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Abstract: Ab initio and density functional theory (DFT) calculations were carried 
out on the energetic propellant molecule 2,4,6-trinitro-1,3,5-triazine (TNTA) to 
understand its bond topology and its energetic properties using the theory of atoms 
in molecules (AIM). The DFT method predicts that the electron density ρbcp(r) at 
the bond critical points of ring C–N bonds is ~2.34 eÅ-3 and the corresponding 
Laplacian ∇2ρbcp(r) is ~ -24.4 eÅ-5; whereas these values are found to be very 
small in the −NO2 group attached to C–N bonds [ρbcp(r): ~1.73 eÅ-3 and ∇2ρbcp(r): 
~ -14.5 eÅ-5]. The negative Laplacian values of C–NO2 bonds are significantly 
lower which indicates that the charges of these bonds are highly depleted. The 
C–NO2 bonds exhibit low bond order (~0.8), as well as low (~56.4 kcal/mol) bond 
dissociation energy. As we reported in our earlier studies, we found high bond 
charge depletion for these bonds, which are considered the weakest bonds in the 
molecule. The frontier orbital energies exhibit a wide band gap, which is larger 
than those of existing molecules TATB, TNT and TNB. The impact sensitivity 
(H50%) (4.2 m) and oxygen balance (2.77%) were calculated and compared with 
related structures. Large negative electrostatic potential regions were found near 
the nitro groups where reaction is expected to occur. The relation between charge 
depletion ∇2ρbcp(r) and the electrostatic potential at the bond midpoints Vmid reveals 
the sensitive areas of the molecule. 

Keywords: energetic molecule, electron density, Laplacian of electron 
density, electrostatic potential, impact sensitivity 
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Introduction

The process of synthesizing energetic materials and qualifying them for 
military use is not straightforward. It can be tedious, expensive and hazardous. 
Wasteful empirical testing of energetic materials may be replaced by computer 
simulations prior to experimental exploration. In recent decades, significant 
effort has been made to design new energetic materials with low signature 
and low shock sensitivity and a large number of nitro derivatives has been 
studied [1-6]. Furthermore, it has been reported that there are some correlations 
between charge separation in the molecules (as measured by the charge density 
distribution, Laplacian of electron density and surface electrostatic potential) 
and the impact sensitivity [7, 8]. Thus, the pattern of charge distribution and 
ESP are core ways for deciding the impact sensitivity of explosives. We have 
extended our study to the investigation of high energy molecules, such as new 
potential rocket propellants and explosives. Recently, we have studied the charge 
density distribution, bond topology, electrostatic properties and the energy density 
distribution of a series of highly energetic molecules [7, 8]. As a continuation, 
we report here the charge density analysis of the molecule 2,4,6-trinitro-1,3,5-
triazine (TNTA) (Figure 1). A recent theoretical study of this molecule reports 
that it is a potential propellant ingredient which exhibits a high heat of formation 
and specific impulse (Isp), and zero oxygen balance; its performance is also very 
similar to RDX [9]. In 1977, Immirzi et al. estimated theoretically (volume 
additivity method) its density (~2.1 g/cm3) which is significantly higher than RDX 
(~1.82 g/cm3) [10, 11]. However, as far as we know, there is no experimental 
report on this molecule. The predicted energetic parameters indicate that TNTA 
is a potential energetic molecule; hence, it is worth further analysis. 
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Figure 1. Chemical structure of 2,4,6-trinitro-1,3,5-triazine (TNTA).
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Electron density ρbcp(r) is an important parameter, useful for bond topological 
characterization which allows one to understand the reactivity and stability of 
molecular systems. The topological properties of the electron density ρ(r) can be 
explored by the complete specification of its bond critical point (bcp) at which 
∇ρ(r) = 0. A critical point rbcp is classified according to its rank and signature, 
which is designated as (λ, σ) [12]. The rank λ of a critical point is equal to the 
number of non-zero eigenvalues of the Hessien matrix of ρbcp(r), whilst the 
signature σ is the algebraic sum of the signs of the eignvalues. Among the four 
non-degenerate critical points: (3,-3) (nucleus critical point), (3,+3) (cage critical 
point), (3,+1) (ring critical point), and (3,-1) (bond critical point), only the bond 
critical point is considered for this study [13]. The Laplacian of electron density is: 

2 2 2
2

2 2 2x y z
ρ ρ ρρ ∂ ∂ ∂

∇ = + +
∂ ∂ ∂  (1)

which identifies the region of space where the electron density is locally 
concentrated or depleted. The maximum negative value of ∇2ρbcp(r) indicates 
that the electron density is locally concentrated if ∇2ρbcp(r) < 0 and depleted if 
∇2ρbcp(r) > 0. The electron density may be correlated with local energy density 
H(r) in the bonding region [12], which is given as:

H(r) = G(r) + V(r) (2)

where G(r) and V(r) are the local kinetic and potential energy density. V(r) is 
always negative and G(r) positive; the sign of H(r) indicates the dominant one 
in the bonding regions. 

