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Abstract 
 
Based on the structure of trinitramide, N(NO2)3 molecule, one nitro group of this 
molecule has consistently been changed into other groups in an attempt to find a 
new candidate propellant. Seven molecules have been investigated using quantum 
chemistry calculations. The results show that N(NF2)3  is more stable than the 
N(NO2)3 molecule, with a bond dissociation enthalpy of the N-N bond within the 
molecule of 32.89 kcal/mol. Among seven molecules it has the highest density =2.32 
g/cm3 and it also performs the best as a component for rocket propulsion; the 
specific impulse and impulse density are 2915 Ns/kg and 6968 Ns/L, respectively, 
when mixing with aluminum in 81/19 ratio. This is superior to the mixture between 
ammonium perchlorate and aluminum.    
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Introduction 
 
Energetic Materials (EMs) are one class of chemical compounds that play an 
important role in our society. Since BC 220 when a Chinese alchemist accidentally 
discovered a “black powder”, which is considered to be the first explosive 
composition, the technology of explosives has been continuously developed. We 
cannot deny that an important development base is military applications. The need 
for more powerful main explosives for bombs, more effective propellants for rocket 
motors and pyrotechnics for military, for instance flare system in the aircraft, makes 
significant impact on the development of this technology. Furthermore, based on 
the safety criteria, the sensitivity of explosives is a major concern. The success in the 
synthesis of low sensitivity 1,1-diamino-2,2-dinitroethene (FOX-7) in 1998 is a good 
example of this. Nowadays, explosives are not limited to only military purposes but 
also have a wide range of applications in civilian use. The search for novel high 
energy density materials (HEDMs) attracts scientists all over the world in hopes to 
find a promising new candidate for HEDMs. 
 
Since the real synthesis is considered to being costly and of high risk due to the high 
energy of EMs, it would be beneficial to have a method, which can be used to 
estimate properties of the material quantitatively, economically and safety to 
investigate it before the real synthesis. This we have today thanks to the 
development of quantum chemistry (QC) and computer technology. The 
combination of these methods makes us able to model and simulate new candidate 
molecules in a way that is inexpensive and with no risk. Data from calculations is 
used as basic information before real synthesis is considered.  
 
Due to the successful detection of the environmental friendly propellant candidate 
trinitramide, N(NO2)3 molecule by Rahm and coworkers at the Royal Institute of 
Technology, KTH Sweden, the idea of changing one nitro group in this molecule to 
another group to enhance the stability and performance has arisen. Quantitative 
analysis of properties of seven new energetic molecules (Including N(NO2)3 molecule 
), such as bond length, bond dissociation energy (BDE), density, explosive and rocket 
performance is presented in this thesis.  
 
In chapter one, the basic knowledge of QC is given. As introduction to explosives and 
calculation background are given in chapter two, with the information and results 
concluded in chapter five. 
 
Finally, the author hopes that the reader picks up some useful information from this 
work and that it furthers the study of the potential molecules described here to 
apply these molecules into field use. 
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Chapter 1 Introduction to Quantum Chemistry 
 
Quantum mechanics arose from the failure of the classical Newton mechanics to 
describe the behavior of a very small systems, such as electrons. The starting point 
of quantum mechanics was in 1900 when Planck discovered that the energy of black 
body radiation is quantized. Nowadays quantum mechanics plays an important role 
in many scientific fields, including chemistry. The development of QC and 
computational methods not only allow us to study the behaviors of electrons in the 
system, but also enable the prediction of both physical and chemical properties of 
the system. A brief introduction to QC and computational methods are given in this 
chapter.   
 

1.1 The Schrödinger equation 
 
Information of electrons in the system can be expressed by a so called wavefunction, 

. This wavefunction is an eigenfunction. Many properties of the system can be 
extracted from this function. By applying a suitable mathematic operator to the 
wavefunction a physical observable of the system can be obtained. 
      
