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Abstract: Novel high energy density materials N14 (1,6-dihydro-1,2,3,3a,4,5,5a,6,7,8,8a,9,10,10a-
tetradecazapyrene) and N18 (1,2,2a,3,4,4a,5,6,6a,7,8,8a,9,10,10a,11,12a-octadecazacoronene) were designed, and 
their structures, detonation performance and stabilities were calculated employing density functional theory 
(DFT). Calculations reveals that they have a good balance between high energy and stability. Their energy gaps 
between LUMO and HOMO are all lower than that of TATB, while their impact sensitivity h50% is estimated close 
to that of RDX. Concerning energy, detonation performance of the N14 (P = 43.6 GPa, D = 10040 m/s, Q = 2214 
cal/g) and the N18 (P = 37.4 GPa, D = 9400 m/s, Q = 2114 cal/g) are comparable to CL-20. 
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1. Introduction 
High energy density materials (HEDMs), which possess not only perfect detonation performance but also 

good thermal stability and low sensitivity, have attracted considerable interests for some potential applications in 
propellants, explosives and pyrotechnic agents in recent years [1-5].  

In order to meet main requirements in safety and power, much effort has been taken by lots of research 
groups [6-9]. However, in most cases, it is very difficult to concentrate both desired properties into one substance, 
whether traditional energetic compounds and rich nitrogen energetic salts, or polynitrogen materials. 

Traditional energetic materials are developing to a bottleneck stage, so it is difficult to overcome their limits. 
Energetic salts offer many particular advantages over traditional energetic compounds owing to lower vapor 
pressures, higher heats of formation and enhanced thermal stabilities, etc [10,11]. But most of them have poorer 
detonation performance than excellent traditional energetic materials(HMX, RDX, CL20, etc.), such as dimethyl-
substituted 5-aminotetrazolium, 3-hydeazino-4-amino-1,2,4- triazolium and other N-heterocyclic cation salts [12], 
or most (nitromethanidylene)-bis(1,3,4-oxadiazole-5,2-diyl)-bis(dinitromethanide) [13], 5-Nitro-3-trinitromethyl-
1H-1,2,4-triazolide and almost all of 5,5`-bis(trinitromethyl)-3,3`- azo-1H-1,2,4-triazole based anion salts [10].  

On the other hand, polynitrogen materials have received much more attention on their high energy content 
due to the deviation of bond energy of N2 triple bond and N-N single bonds or double bonds [14]. However, 
most of them are unstable. Since 1999, a series of N5+-containing salts are investigated and the most stable N5+-
containing salt N5+SbF6- is only stable at about 60oC [15,16]. In 2004, polymeric nitrogen with cubic gauche 
structure was produced by Eremets [17]. Its power is five times more than that of the most powerfully energetic 
materials, whereas it is disappeared at ambient pressure. In 2017, two significant breakthroughs in the bulk 
synthesis and characterization of the pentazolate anion cyclo-N5- salts were achieved by Hu [18,19] and Lu [20], 
respectively. Recently, the most stable cyclo-N5- salt Na24N60 and Na20N60 occurs only below 148oC [21]. Besides, 
some other all nitrogen materials can`t exist under room temperature for a long time [14,22].  

New high energy density materials are considered under the circumstances. Two novel covalent compounds, 
N14 and N18, are designed in this paper with the characteristics of great power and high safety, whose chemical 
structures are shown in Figure 1. There are 14 nitrogen atoms closely linked in N14, and 18 nitrogen atoms in 
N18. In these structures, that several nitrogen atoms connected directly can enhance energy. However, in most 
cases, high nitrogen content and stability tend to be mutually exclusive [23]. Thereby olefin and benzene ring are 
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expected to form a large π bond with nitrogen atoms to improve its stability thought the large conjugated bonds 
do not appear at last. A structure C12N12 being similar to N18 was reported, Mondal [24] indicates that are slightly 
aromatic in nature, but Tursungul [25] doesn`t agree with him. 

                                           
N14                                                                   N18 

Figure 1 Chemical structure of the title compounds 
 

Theoretical studies of N14 and N18 make it not only possible to provide forecast of properties of candidate 
compounds, but also possible to compare them. This paper presents the molecular geometries structures, frontier 
molecular orbitals, electrostatic potential (ESP), impact sensitivity h50% to illustrate their insensitivities. At the 
same time, the theoretical density (ρ), the heat of formation (HOF), and the detonation performance is 
emphasized to explain their high energy. These results can also be used for comparison with property of other 
familiar explosives, and provide theoretical supports for molecular design of novel high energetic density 
compounds. 