Computational details 
The TNTA molecule has been optimized from the MP2 and BP86 levels 

with the basis set 6-311G*; these optimizations were converged at 0.000050, 
0.000114 au respectively for the maximum force and 0.000018, 0.000051 au 
respectively for the root mean square (RMS) force. All these calculations were 
carried out using the GAUSSIAN03 program [14]. The wave function obtained 
from the optimization has been used for the charge density analysis. To understand 
the bond strength of the molecule, the bond topological parameters were 
calculated using the AIMPAC program [15]. Furthermore, the bond order [16] (on 
the basis of Wiberg’s bond index) and the local energy density distribution of the 
molecule were also calculated. The deformation density and the Laplacian maps 
were plotted using wfn2plots and XD [17] software packages. The deformation 
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density of the molecule is defined as Δρ(r) = ρmol(r) – ρref(r), where ρmol(r) is the 
electron density of the molecule and ρref(r) is the reference density of the molecule 
[18]. The reference density distribution is the density of the neutral spherical 
ground state atom at each nuclear position of the bond [19]. The isosurface of 
electrostatic potential has been plotted using 3Dplot (WinXPRO) software [20] 
to identify the strong electropositive and negative regions of the molecule. 

Results and Discussion 

Structural aspects 
The optimized structure of TNTA calculated at the MP2/6-311G* level 

is depicted in Figure 2 and the geometric values are presented in Table 1. The 
C–N bond distances of the aromatic ring optimized at MP2 and BP86 levels are 
~1.301 and ~1.332 Å respectively and these values are found to be lower than 
those for a similar reported experimental structure (~1.352 Å) [21]. The C–NO2 
bond distances predicted by both methods i.e. ~1.474 (MP2) and ~1.507 Å 
(BP86), are unequal. These distances are much longer than the ring C–N bonds 
(1.301/1.332 Å) of the molecule. The N=O bond distance calculated from the 
MP2 level is ~1.178 Å, which is found to be lower than  the distance predicted 
by the BP86 method (~1.226 Å), and these values are close to that  reported for 
the TATB molecule (1.236 Å) [22]. 

Figure 2. Optimized structure of the 2,4,6-trinitro-1,3,5-triazine molecule at 
the MP2/6-311G* level.
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Table 1. Geometric parameters of the TNTA molecule
MP2 BP86 MP2 BP86

Bond length (Å) Bond angle (°)
C(1)–N(1) 1.301 1.332 C(1)–N(1)–C(3) 112.4 111.6
C(3)–N(1) 1.301 1.332 N(1)–C(1)–N(2) 127.6 128.4
C(1)–N(2) 1.301 1.332 N(1)–C(1)–N(4) 116.2 115.8
C(1)–N(4) 1.474 1.507 N(2)–C(1)–N(4) 116.2 115.8
C(2)–N(2) 1.301 1.332 C(1)–N(2)–C(2) 112.4 111.6
C(2)–N(3) 1.301 1.332 N(2)–C(2)–N(3) 127.6 128.4
C(2)–N(5) 1.474 1.507 N(2)–C(2)–N(5) 116.2 115.8
C(3)–N(3) 1.301 1.332 N(3)–C(2)–N(5) 116.2 115.8
C(3)–N(6) 1.474 1.507 C(2)–N(3)–C(3) 112.4 111.6
N(4)–O(1) 1.178 1.226 N(1)–C(3)–N(3) 127.6 128.4
N(4)–O(2) 1.178 1.226 N(1)–C(3)–N(6) 116.2 115.8
N(6)–O(5) 1.178 1.226 N(3)–C(3)–N(6) 116.2 115.8
N(6)–O(6) 1.178 1.226 C(3)–N(6)–O(5) 115.7 115.6
N(5)–O(3) 1.178 1.226 C(3)–N(6)–O(6) 115.7 115.6
N(5)–O(4) 1.178 1.226 O(5)–N(6)–O(6) 128.7 128.9