In 1925, Erwin Schrödinger suggested an equation that can deduce the energy in 
difference states of many electron systems; the Schrödinger equation is defined as    
 
                                                                                                                                   (1.1)                                          
 
Where H is the Hamiltonian operator. The lowest energy corresponds to the energy 
of the ground state. Unfortunately, the movement of the particles in many electrons 
system is correlated and makes the equation to complicated to solve exactly. To deal 
with this problem a trial wavefunction is employed. Using a linear combination of 
atomic orbitals (LCAO) is one alternative to obtain an arbitrary function Ф. By 
combining an individual molecular orbital, it can be writtten as 
 
  ∑                                                                                                                                                                                                                                               
                              
The energy of the trial wavefunction can be evaluated quantitatively. The lower 
energy on get, the better the trial wavefunction is. But how can one evaluate it? The 
variational principle is employed to evaluate the trial wavefunction. This principle 
states that the energy from the trial wavefunction is always higher than the energy 
from the exact wavefunction (the energy at the ground state). 
 

∫  ̂    

∫     
  

〈 | ̂|  〉

⟨ |  ⟩
                                                                                                  

 
By H, the Hamiltonian operator that takes account to the energy of the nuclei and 
electrons´system, the energy of the system can be extracted. The lowest energy is 
considered to be the best approximation to energy of the system at the ground 
state. 
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Where 2 is the laplacian operator  = 
  

   
 

  

   
 

  

   
 

              is the mass of the electron 
           Z is an atomic number  
           RAB is a distance between two particles 
 
The first and second term represent the kinetic energy of nuclei and electrons, 
respectively. The other terms determine the Coulomb forces between electrons and 
nuclei in the system, the attraction forces between nuclei and electrons, the 
repulsion forces between electrons themselves and the repulsion forces between 
nuclei and electrons. This equation is independent of time, so it is called time-
independent Schrödinger equation. 
           
The correlation of electrons makes the system more complex and it very difficult to 
solve the Schrödinger equation. One can reduce the complexity of the system by 
employing approximations. One important approximation, The Born-Oppenheimer is 
described in the next section. 
 
 

1.2 The Born-Oppenheimer approximation 
 

Comparing the mass and the movement of nuclei and electrons, the nuclei are 
significant heavier and move more slowly than electrons. It is reasonable to consider 
that electrons are moving in a field of fixed nuclei. Hence the kinetic energy of nuclei 
can be neglected and the repulsion between nuclei can be considered to a constant. 
By this approximation the Hamiltonian can be reduced to 
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This is called the electronic Hamiltonian, which depends on the electronic 
coordination. Hence, the solution of Schrödinger by the electronic Hamiltonian can 
be written as 

 

 ̂                                                                                                                                      
 
Then, the total energy of the system is defined as 
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Where the last term refers to the energy from the interaction of the nuclei. 
 

1.3 The antisymmetry principle and Slater Determinants 
 

Spin is an important property of an electron. It is necessary to specify an electron´s 
spin in order to completely describe the electron. There are two spin function, α(ω) 
is corresponding to spin up and β (ω)  is corresponding to spin down, and they are 
orthonormal. By multiplying these spin function to the spacial orbital ψ(r), now the 
wavefunction describes both spatial distribution(r) and spin (ω) .The spin orbital can 
be written as 
 
                                                                                                         
     
The antisymmetry (or Pauli exclusion) principle states that the quantum set of any 
two electrons in the same system cannot be identical. Hence, the sign of the 
wavefunction must be change by the interchange of any two electrons. When this 
principle is added to the wavefunction, it can be written as 
 

 (              )     (              )                                                          

 
Normally, a determinant is used to simplify the wavefunction for many electron 
systems. 
 

 (              )   
 

√  
[
             

   
             

]                                                 

 

This determinant is called a Slater Determinant where 1/√   is a normalization 
factor. This Slater Determinant satisfies the antisymmetry principle.  The rows of the 
matrix correspond to electrons in the system. By exchanging any two rows, the sign 
of the determinant will change and the determinant will be zero if there are two 
identical rows in the matrix.  
 