2. Computational details 
Computations were performed with Gaussian 09 package at B3LYP level [26] method with 6-311++G (d, p) 

basis set. The molecular geometries and electronic structures were obtained with the density functional theory 
(DFT) method. The geometric parameters of these two structures were allowed to be optimized, and no 
constraints were imposed on molecular structures during optimization process. Structures were identified to be 
local minima without imaginary frequencies.  

The geometric structure refers to bond length and bond angle in this paper. Bond length is one important 
parameter for a molecular. Commonly, the bond length is closely related with the bond stability: the longer the 
bond length is, the less stable the bond is [27]. Bond angle is another important parameter for a molecular and 
108ois an excellent value [28].  

The frontier molecular orbitals include the lowest unoccupied molecular orbital (LUMO) and the highest 
occupied molecular orbital (HOMO). The energy gap (∆ELUMO–HOMO) is essential for kinetic stability and chemical 
reactivity during the chemical processes with electron transfer or leap. Previous studies have also proved that the 
higher energy gap, the lower chemical reactivity and vice versa [29].  

Molecular electrostatic potentials (ESP) are used to describe the interaction of static electricity in molecules, 
and to predict chemical reactivity sites. With the help of VMD program, the very nice color-filled molecular 
surface maps with surface extrema can be plotted based on the output of the Multiwfn program [30]. In the map, 
the green and orange spheres correspond to significant minima and maxima ESP surfaces respectively. These 
spheres are labeled by dark blue and brown-red texts with the unit kcal/mol. At the same time, the global minima 
and maxima on the surface are labeled by larger and italic font. 

Impact sensitivity is an important index to evaluate explosives, and h50% is a common value to assess the 
index. The h50% is the height where 50% probability of the “drop” result in reaction of the sample. The shorter the 
drop height is, the greater the impact sensitivity is. There are four methods to estimate the impact sensitivity h50% 

[28], shown in Equation (1) ~ (4). Where         is the difference between magnitudes of average values of the 
positive and negative electrostatic potential (kJ/mol), v is balance parameter, and Q is heat of detonation (kJ/g). 

 
Method 1:                                                                                                                                                       (1) 
Method 2:                                                                                                                                                       (2) 

 
Method 3:                                                                                                                                                       (3)                                                             
Method 4:                                                                                                                                                       (4)                                                                                                               
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The isodesmic reactions were used to predict the heat of formation (HOF) of compounds, and isodesmic 
reactions of N14 and N18 are shown in Scheme 1 and 2. The enthalpy of reaction (ΔrH298) at 298 K can be 
calculated according to equation (5) in the isodesmic reaction. The ∆fHP and ∆fHR of following equation are the 
HOFs of products and the reactants, respectively. Similarly, ∆E0, ∆EZPE, ∆HT are the difference between products 
and reactants. Furthermore, E0, EZPE and ∆HT are total energy at 0 K, the zero-point energy and the thermal 
correction from 0 K to 298 K, respectively.  

 

 
Scheme 1 The isodesmic reaction of N14 

 

 
Scheme 2 The isodesmic reaction of N18 

According to Equation (5), the heat of formation of the gaseous N14 and N18 ∆fH(g) can be calculated, while 
the heat of formation in the condensed phase ∆fH(c) is determined by Equation (6). In order to estimate ΔHsub, the 
electrostatic potential method [31] can be used, shown in Equation (7). In the equation, As and νσ2tot is derived 
from the molecular electrostatic potential calculation by Multiwfn software [30].  

                                                                                                                                                                                                          (5) 
                          

(6)                                                                                                                                        
(7) 

 In the high energy density material, the crystal density (ρ) is an important parameter for predicting 
performance. Equation (8) proposed by Politzer et al [32] was used to calculate the crystal density of compounds 
where M is the molecular weight and Vm is the molecular volume defined as inside a contour of 0.001 au density 
that was evaluated using a Monte Carlo integration. Finally, α, β and γ here is 0.9183, 0.0028, and 0.0443, 
respectively. 

                                                                                                                                                                       

(8) 
Detonation pressure (P, GPa), detonation velocity (D, km/s) and heat of detonation (Q, cal/g) reflecting the 

explosive performance of energetic materials, were estimated using EXPLO 5 (v6.01). 

3. Results and Discussion 
3.1 Geometrical Structures 

The structure of N18 is similar to that of coronene, with periphery nitrogen atoms replacing carbon atoms. 
Some of periphery nitrogen atoms form double bonds while some form single bonds, and the middle carbon 
forms the benzene ring. We hope that the nitrogen atoms with single bond, which carry lone pair electrons, form 
more large conjugated system with the benzene ring and lots of azo bonds. However, the output result at B3LYP 
method shows that all atoms are not on coplanar, so N18 may be not an aromatic compound. The structure 
output of N18 is shown in Figure 2. Six carbon atoms of the benzene ring form large π bond in the input 
structure, but they are linked together with double bonds in output structure. It is not corrected for keeping raw 
data. 