C(2)–N(5)–O(3) 115.7 115.6
C(2)–N(5)–O(4) 115.7 115.6
O(3)–N(5)–O(4) 128.7 128.9
C(1)–N(4)–O(1) 115.7 115.6
C(1)–N(4)–O(2) 115.7 115.6
O(1)–N(4)–O(2) 128.7 128.9

MP2 BP86 MP2 BP86
Torsion angle (°) Torsion angle (°)
C(3)–N(1)–C(1)–N(2) 0 0 N(5)–C(2)–N(3)–C(3) -180 -179.9
C(3)–N(1)–C(1)–N(4) 180 179.9 N(2)–C(2)–N(5)–O(3) 128.8 124.2
C(1)–N(1)–C(3)–N(3) 0 0 N(2)–C(2)–N(5)–O(4) -51.2 -55.9
C(1)–N(1)–C(3)–N(6) 180 180 N(3)–C(2)–N(5)–O(3) -51.2 -55.9
N(1)–C(1)–N(2)–C(2) 0 -0.1 N(3)–C(2)–N(5)–O(4) 128.8 124
N(4)–C(1)–N(2)–C(2) 180 -180 C(2)–N(3)–C(3)–N(1) 0 0
N(1)–C(1)–N(4)–O(1) 128.9 123.8 C(2)–N(3)–C(3)–N(6) -180 -180
N(1)–C(1)–N(4)–O(2) -51.1 -56.3 N(1)–C(3)–N(6)–O(5) -51.2 -56.1
N(2)–C(1)–N(4)–O(1) -51.1 -56.3 N(1)–C(3)–N(6)–O(6) 128.8 123.9
N(2)–C(1)–N(4)–O(2) 128.9 123.7 N(3)–C(3)–N(6)–O(5) 128.8 123.9
C(1)–N(2)–C(2)–N(3) 0 0.1 N(3)–C(3)–N(6)–O(6) -51.2 -56.1
C(1)–N(2)–C(2)–N(5) 180 180
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All of the bond distances calculated from the BP86 level are significantly 
longer than those predicted from the MP2 level; these differences may be 
attributed to the methodological effects of energy minimization of the molecule. 
Since, the atoms N(1), N(3) and N(5) are in similar environments, the C(1)–
N(2)–C(2) [111.6°], C(2)–N(3)–C(3) [111.6°] and C(3)–N(1)–C(1) [111.6°] bond 
angles are almost equal and the average value is ~111.6° (Table 1). Similar trends 
appears around the C(1), C(2) and C(3) atoms, the corresponding angle being 
~127°. Furthermore, the O–N–O bond angles predicted by the MP2 and BP86 
levels are also found to be almost equal [~128.7°]. The mean plane calculation 
of the aromatic ring confirms that the ring is planar, the nitro groups at the 2, 4 
and 6 positions in the ring are inclined to the mean plane of the ring at an angle 
of about 45°. 

Charge density 
Figure 3(a-b) shows the deformation density of the TNTA molecule 

calculated at the MP2/6-311G* level. The complete spectrum of electron density 
distribution of the molecule obtained from the bond topological analysis is 
presented in Table 2. Both the MP2 and BP86 methods predict equal electron 
density at the bcp for all C–N bonds of the aromatic ring, the value being 
~2.35 eÅ-3. Whereas the electron density of –NO2 groups attached to C–N bonds 
exhibit a substantially lower density [~1.73 (DFT) and ~1.83 eÅ-3 (MP2)] than 
the C–N bonds of the ring, these values are very close to those reported for the 
TATB molecule (~1.85 eÅ-3) [22]. The low bond density of the C–N bonds is 
attributed to the delocalization caused by the nitro groups. The N=O bond density 
is ~3.33 eÅ-3, which is the highest density in the molecule. A similar trend was 
already found in an experimentally reported molecule [21]. The large values of 
Wiberg’s bond [16] orders [~1.39 (MP2) and ~1.53 (BP86)] for the N=O bonds 
confirm the double bond nature. The bond charge polarization of each bond was 
calculated (Table 2); specifically, the polarization of C–N bonds of the aromatic 
ring [~12.9% (MP2) and ~11.0% (DFT)] was found to be much higher than the 
nitro group attached to C–N bonds [~8.3(MP2) and ~6.7%(DFT)]. 
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(a)

  
(b)

Figure 3. Deformation of electron density in the TNTA molecule (a) in the 
molecular plane and (b) in the NO2 fragments. The positive contours 
(solid lines) and negative contours (dotted lines) are drawn at 
0.05 eÅ-3 intervals. The zero contours are dashed lines. 
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Table 2. Bond topological properties of the TNTA molecule (first line for 
BP86 and second line for MP2).