 

1.4 Orbital Basis Function 
 
In many electrons system, LCAO is employed to construct the spacial part of χ(x). By 
combining a finite number of known basis functions, it can be written as 
 

       ∑    
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Where ф is the basis function and c is the coefficient. Suitable basis sets are required 
to build the wavefunction. Typically a linear combination of Gaussian type orbitals 
(GTOs) is employed. 
 

               
 
   

                                                                                                
 
N is normalization factor,   is spin angular momentum, m is the magnetic quantum 
number,   is the Bohr radius (0.5292A) and           are the spherical harmonics.  
ζ is the spread of the function, which depends on the shape of an orbital. The 
numbers of GTOs within basis set determine the size of it.  
 
Some time ago, Pople had suggested split-valance basis set, which can be written as 
X-YZG. Where Z is the number of contracted Gaussians that used for core electrons. 
Y and Z indicated that the valence orbital is composed to two differences contracted 
GTOs. For instance 6-31G basis set, 9 basis function and 22 contracted Gaussian 
function consisting in this basis set, 1s(6), 2s(3), 2s’(1), 2px(3), 2px‘(1), 2py(3), 2py‘(1), 
2pz(1), and 2pz’(1). In this basis set there are two numbers after hyphen i.e. 31 so this 
basis set is called valence spilt double zeta basis set, there is also has triple, 
quadruple zeta basis set. 
 
Furthermore, one can add diffuse (+) and/or polarization (*) functions to the valence 
split basis set. Diffuse functions are very useful to describe a molecule with a lone 
pair or an anion, while the polarization function work good in describing an 
inter/intra molecular dipolar interaction. A single + or * mean diffuse or polarization 
functions are added on a heavy atoms in the molecule. On the other hand, double + 
or * indicated that diffuse or polarization functions are added on all atoms including 
light atoms such as hydrogen and helium atoms. Here one example is given for 6-
31G* basis set. All contracted functions of this basis set are the same as the 6-31G 
basis set that has already been mentioned plus one polarization function on each d 
orbital i.e. dxy(1), dxz(1), dyz(1), dx

2(1), dy
2(1) and dz

2(1). Due to d orbitals are added, 
another notation of this basis is 6-31G(d). In the same fashion the 6-31G** basis can 
be written as 6-31G(d,p). 
 
Moreover one can add these two functions on the basis set at the same time. This 
adds more flexibility to the calculation. 
 
 

1.5 Hartree Fock Theory 
 

The Hartree Fock approximation is employed to solve the time-independent 
Schrödinger equation in many electron systems. This approximation separates 
electron motion independently. In the other word, the electron correlation is not 
accounted in this approximation. The electron-electron interaction is treated in an 
average way. Many electron systems wavefunction can be obtained by combining a 
product of one electron functions.  
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The molecular orbitals of many electron system can be approximately determined by 
a single determinant which is constructed from a set of spin orbitals. Due to the 
variational principle (Equation 1.3), the ground state can be determined by 

minimizing the energy of the system described by the electronic Hamiltonian, ̂  . 
The Hartree Fock equation is a set of one-electron eigenvalue equations. It can be 
written by 
 

 ̂   |  ⟩    |  ⟩                                                                                                                     
 

 ̂    is so called “Fock operator” which is one-electron operator and is denoted as 
 

 ̂      ̂                                                                                                                        
 

           
 

 
  

  ∑
  

   
  ∑ [ ̂      ̂    ]                                                                        

 

Where  ̂    is non-electron interacting electron operator in a field of fixed nuclear 
charge (Born-Oppenheimer approximation).         is the one electron average 
potential, which is the average potential of one electron due to the presence of the 

other electron.  ̂     operator describes a classical Coulomb repulsion on electron 
 th from the other electron in χb. The average contribution can be obtained from a 
sum over all electrons. It can be written as  
 

 ̂     ∫|     |
 

 

   
                                                                                                     

 
Due to the antisymmetry principle of the wave function, a non-classical exchange 

operator,  ̂     can be defined by  
 

 ̂          [∫  
    

 

   
        ]                                                                              

       
These two operators can treat the average of the electron-electron interaction in 
Hartree-Fock. Due to the antisymmetry principle, when a=b the electron self-
interaction with the same spin orbital is canceled out 
 

[ ̂      ̂    ]                                                                                                                

 
At this point, we can see that the Hartree-Fock equation varies with the solution of 

 ̂     and  ̂    , which depend on the spin orbital,  .To solve this equation the 
Rothaan equation is employed. 
 