In this structure, all carbon atoms are in the same plane and each C-C bond length is 1.3707 Å, which is shorter 
than that of benzene (1.3945 Å). All of the double bond nitrogen atoms are also in the same plane and the 
distance of N-N double bond (each one is 1.2389 Å) shorter than that of cazobenzene (1.2522 Å). Similarly, six 
single bond nitrogen atoms are placed on the same plane while N-N single bond of the compound(1.4398 Å) is 
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close to that of hydrazine(1.4310 Å) and C-N single bonds of the compound(1.3921 Å) are shorter than C-NO2 of 
TATB(1.4366 Å). The bond length of mentioned benzene, azobenzene, hydrazine and TATB is calculated using 
the same method with N18. In this structure, C2-C1-C3 = 120.0o, N8-C4-C2 = 119.8o, N7-N8-C4 = 114.2o, N7-N8-N9 
= 109.1o and N8-N9-N10 = 121.7o. Because N18 has a symmetry structure, other bond angles have same value and 
all bond angles are approximately 108o. Therefore, single bond nitrogen atoms, double bond nitrogen atoms and 
carbon atoms are not on the same plane and form a large conjugated system, but they have special interactions to 
become a stable structure. 

 
 
 
 
 
 
 

Figure 2 Structure of the N18 

The structure of N14 is similar to that of pyrene, with periphery nitrogen atoms replacing carbons atoms. 
Moreover, it possesses two additional hydrogen atoms because nitrogen has three valence bonds. We hope that 
the nitrogen atoms with single bond, which carry lone pair electrons, form more large conjugated system with 
the C-C double bond and many azo bonds. Just like N18, the output result at B3LYP method shows that all atoms 
are on not coplanar, so N14 may be not an aromatic compound. The structure output of N14 is shown in Figure 3. 

 

 
 
 
 
 
 

Figure 3 Structure of the N14 

In the structure of N14, C-C double bond has a bond length of 1.3122 Å, which is shorter than that of ethylene 
(1.3288 Å). The Distance of N3-N4 and N9-N10 are 1.2523 Å while N6-N7 and N12-N13 are 1.2324 Å, and they 
are close to counterpart of cazobenzene. Two C-N bond lengths are 1.3922 and 1.3921 Å, respectively, which are 
shorter than C-NO2 of TATB. The N-H bond length is 1.0151 Å, which is closed to that of NH3 (1.0147 Å) 
calculated with same method and basis set. All N-N single bond length of N14 are listed in Table 1. Some of them 
are shorter than that of hydrazine, and some of them are longer slightly but close to it. In the structure of N14, 
some bond angles are listed in Table 2 and other bond angles have same value for symmetry structure. From the 
table, it can be seen that all bond angles are closed to 108o. As the situation in N18, not all atoms in N14 are on the 
same plane and form a large conjugated system, but they have special interactions to become a stable structure. 

Table 1 N-N single bond length of the N14 

Bond Bond 
length(Å) 

Bond Bond 
length(Å) 

N4-N5 1.3950 N10-N11 1.3949 
 N9-N16 1.3874 N3-N15 1.3873 
N5-N6 1.4323 N11-N12 1.4319 

 N8-N16 1.4634 N14-N15 1.4634 
N7-N8 1.4757 N13-N14 1.4756 

Table 2 Bond angles of the N14 
Bond Bond angles 

(o) 
Bond Bond angles 

(o) 
N9-N16-N8 115.3 N6-N5-N4 113.0 
N16-N8-N7 110.4 N5-N4-N3 117.8 
N8-N7-N6 119.0 N4-N3-N15 122.2 
N7-N6-N5 119.4 N3-N15-H18 106.4 

3.2 Frontier Molecular Orbitals 
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The LUMO (a) and HOMO (b) orbits of N14 and N18 are show in Figure 4. The positive phase is red and the 
negative one is green. Either LUMO or HOMO doesn’t locate on H atom of N14, and the two orbits locate 
approximately on all the atoms of N18. Energy gaps of some compounds were calculated with the same method 
listed in Table 3. In general, the smaller the value is, the more stable the compound is. In the table, the value of 
energy gap is in order HMX ≈ RDX > FOX7 > TATB. So their stability is in order TATB > FOX7 > RDX ≈ HMX, 
consistent with experimental values [33]. Similarly, the value of energy gap is in order TATB > N14 > N18, 
therefore their stability is in order N18 > N14 > TATB. 