Bonds ρbcp(r)a ∇2ρbcp(r)b ε λ1
b λ2

b λ3
b d1

c d2
c D Δd% G(r)d V(r)d H(r)d

C(1)–N(1)
2.34 -24.5 0.13 -17.9 -15.8 9.1 0.52 0.81 1.33 11 1.41 -4.65 -3.24
2.35 -24.4 0.15 -18.1 -15.6 9.3 0.49 0.84 1.33 13 1.79 -5.29 -3.50

C(3)–N(1)
2.34 -24.5 0.13 -17.9 -15.8 9.1 0.52 0.81 1.33 11 1.41 -4.65 -3.24
2.35 -24.4 0.15 -18.1 -15.6 9.3 0.49 0.84 1.33 13 1.79 -5.29 -3.50

C(3)–N(3)
2.34 -24.5 0.13 -17.9 -15.8 9.1 0.52 0.81 1.33 11 1.41 -4.65 -3.24
2.35 -24.4 0.15 -18.1 -15.6 9.3 0.49 0.84 1.33 13 1.79 -5.29 -3.50

C(2)–N(3)
2.34 -24.5 0.13 -17.9 -15.8 9.1 0.52 0.81 1.33 11 1.41 -4.65 -3.24
2.35 -24.4 0.15 -18.1 -15.6 9.3 0.49 0.84 1.33 13 1.79 -5.29 -3.50

C(2)–N(2)
2.34 -24.5 0.13 -17.9 -15.8 9.1 0.52 0.81 1.33 11 1.41 -4.65 -3.24
2.35 -24.4 0.15 -18.1 -15.5 9.3 0.49 0.84 1.33 13 1.79 -5.29 -3.50

C(1)–N(2)
2.34 -24.5 0.13 -17.9 -15.8 9.1 0.52 0.81 1.33 11 1.41 -4.65 -3.24
2.35 -24.4 0.15 -18.1 -15.6 9.3 0.49 0.84 1.33 13 1.79 -5.29 -3.50

C(1)–N(4)
1.73 -14.5 0.10 -13.4 -12.5 11.3 0.65 0.86 1.51 6.7 0.57 -2.2 -1.63
1.83 -18.3 0.10 -14.5 -13.2 9.5 0.62 0.86 1.48 8.3 0.68 -2.64 -1.96

N(4)–O(1)
3.33 -22.7 0.10 -30.7 -27.8 35.8 0.58 0.65 1.23 2.6 2.49 -6.78 -4.29
3.32 -23.6 0.12 -30.5 -27.2 34.1 0.55 0.65 1.23 4.1 2.75 -7.16 -4.40

N(4)–O(2)
3.33 -22.7 0.10 -30.7 -27.8 35.8 0.58 0.65 1.23 2.6 2.49 -6.78 -4.29
3.32 -23.6 0.12 -30.5 -27.2 34.1 0.55 0.65 1.23 4.1 2.75 -7.16 -4.40

C(2)–N(5)
1.73 -14.5 0.10 -13.4 -12.5 11.3 0.65 0.86 1.51 6.7 0.57 -2.2 -1.63
1.83 -18.3 0.10 -14.5 -13.2 9.5 0.62 0.86 1.48 8.3 0.68 -2.64 -1.96

N(5)–O(4)
3.33 -22.7 0.10 -30.7 -27.8 35.8 0.58 0.65 1.23 2.6 2.49 -6.78 -4.29
3.32 -23.6 0.12 -30.5 -27.2 34.1 0.55 0.65 1.23 4.1 2.75 -7.16 -4.40

N(5)–O(3)
3.33 -22.7 0.10 -30.7 -27.8 35.8 0.58 0.65 1.23 2.6 2.49 -6.78 -4.29
3.32 -23.6 0.12 -30.5 -27.2 34.1 0.55 0.65 1.23 4.1 2.75 -7.16 -4.40