 



7 
 

1.5.1 The Rothaan equation 
 
As mention before, an orbital can be described in a form of a linear combination. 
Substitute Equation 1.11 into Equation 1.14, the energy of the system can be solved 
by 
 

 ̂   ∑    

 

   

         ∑    

 

   

                                                                                      

        
Now multiply both two side of the equation with the complex conjugate   

  and 
integrate, 

∑    ∫  
 

 

   

 ̂               ∑    

 

   

∫  
                                                          

 
The integral on the left hand side is so called the “Fock metrix” with denote as     

while the integral on the right hand side is the overlab matrix,    . Equation 1.21 can 

be rewritten as 
 

∑       

 

   

   ∑   

 

   

                                                                                                         

 
or 
  
                                                                                                                                           
 
Where F is Fock matrix. C is the matrix of basis set coefficient. S is an overlap matrix 
and E corresponds to a diagonal array of molecular orbital energy. To optimize a 
wavefunction, the Self-Consistent Field (SCF) method is employed. This method 
starts by constructing the Fock metrix F by guessing a set of coefficient C. The new 
set of C can be obtained by solving the equation. This new set of C is used to 
construct a new improved Fock matrix. This process is repeated until the system has 
reached its self-consistency, in the other word the lowest energy. Finally, the energy 
from the Hartree-Fock theory can be defined as 
 

  ∑  
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There is a double counting of the interaction between electrons, so the factor ½ is 
multiplied to the second part of the equation. 
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1.6 The Post Hartree-Fock Method 

 
In Hartree-Fock the electron-electron correlation is treated in an average way. In the 
other word, some of the electron-electron interaction is neglected. For more 
accurate approximation a so called Post Hartree-Fock method is employed. There 
are several types of Post Hartree-Fock methods. Adding a more accurate description 
of the electron-electron interaction into the calculation is fundamental base for 
every method. 
 
The Complete Basis Set (CBS), which has been developed by Peterson and coworker, 
is one Post Hartree-Fock method. In this thesis the CBS-QB3 method was used to 
find a more accurate energy of the system. The total energy is calculated from a 
couple cluster calculations  (CCSD(T)) which is extrapolated to the infinite basis set 
limit using second and fourth order M ller-Plesset perturbation theory (MP2,MP4) 
and the correction of empirical and spin orbital interactions.[1] 
 
The Post Hartree-Fock methods can give a more accurate energy than the Hartree-
Fock method. Unfortunately, it is very computer demanding and available only for  
small molecules (ca. 10 to 20 atoms). A new calculation method is needed for a 
bigger molecule, this lead to the development of Density Functional Theory, which is 
described in the next section. 
 
 

1.7 Density Functional Theory (DFT) 
 
As mentioned before, an increasing of the number of electrons in the system makes 
it more complicated to calculate. This makes high accuracy calculations of large 
systems by the Post Hartree-Fock methods very expensive.  
 
In 1964, Hohenberg and Kohn introduced a new theorem to approach the energy of 
the system, which is called Density Functional Theory (DFT). Density of the system 
can be defined by only three spatial coordinate (x,y,z = r) instead of electron 
coordinates. Compare with the Hartree-Fock method that depends on electron 
coordinates, the complexity of the system is significantly reduced. High level 
calculations on large system has become possible. This has lead to a revolution in 
computational chemistry.  
 