Table 3 Energy Gaps of some compounds 

Compound LUMO(au) HOMO(au) ∆E(au) 
N14 -0.10351 -0.25456 0.15105 
N18 -0.12522 -0.27532 0.15010 
RDX -0.11161 -0.31735 0.20574 
HMX -0.11052 -0.32625 0.21573 
TATB -0.12242 -0.28092 0.15850 
FOX7 -0.10527 -0.27591 0.17064 

 
 
 
 

 

a                                                                                     b 

 
 

 

 

c                                                                                      d 
Figure 4 LUMO (a) and HOMO (b) orbitals of N14 and LUMO (c) and HOMO (d) orbitals of N18 

3.3 Electrostatic Potentials 

Electrostatic potentials map on molecular surface (a) and the surface areas in each ESP range (b) of N14 are 
plotted and shown in Figure 5. The surface minima of ESP is distributed near some N atoms due to these atoms 
with double bonds or lone pair electron, which are the primary electrophilic sites. The global minima site of ESP 
is present near the N3 atom, with the value -24.03 kcal/mol. The global maxima site of ESP is +52.67 kcal/mol, 
which is close to that of H18 atom since nitrogen atoms attracted a great deal of electrons. However, it may be 
not easy to be attacked by nucleophile. Because H18 with maxima in a monomer and N with surface minima in 
neighbor monomer product hydrogen-bond, which will result electrostatic potentials cancelled each other out. 
The same is to H17, other global maxima site with +52.62 kcal/mol. From Figure 5(b), it can be seen that a large 
portion has a small ESP value from -25 to +25 kcal/mol. The negative part mainly corresponds to the surface 
above and below the several N atoms with the effect of the abundant lone pair electron or π-electron cloud. The 
biggest positive area mainly arises from C-C double bond, and the smaller ones with remarkable positive ESP 
value correspond to C-H bond though that is not nucleophilic sites. 

 
 

 

 
 
 

(a)                                                                          (b) 

-20 -10 0 10 20 30 40 50
0

5

10

15

20

25

30

A
re

a 
(A

3 )

Electrostatic (kcal/mol)

 Area

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 July 2018                   doi:10.20944/preprints201807.0221.v1

http://dx.doi.org/10.20944/preprints201807.0221.v1


 6 of 10 

 

Figure 5 Electrostatic potentials map (a) and the surface areas (b) of N14 

Electrostatic potentials map on molecular surface (a) and the surface areas in each ESP range (b) of N18 is 
plotted and shown in Figure 6. The surface minima of ESP are distributed in the peripheral of N atoms ring and 
their values range from -17.16 to -17.15 kcal/mol which is close to global minima. The N25 is near the global 
minima site, with the value -17.16 kcal/mol. Just like the minima, the surface maxima range from +42.00 to +42.14 
kcal/mol, which is close to the global maxima +42.17 kcal/mol. They are located in the peripheral of benzene ring 
and on the same side of the global minima site. It can be seen that positive and negative potential distributed 
more evenly over surface. It is reported [34,35] that the more evenly the electron is distributed over the surface of 
the molecule, the more insensitive the molecule is. There is a large portion ESP distributing from -20 to +30 
kcal/mol as shown in Figure 6(b). Obviously, positive part arises from N atom and negative one comes from C 
atom. 

 
 

 
 
 
 
 
 

 
(a)                                                                    (b) 

Figure 6 Electrostatic potentials map (a) and the surface areas (b) of N18 

3.4 Impact sensitivity 

The values (cm) of h50% are estimated through four methods and the results of some compounds are 
summarized in Table 4. The experimental values of TNT, RDX, HMX, PETN, TATB, FOX7 and CL-20 are also 
shown in the table for comparison. It can be seen that values obtained from method 4 can`t reflect the one of 
experiment, methods 1-3 show relatively consistent results. From the table the h50% of title compounds may be 
closed to that of RDX. This result is different to the Frontier Molecular Orbitals theory because the accuracy of the 
predictions from the models can`t be assured entirely[36]. 

Table 4 Predicted and experimental h50% values (cm) 

Comp Method1 Method2 Method3 Method4 Exp. 
TNT 73 80 133 143 98 
RDX 49 31 39 22 28 
HMX 21 31 41 22 32 
PETN 28 30 41 16 13 
TATB 498 307 502 478 490 
FOX-7 320 40 168 133 126 
CL-20 16 29 29 3 14 
N14 114 32 28 0.03 - 
N18 37 30 28 0.04 - 

 

3.5 Heats of Formation 

The gas phase heat of formation of N14 and N18 can be calculated according to Scheme 1, 2 and Equation (5). 
The experimental gas phase heat of formation of NH3, CH4, C6H6, CH3NH2, N2H2 and N2H4 are available [37]. 
They are all shown in Table 5 and the gas phase heat of formation of N14 and N18 is 2142.17 and 2959.60 kJ/mol, 
respectively. Due to lots of nitrogen which are connected directly, their enthalpy of formation is much higher 
than RDX, HMX or CL-20 [38], shown in Table 8. 