C(3)–N(6)
1.73 -14.5 0.10 -13.4 -12.5 11.3 0.65 0.86 1.51 6.7 0.57 -2.2 -1.63
1.83 -18.3 0.10 -14.5 -13.2 9.5 0.62 0.86 1.48 8.3 0.68 -2.64 -1.96

N(6)–O(5)
3.33 -22.7 0.10 -30.7 -27.8 35.8 0.58 0.65 1.23 2.6 2.49 -6.78 -4.29
3.32 -23.6 0.12 -30.5 -27.2 34.1 0.55 0.65 1.23 4.1 2.75 -7.16 -4.40

N(6)–O(6)
3.33 -22.7 0.10 -30.7 -27.8 35.8 0.58 0.65 1.23 2.6 2.49 -6.78 -4.29
3.32 -23.6 0.12 -30.5 -27.2 34.1 0.55 0.65 1.23 4.1 2.75 -7.16 -4.40

a The electron density ρbcp(r) (eÅ- 3), b Laplacian of electron density ∇2ρbcp(r) (eÅ-5), c d1 and d2 
are the distances in Å between CP and the respective atoms of the bond,  d Energy density (HÅ-3). 

Laplacian of charge density and energy density 
The Laplacian of charge density ∇2ρbcp(r) at the bcp provides significant 

information about the charge concentration and depletion in chemical bonds. 
Figure 4 shows the negative Laplacian of electron density of the molecule drawn 
in the molecular plane and the three –NO2 fragments. To classify the bonds in 
the molecule, information concerning the existence of a negative Laplacian 
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and the local energy density H(r) of the bonds is required. The Laplacian of 
electron density and the energy density for all of  the bonds were calculated. Both 
methods predict a high negative Laplacian for Car–Nar (~ -24.4 eÅ-5) and N=O 
bonds (~ -23.6 eÅ-5), which indicates that the charges of these bonds are highly 
concentrated, and this matches well with the theoretically reported molecule 
[22]. This is further confirmed from the energy density distribution where 
these bonds exhibit high potential energy density V(r) [Car–Nar: ~ -5.29 (MP2); 
~ -4.65 (BP86) and N=O: ~ -7.15 (MP2); ~ -6.78 HÅ-3 (BP86)]. The MP2 and 
DFT methods predict a low negative ∇2ρbcp(r) value for the C–NO2 bonds i.e. 
~ -18.2 and ~ -14.5 eÅ-5, respectively. The low negative value of the Laplacian 
indicates that the charges of these bonds are highly depleted. Both levels of 
theory predict almost the same bond order for the C–NO2 bonds (value ~0.8), 
which is estimated by Wiberg’s bond index [25]. The potential energy density 
V(r) of C–NO2 bonds is ~ -2.6(MP2)/-2.2(BP86) and their total energy density 
H(r) is ~ -1.96 (MP2)/-1.63 (BP86). From the above bond topological parameters, 
it is confirmed that the C–NO2 bonds are the weakest bonds in the molecule. 

Figure 4. The Laplacian of electron density of the TNTA molecule. Contours 
are drawn at logarithmic intervals, 3.0 X 2N eÅ-5, where N = 2,4 and 
8×10n, n = -2,-1,0,1,2 . Solid lines are positive contours; dashed lines 
are negative contours. 
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The bond ellipticity [23] is the measure of anisotropy of electron density 
distribution at the bcp of bonds. It can be calculated from the ratio of negative 
eigenvalues i.e. ε = (λ1/λ2) - 1, where λ1 and λ2 are the negative eigenvalues of 
the Hessian matrix [23]. Here, we found maximum ellipticity for the C–N bonds 
of the aromatic ring; the values are ~0.15 (MP2) and ~0.13 (DFT) respectively, 
which shows the anisotropic nature of bond density and these values are close 
to reported experimental values [21]. Whereas, in C–NO2 bonds the predicted 
ellipticity values are ~0.10 (MP2) and ~0.10 (BP86), much lower than for the 
ring C–N bonds and reported theoretical values [22]. Overall, both methods 
predict almost equal ellipticity values for the same bonds and the order of ε 
values for the three types of bonds in the molecule are C–N > N=O > C–NO2. 
Furthermore, to characterize the bond strength and to compare the predicted 
charge density results with the bond dissociation energy (BDE), we have 
calculated the BDE of various bonds of the molecule. The calculated values of 
BDE of ring C–N bonds and the NO2 group attached to C–N bonds are ~91.4 
and 56.2 kcal/mol, respectively. This confirms that the nitro group attached 
to C–N bonds are the weakest bonds in the molecule. Relatively, these BDE 
values are lower than for the TATB molecule (76.8 kcal/mol) [24]. Chung et 
al. [25] reported that a molecule having a BDE value higher than 20 kcal/mol 
has a barrier for the dissociation of the bond. Molecules with such types of 
bond can be considered as viable candidates for high energy density molecules. 
Hence, TNTA is a stable molecule. The BDE and Laplacian of electron density 
of C–NO2 bonds give an excellent correlation, and the fact that these bond 
charges are highly depleted confirms that these bonds are the weakest bonds 
in the molecule. 

