized individually at the B3LYP/6-31G* level of DFT theory, 
and finally, their complexes were optimized at the same level of theory 
without any geometry constraint. Binding energies (Eb) of complexes 
were calculated from Equation (12),

Table 6: Intermolecular distances (R in Å), gCP and D3 
uncorrected and corrected binding energies (kcal/mol) of 
ATWC-NPAHs and GCWC-NPAHs complexes calculated at 
B3LYP/6-31G* level of theory.

Complexes R(Å) Uncorrected Eb Corrected Eb

ATWC-2-NANT 4.786 −2.542 −8.464
ATWC-2-NFLT 4.523 −2.400 −8.257
GCWC-2-NANT 4.430 −2.006 −11.120
GCWC-9-NANT 4.817 −2.350 −8.471
GCWC-2-NFLT 5.898 −8.044 −11.741
GCWC-6-NBPYR 4.630 −5.045 −14.622
NPAHs: Nitro-polycyclic aromatic hydrocarbons
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Figure 6: Molecular graphs (AIM) of ATWC-nitro-polycyclic aromatic hydrocarbons (NPAHs) and GCWC-NPAHs complexes 
calculated at B3LYP/6-31G* level of theory.

 
( )OPT OPT OPT

b COMPLEX BASE PAIR NPAHE =E E + E−
 (12)

Where, OPT
COMPLEXE  is the optimized energy of complex and 

OPT
BASE PAIRE  and OPT

NPAHE  are optimized energies of base pair and 
NPAH, respectively.

In B3LYP/6-31G* hybrid functional, the long-range London dispersion 
interactions are ignored. Hence, Stefan Grimme et al. [53,54] 
constructed a new method DFT-D/DFT-D3 to correct the calculations 
by including dispersion electron correlations.

It is also observed geometrical inter- and intra-molecular 
basis set superposition error (BSSE) in density functional and 
Hartree–Fock methods and to overcome this error, Kruse and 
Grimme [52] developed gCP correction method. Kruse et al. have 
developed web service [55,56] for combined correction of BSSE 
and dispersion corrections without any extended computational 
time.

Figure 5 demonstrates a significant difference in uncorrected and 
corrected binding energies of the ATWC-NPAHs and GCWC-NPAHs 
complexes. The gCP-D3 corrected values of binding energies are 
more negative than uncorrected values which indicate greater stability 
of the complexes. The magnitude of binding energies ranges from 2 
to 9 kcal/ mol and 8 to 15 kcal/mol, respectively, for uncorrected 
and corrected binding energies. In the case of uncorrected binding 
energies, the most stable complex is GCWC-2-NFLT (Eb=−8.044 
kcal/mol) while the least stable complex is GCWC-2-NANT 
(Eb=−2.006 kcal/mol). However, for gCP-D3 corrected binding 
energies, the 6-NBPYR binds strongly (Eb=−14.622 kcal/mol) to 
GCWC base pair, while 2-NFLT has weak binding (Eb=−8.257 kcal/
mol) with ATWC base pair. Three complexes, ATWC-2-NANT, 
ATWC-2-NFLT, and GCWC-9-NANT, have a relatively small and 
similar magnitude of binding energies around −8.500 kcal/mol, 
whereas, GCWC-2-NANT and GCWC-2-NFLT complexes have a 

significantly higher magnitude of binding energies but less than the 
GCWC-6-NBPYR complex.

3.3. AIM Analysis
The AIM molecular graphs of complexes with bond critical points 
(BCPs) in orange and ring critical points (RCPs) in yellow color are 
represented in Figure 6. The topological analysis of electron density 
of ATWC-NPAHs and GCWC-NPAHs complexes was examined at 
B3LYP/6-31G* level. Table 7 represents the calculated topological 
electron density parameters such as interatomic distances (d in Å), 
kinetic energy (G(rc)), potential energy density (V(rc)), all electron 
density (ρBCP), Laplacian of electron density (∇2ρBCP), and the ratio 
of kinetic energy and potential energy density (G(rc)/(V(rc)). From the 
results, six different types of bonding are identified which includes 
hydrogen bonding (N---H and O---H) and other bonding such as 
N---C, O---C, O---N, and C---H. The calculated H-bonding distances 
are found between 2.058 Å and 3.256 Å, whereas other bond distances 
are between 2.881 Å and 3.828 Å.

To confirm the types of interactions, various concepts have been 
reported. If the electron density (ρBCP) values are greater than the order 
of 10−1a.u. at BCP and the values of Laplacian of electron density 
(∇2ρBCP) are negative, interactions are purely in covalent nature. 
Furthermore, if the value of |V(rc)| is less than the twice the value of 
G(rc) [|V(rc)| < 2G(rc)] and the ratio of G(rc) and V(rc) [−G(rc)/V(rc)] 
is greater than the unity; then, the interactions are non-covalent in 
nature [86]. The magnitude of electron density (ρBCP) at BCP is low, 
ranging from 0.0021 to 0.0197 a.u., indicating that the non-covalent 
interactions should be established between the monomers in the 
ATWC-NPAHs and GCWC-NPAHs complexes. In Table 7, the ∇2ρBCP 
values are positive and lower in magnitude, so the interactions are non-
covalent in nature.

Furthermore, the values of |V(rc)| are less than twice the values of 
G(rc) and the ratio is found greater than unity which indicate the non-
covalent interactions between monomers.
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4. CONCLUSION

The charge transfer between nine NPAHs and seven DNA/RNA bases and 
base pairs was investigated using ∆N and ECT methods. In the system, 
since electrophilicity index (ω) values of NPAHs are higher in magnitude 
compared to those of DNA/RNA bases and base pairs, charge flows from 
bases and base pairs to NPAHs. ΔN and ECT methods give different 
results for charge transfer. NPAHs have a different binding affinity with 
ATWC and GCWC base pairs. The AIM topological analysis confirms 
the presence of non-covalent interactions in these complexes as evident 
from the values of BCP and RCP. Donor and acceptor components form 
H-bonding (due to N and O atoms) and other types of bonding such as 
N---C, O---C, O---N, and C---H in the complexes.
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