There are two Hohenberg-Kohn theorems in DFT. The first theorem states that all 
properties of the system of the ground state can be determined by a density 
functional F(ρ), where ρ is density of the ground state. The second theorem states 
that the variational principle is available for DFT. The energy from the trial electron 
density always gives equal or higher energy than the exact one. 
 
As mention before, it is impossible to know the exact form of the wave function. In 
DFT both the density and the density functional are unknown. The density functional 
F(ρ) can be constructed by combining the kinetic energy the non-interacting 
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electrons T(ρ), the electron-nuclei attraction V(ρ) and the electron-electron 
repulsion, where the last term is a combination of Coulomb J(ρ) and exchange K(ρ) 
parts. Due to the Born Oppenheimer approximation, the nuclear-nuclear repulsion is 
still a constant. This method is still subject to the variational theory.  
   
 [ ]   [ ]     [ ]   [ ]   [ ]                                                                                   
 
There are only    [ ] and  [ ] terms that can be derived by using classical Coulomb 
interactions. The potential energy between the charge clouds at      and      , and 
the fixed nuclear charges can be described as 
 

     ∑ ∫
      

|    |

 

   

                                                                                                         

 

 [ ]  
 

 
∫∫

         

|    |
                                                                                                    

 
For the remaining exchange and kinetic term, in 1965 Kohn and Sham suggested that 
the electron density could be approximated using orbitals.  
 

        ∑|  
  |

 
 

   

                                                                                                                

 
By applying this method, a large part of the density functional is known. From a 
reference state of non-interacting electron, the bulk of the kinetic energy can be 
calculated.   
 

    [ ]   
 

 
∑〈  

  |  
 |  

  〉

 

   

                                                                                           

 
Here the unknown terms, exchange and correlation energy inherent in the kinetic 
energy and the electron-electron interaction are summarized and is called the 
exchange correlation functional,    [ ]  Now the density function can be re-written 
by 
 
 [ ]   [ ]     [ ]   [ ]     [ ]                                                                                
 
Since the exchange correlation energy is small when compared with the other terms, 
the KS DFT method is considered to be more accurate compared with orbital free 
DFT methods. 
 
For more accurate calculation, there are many attempts to approximate the 
exchange correlation term. In the local spin density approximation (LSDA), Exc (ρ) is 
spitted into the exchange,   , and the correlation,   , term linearly.  
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The functional of exchange term can be derived from the homogenous gas. In this 
case the form of this functional is  
 

  
    [     ]   

 

 
(
 

 
)

 
 
∫(  

 
 ⁄      

 

 
 ⁄    )                                                        

 
But the correlation part of Equation 1.31 is still unknown. In 1980 Vosko and co 
workers have been successful to estimate the   

   [ ] functional (VNW is an 
abbreviation from Vosko, Wilk and Nusair). 
 
The Generalized Gradient Approximation (GGA) is suggested as a correction to LSDA. 
Energy functional depends on its density and gradients. In this thesis most of 
calculation are calculated by the B3LYP functional, while the B3PW91 functional is 
used to calculate density of the molecules. More details are described in the 
following section. 
 
 

1.8 B3PW91 and B3LYP hybrid functional 
 
The exchange-correlation energy,    , can be calculated by the following equation. 
 

    ∫⟨    |      |    ⟩

 

 

                                                                                             

Where  describes the extension of the electron-electron interaction.     is the 
exchange-correlation functional that can be approximated by the equation below. 
 

     
    

     
                                                                                                                               

 
It is too difficult to calculate the interaction part of in equation 1.33. To make the 
calculation easier a constant, z, which is used to describe how big the interacting 
area of integral is, is assumed. Then the exchange energy can be described as 
 
      

        
      

                                                                                                    
 
Now define        , then 
 
            

       
                                                                                                     

 
By the three parameters developed by Axel Becke, hence B3, the B3PW91 hybrid 
functional can be obtained. The exchange-correlation energy of this functional can 
be computed by  
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And the famous B3LYP, the combination of three GGA Becke’s exchange and Lee, 
Yang, and Parr’s GGA correlation functionals, can be expressed by 
 
   

             
        

       
         

         
                                  

 
Where a = 0.20, b = 0.72 and c = 0.81. These three parameters obtained from the 
optimization against the large set of experimental data of atomization energies, 
ionization potentials and proton affinities. 
 