Molecular stability and oxygen balance 
The band gap between the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied orbital (LUMO) has been suggested to be related to the 
sensitivity or stability of the explosive [26]. Fukui et al. [27] have observed for 
the first time the prominent role played by the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) in governing 
the chemical reactions of compounds. The principle of easiest transition (PET) 
states that the smaller the band gap (ΔELUMO-HOMO) between HOMO and LUMO, 
the easier will be the electron transition and the lesser the stability [28]. The 
DFT method predicts that the band gap (ΔELUMO-HOMO) of the TNTA molecule 
is 12.49 eV, which is found to be much larger than for the energetic propellant 
molecules TNB, TNT and TATB, for which the respective values are 5.007, 
4.925 and 4.054 eV. This indicates that TNTA is a very stable molecule (Table 4). 
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Overall, TNTA is a stable molecule, and the stability here refers to a chemical 
process with electron transfer or electron excitation in the molecule. 

Table 3. Comparison of the energy gap, oxygen balance (OB%) and H50% 
of TNTA with reported explosive molecules

Compound OB % HOMO 
(eV)

LUMO 
(eV) ΔELUMO-HOMO (eV) H50% (m)

TNTA +2.77 -13.551 -1.088 12.490 4.20
HNB +3.45 - - - 0.10
PNA +1.89 - - - 0.14
TATB -2.33 -7.102 -3.292 4.054 4.80
TNT -3.08 -7.891 -2.099 4.925 1.64
TNB -1.41 -9.905 -4.898 5.007 1.49

Table 4. Electrostatic potential (e/Å) at the bond mid-points Vmid

Bonds MP2 BP86
MPA NPA MPA NPA

C(1)–N(1) 0.35 0.29 0.30 0.16
C(1)–N(2) 0.35 0.29 0.30 0.16
C(2)–N(2) 0.35 0.29 0.30 0.16
C(2)–N(3) 0.35 0.29 0.30 0.16
C(3)–N(3) 0.35 0.29 0.30 0.16
C(3)–N(1) 0.35 0.29 0.30 0.16
C(1)–N(4) 0.81 1.75 0.76 1.37
C(3)–N(6) 0.81 1.75 0.76 1.37
C(2)–N(5) 0.81 1.75 0.76 1.37
N(6)–O(5) -0.07 0.34 -0.03 0.30
N(6)–O(6) -0.07 0.34 -0.03 0.30
N(5)–O(3) -0.07 0.34 -0.03 0.30
N(5)–O(2) -0.07 0.34 -0.03 0.30
N(4)–O(1) -0.07 0.34 -0.03 0.30
N(4)–O(2) -0.07 0.34 -0.03 0.30

Oxygen balance (OB) is one of the important properties of energetic 
materials. It is defined as “the amount of oxygen, expressed in weight percent, 
liberated as a result of complete conversion of the explosive material to carbon 
dioxide, water, sulfur dioxide, aluminum oxide, etc. [29- 31]. A negative oxygen 
balance produces a greater quantity of CO and a positive oxygen balance produces 
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more NOx gases. The equation for the oxygen balance (OB) is: 

100
100(2 2 2 )O H C COOn n n nOB

M
− − −

=  (3)

where nO and nH represent the number of atoms of the corresponding elements in 
the molecule, nCOO is the number of carboxyl groups (for TNTA this is zero, as 
there are no such groups in this molecule), and M is the molecular weight. The 
calculated oxygen balance of the TNTA molecule is found to be positive and 
the value is 2.7% (Table 3). This value has been compared with other  reported 
explosives having positive OBs (HNB ~3.45%, PNA ~ 1.89%) as well as negative 
OBs (TNT -3.08%; TNB -1.41%; TATB -2.33%; RDX -22%; HMX -22%). The 
OB of TNTA falls between that of HNB and PNA. 