Table 5 Related parameters for predicting gas phase heat of formation by isodesmic reactions 

Comp EZPE(au) HT(au) E0(au) ∆Hf(g)(kJ/mol) 
N18 0.119786 0.016010 -1213.869725 2959.60 
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N14 0.101568 0.011946 -843.6855212 2142.17 
CH4 0.044539 0.003813 -40.53396275 -74.60 
NH3 0.034252 0.003818 -56.58272201 -45.90 
C6H6 0.100085 0.005347 -232.3113072 82.90 
C2H4 0.050775 0.003986 -78.61553852 52.40 
CH3NH2 0.063782 0.004380 -95.89388879 23.50 
N2H2 0.027332 0.003801 -110.6779937 197.07 
N2H4 0.053284 0.004203 -111.9106874 95.35 

 
The heat of formation in the condensed phase of N14 and N18 can be calculated according to Equation (6) and 

(7), and they are 2048.49 and 2846.46 kJ/mol, respectively. Related parameters are shown in Table 6. 
Table 6 Related parameters for predicting condensed phase heat of formation 

Comp As  
(Å2) 

σ2tot 

([kcal/mol]2) 
v Hsub  

(kJ/mol) 
∆Hf(c) 

(kJ/mol) 
N18 250.95424 170.1758509 0.11375910 113.14 2846.46 
N14 195.50755 206.0047982 0.15147528 93.68 2048.49 

 

3.6 Crystal Densities  

The crystal densities of N14 and N18 can be calculated according to Equation (8), and they are 1.784 and 1.817 
g/cm3. Related parameters are shown in Table 7. As these two compounds contain mainly C and N, and don`t 
contain O, their densities are lower than HMX and CL-20, shown in Table 8. 
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Table 7 Related parameters for predicting crystal densities 

Comp Vm 
(cm3/mol) 

M  
(g/mol) 

vσ2 
([kal/mol]2) 

ρcry 
    (g/cm3) 

N18 173.12408 324 19.3590517 1.82 
N14 122.81914 221 31.2046336 1.78 

3.7 Detonation Performance 

The detonation velocity (D), detonation pressure (P) and heat of detonation (Q) of N14 and N18 are computed 
based on their crystal densities (ρ) and condensed phase heats of formation ∆fH(c). Their detonation performance, 
including RDX, HMX and CL-20 [39] are shown in Table 8. It reveals that detonation performance of the N14 (Q = 
2214 cal/g and D = 10040 m/s) and N18 (Q = 2114 cal/g and D = 9400 m/s) are higher than that of CL-20 while their 
detonation pressures (43.6 GPa and 37.4 GPa) are lower. 

Table 8 Detonation performance of HEDM 

Comp ρ 
(g/cm3) 

∆fH(c) 
(kJ/mol) 

Q 
(cal/g) 

D 
(m/s) 

P 
(GPa) 

N18 1.82 2846.46 2114 9400 37.4 
N14 1.78 2048.49 2214 10040 43.6 
RDXa 1.80 79.00 1501 8750 34.7 
HMXa 1.90 102.41 1498 9100 39.3 
ε-CL-20a 2.04 377.04 1567 9380 44.1 

a The detonation performance values are computational data from reference [39].4. Conclusions 
In this work, N14 and N18 are calculated by Gaussian 09 package at B3LYP method with 6-311++G (d, p) basis 

set to investigate their detonation performance and stability. The results show that detonation performance of 
N14 (P = 43.6 GPa, D =10040 m/s, Q = 2214 cal/g) and N18 (P = 37.4 GPa, D = 9400 m/s, Q = 2114 cal/g) are 
comparable to the value of CL-20. What`s more, their energy gaps (∆ELUMO–HOMO) are superior to TATB`s and their 
impact sensitivity h50% may be close to RDX. Considering both the detonation properties and stabilities, they are 
all likely to be used as candidates of high energy density materials with low sensitivity and high performance, 
and these results can also be used for comparison with property of other familiar explosives, and provide 
theoretical supports for molecular design of novel high energetic density compounds. Further work on route 
optimization and practical synthesis is being carried out by our team.  
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