 

1.9 Introduction to the molecular electrostatic potentials of energetic 
compounds 
 
The molecular surface electrostatic potential (ESP) is one application of Coulomb’s 
law. It refers to the electrostatic potential that is created by the nuclei and electron 
at any point on the molecular surface. It is a physical observable with a rigorous 
definition. It is very useful in predicting noncovalent interaction. The most important 
thing is it can be determined both by experimental and computational methods. 
 
In this work the ESP, V(r), in atomic unit e.g. Hartree, was determined by the low 
cost and no risk computational method. It is expressed by the equation below. 
 

      ∑
  

|    |
 ∫

        

|    |
 

                                                                                      

 
Where     is the charge on nucleus A, located at   . r represents any point which 
one want to find the electrostatic potential. |    | is the distance between the 
nucleus and point r. |    |  refers to the distance of each electronic charge 
increment while       is the molecular electronic density [2]. 
 
The surface potential Vs(r) is the result from the ESP calculation,  and it can be used 
to  obtain statistically-defined quantities including positive    

  , negative    
  , total 

variances        
  , which indicate the strength and variability of the positive, 

negative and total surface potential, and an electrostatic balance parameter    , 
which refers to the degree of balance between positive and negative areas in the 
surface potential. These parameters can be calculated by the equations given below. 
[2,3] 
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When the number of positive (  

 ) and negative   
  surface point are represented by 

m and n, respectively. 
 
It had been shown that positive electrostatic potential is associated with hydrogen 
and sometimes with the  -hole of group IV-VII atom. On the other hand negative 

electrostatic potential is associated with lone pairs and  electrons of the high 
electronegativity atom [3]. In general, for most organic compound, the region of 
positive area is usually bigger than the negative area but weaker, i.e.   

  >  
   But it is 

different for energetic materials, there is a strong positive potential over the central 
atom but the portion of the area of the positive potential is smaller than the 
negative due to the present of the strong electron attracting functional groups such 
as NO2 and NF2 in the molecule [4]. Figure 1 shows the contrast of ESP on the 
molecular surface of the organic molecule, azetidine and the energetic molecule, 
1,3,3- trinitroazetidibe. The color represents positive/negative potential on the 
molecular surface and ranges in kcal/mol unit. Purple and blue represent the 
negative region, more negative than -25 and between -25 – 0, respectively. On the 
other hand, green, yellow and red show the positive region on the surface, 0 – 15, 
15-30 and more than 30, respectively [3]. This anomalous imbalance has been 
correlated to some properties of energetic materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The contrast of molecular surface ESP between azetidine (left) and 1,3,3-
trinitroazetidine (right) molecule.a 
 

                                                        
a Picture from J.S. Murry, M.C. Concha and P. Politzer. Link between surface 
electrostatic potentials of energetic molecules, impact sensitivities and C-NO2/ N-
NO2 bond dissociation energies. Journal of Molecular Physics, 107(1): 89-97, January 
2009. 
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In this thesis, the electrostatic potential of energetic materials was used to 
characterize the sensitivity and density of new energetic materials. More details 
were discussed in chapter 2 
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Chapter 2 Energetic Materials 

 

2.1 Introduction 
 
Energetic materials are one class of materials. Upon reaction, they can change their 
status from solid or liquid in to gas phase suddenly and release a large amount of 
energy. This energy comes from a difference between the energy of the products 
and reactants. Energetic materials are divided into 3 classes; explosives, propellants 
and pyrotechnics. 
 