Furthermore, using OB and the nitro group charges (QNO2), we have 
calculated the impact sensitivity of the TNTA molecule [32, 33]. These two 
parameters provide a new insight into the effect of molecular structure on the 
impact sensitivity. The impact sensitivity equation for the TNTA molecule is [32]: 

H50% = 0.1926 + 98.64QNO2
2 − 0.03405OB100

A close inspection of the structural parameters of this equation provides the 
physical insight into the structure-impact sensitivity relationship. The predicted 
H50% value for the TNTA molecule (4.2 m) is slightly lower than the reported 
value for the TATB molecule (Table 3) (4.8 m). 

Relation between the molecular electrostatic potential and impact 
sensitivity

The molecular electrostatic potential (MEP) [34, 35] explores the polarization 
and charge transfer effects within the molecule. This parameter can be used to 
predict the electrophilic and nucleophilic sites in the molecule where chemical 
reactions are expected to occur. Due to the charge complementarity, it gives novel 
insights into the impact sensitivity of explosives. Figure 5 shows the theoretical 
MEP obtained from the MP2 level of calculation, with the electronegative and 
electropositive regions of the molecule. A large electronegative potential is found 
in the vicinity of the –NO2 groups, and a small electronegative region near the 
ring N–atoms. 



71Charge Density Distribution, Electrostatic Properties and Sensitivity...

Figure 5. Isosurface representation of electrostatic potential of the TNTA 
molecule. Blue: positive potential (+0.5 e Å-1), red: negative potential 
(-0.3 e Å-1).

According to the Politzer [31], Owens [36] and Rice et al. [4] hypothesis, the 
ESPs of nitro-aromatic systems, the molecular electrostatic potential has a parallel 
relationship with the impact sensitivity of the molecule. Here, we also explore 
the parallel relationship by calculating the potential build-up at the midpoint of 
all bonds of the TNTA molecule, according to the equation:

midV =
0.5 0.5

ji qq
r r
+  (4)

where qi and qj are the atomic charges for ith and jth atoms and r is the bond 
distance. Here, the Vmid calculations (Table 4) were performed for the MPA and 
NPA charges obtained from both the MP2 and BP86 methods at the 6-311G* 
basis set. This study reveals that for the nitro group attached to C–N bonds, the 
Vmid values are high compared with other bonds in the molecule. The calculated 
Vmid values from C–N bonds, which are the sensitive bonds in the molecule, 
for both MPA and NPA charges of the MP2 and DFT methods are ~0.81 
(MPA)/~1.75 (NPA) and ~0.76 (MPA)/~1.37 e/Å (NPA) respectively. Figure 6 
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shows the relationship between the bond charge depletion ∇2ρbcp(r) and the impact 
sensitivity (Vmid) of each bond in the molecule. The map explicitly shows that 
highly charge-depleted bonds (C–NO2) are the sensitive bonds in the molecule.

Figure 6. Relationship between ∇2ρbcp(r) and ESP at the bond midpoints Vmid. 

Conclusion

The bond topological and electrostatic properties of the energetic TNTA 
molecule were carefully evaluated by ab initio (MP2) and density functional 
theory (BP86) calculations. For both levels of calculation, the C–NO2 bonds 
have low charge accumulation at the bond critical point, which indicates that 
the charges of the bonds are highly depleted compared with all other bonds in 
the molecule. The charge accumulation in Car–Nar and N=O bonds is found to be 
high compared with the NO2 group attached to C–N bonds; their corresponding 
high negative ∇2ρbcp(r) confirms its high solidarity. The charges in the C–NO2 
bonds are highly depleted and this charge depletion has been further confirmed 
from the energy density calculations. Compared with other reported explosives, 
the TNTA molecule exhibits a wide band gap (12.49 eV) and a positive oxygen 
balance (2.77%). Using the oxygen balance and the nitro group charges, we 
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have calculated the impact sensitivity (H50%) of the TNTA molecule as 4.2 m. 
Furthermore, the sensitivity calculation based on ESP (Vmid) predicts that the 
nitro groups attached to C–N bonds are more sensitive than the other bonds in 
the molecule. On the basis of these findings, we conclude that the NO2 group 
attached to C–N bonds are very weak bonds in the molecule. These bonds may 
rupture first and initiate the detonation process when the material is exposed to 
external stimuli. Importantly, the present study also confirms the fair relation 
between the charge depletion and the bond sensitivity of the molecule. 
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