2.1.1 Explosive 
 
According to the velocity of detonation, the explosives can be divided into 2 classes; 
a primary explosive (low explosive) which has a velocity of detonation between 
3500-5500 m/s and a secondary explosive (high explosive) which has more than 
5500 m/s. Comparing the primary with the secondary explosive, the former is more 
sensitive and contain less energy than the latter.  
 
The primary explosive can be ignited by heat or shock. Detonation of the primary 
explosive will produce a shock wave that can be used to ignite the more stable 
secondary explosive. For this reason, the primary explosive is used as a detonator 
while the high explosive is used as the main charge. 
  

2.1.2 Propellants 
 
A propellant is a combustible material. It only burns, not explodes and gives 
deflagration not detonation like the explosive. Oxygen that is needed in combustion 
is contained in itself. The rate of combustion depends on many factors e.g. the 
contribution and size of particle. 
 

2.1.3 Pyrotechnics 
 
This type of energetic materials is widely used for both military and civilian purposes. 
It is designed to produce a special effect depending on a subject. It can be smoke, 
light, sound or a combination of them. 
 
 

2.2 The new Energetic Materials (EMs) and evaluation. 
 
Different evaluation is employed to the different classes of EMs. For the explosive 
the detonation performance e.g. the detonation pressure, which is directly linked to 
the density of the system, and the detonation velocity are evaluated. On the other 
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hand the specific impulse and density impulse are investigated for the propellant. All 
of these properties depend on the same criteria, which are the energy release from 
the combustion and decomposition. This energy is obtained from the oxidation of 
the backbone and the difference of heat of formation between reactant and 
products. Based on these criteria, good EMs should have a high density with good 
oxidizer atoms within the molecule and high positive heat of formation.  
 
Sensitivity is one important factor in designing new EMs. This sensitivity refers to the 
detonation caused by unintended impact or shock. Designing new EMs with high 
performance and low sensitivity is a challenge to many scientists.   
 
To set up the real experiment of EMs is considered to be high risk and costly due to 
its energy. We have to thank the development of the computer and QC, which make 
it possibility to calculate, and predict the properties such as the sensitivity and 
thermal properties without doing the real experiment. 
 

2.2.1 Nitrogen rich explosive  
 
The heat of explosive is obtained from the difference between the heat that the 
explosive compound consumes to break the compound into small atoms and the 
heat that the small atoms release to form new gas molecules. From this point of 
view, nitrogen-rich compounds are good candidates of new EMs due to the huge 
difference between heat consumption and releasing. The heat that is consumed to 
breaking the N-N bond and N=N bond is 160 kJ/mol, 418 kJ/mol respectively, while 

the heat that is released from formation of N2 gas (NN) is 954kJ/mol. The more 
nitrogen that appears in the compound, the more heat is released [5]. Figure 1 
shows the trinitramide, N(NO2)3 which is the biggest nitrogen and oxygen only 
containing compound. This molecule was recently detected by Martin and co-
workers [6]. According to the theoretical result, it shows superiority in specific 
impulse compared with ammonium perchlorate (AP), which is used as the main 
propellant in space rockets. Furthermore it is environmental friendly, due to there is 
no hypochloric acid release to the atmosphere. 
 
 
 
 
 
 
 

Figure 2: Trinitramide 
 

2.2.2 Push-pull effect 
 
Figure 3 shows the structure of 1,1-diamino-2,2-dinitroethene (FOX-7) which is one 
of the new low sensitivity EMs. The structure of FOX-7 contains “push-pull” alkene 
with two nitro groups and two amino groups. This kind of structure is stabilized by 
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carbon-carbon polarization with the negative charge from nitro groups and positive 
charge from amino groups [7]. The hydrogen bonding in the molecule also makes 
this molecule stabilized. The idea of adding strong electron donating and 
withdrawing groups into the same molecule to create new low sensitive EMs came 
from the successfulness of this structure. 
 
 
 
 
 

 
 

Figure 3: The structure of 1,1-diamino-2,2-dinitroethene (FOX-7) 
 

2.2.3 The NF2 functional group  
 
Gases from explosion derived from oxidation of the carbon backbone of the 
molecule, adding a high oxidizing potential functional group into the explosive 
molecule has been interesting. One candidate of this is difluoramino  (NF2 functional 
group attach to nitrogen) compound. The NF2 functional group is considered to be a 
better oxidizer than the NO2 functional group (the nitro group). The result form 
replacing the NF2 functional group to the nitro group can improves the performance 
of energetic molecule due to the increasing of the number of moles of gases 
product, hence the performance is improved. Furthermore, the density of NF2 
functional group is more than the nitro group, so one could use this to increase the 
density of the EMs. 
 
W.Zhou et al. [8] studied the effect of fluorine in propellant formula and found that 
it can enhance ignition and combustion efficiency of boron fuels. Politzer and co-
workers [9] also compared the dissociation energy and heat of formation from 
replacing NO2 by NF2 on nitrogen atom. They found that N-NF2 bond is stronger than 
N-NO2 bond and also concluded that the replacement can improve shock and impact 
sensitivity. 
 
Even though the high potential of the NF2 functional group, the stability of it seem to 
be a problem. Due to the delocalization of electronic charge, losing F- is preferable 
when NF2 is on Nitrogen. This may be avoided or diminished by make R1 and R2 

sufficiently electron-attracting to oppose the charge delocalization effect [10]. 
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Figure 4: the decomposition of NF2
b 

2.2.4 The new energetic molecules 
 
Due to the reasons above seven new energetic molecules, which are N(NO2)3 , 
N(NO2)2CN, N(NO2)2NF2 N(NO2)2CF3 , N(NO2)2C(CN)=C(CN)2 , N(NF2)3 and N(NO2)2NH2, 
were designed. N(NO2)3 which is a nitrogen-oxygen rich compounds was used as a 
base molecule. One of the nitro group in N(NO2)3 was replaced by NF2 in order to 
increase the density and enhancing the energetic performance of the molecule. CN, 
CF3, and NH2, which is electron donating functional group were replaced for the 
push-pull effect purpose. The hydrogen atoms in NH2 can also form hydrogen bond 
with oxygen atoms in nitro groups, hence increasing the thermal stability within the 
molecule.   C(CN)=C(CN)2  was replaced in the hope that this functional group can be 
stabilized the molecule by resonance effect. For the last molecule all of the nitro 
groups were replaced with NF2. Due to the lack of carbon backbone in the molecule, 
all molecules, except N(NO2)2C(CN)=C(CN)2, were predicted to show a good 
performance as an oxidizer in propellants. However, the N(NO2)2C(CN)=C(CN)2 

molecule was also investigated because it may have good detonation performances.  
 

 
  
 
 
 

 
 

 
 
 
 
 

 
 
 
 
 
 

Figure 5: Seven new energetic molecules 

                                                        
b Picture from P. Politzer, J.S. Murray, J.M. Seminario, P. Lane, M.E. Grice and M.C. 
Concha. Computational characterization of energetic materials. Journal of Molecular 
Structure (THEOCHEM), 573:1-10, 2001.  



18 
 

 
The properties of these new energetic materials were investigated through QC 
calculation. The results from QC calculation were used to calculate the detonation 
performance e.g. detonation pressure and detonation velocity. Rocket performances 
were calculated by RPA suite program. The backgrounds of calculations are 
discussed below. 
  
 

2.2.5 Sensitivity 
 
Nowadays, the vulnerability is one important factor in designing new EMs. This 
factor refers to the sensitivity of the EMs to accidental detonation, which is an 
undesirable property. For instance, it has been known that a high explosive can be 
ignited by the explosive shock wave. In wartime, the explosive has a risk to ignite 
during the transportation due to unintended stimuli like the shock wave from an 
enemy bomb. Even in peaceful times, undesired detonation can occur due to the 
unintended impact during storage. Due to these reasons, insensitive energetic 
materials are desirable. 
 
There are many factors that influence the sensitivity of EMs. In this work, the bond 
dissociation energy (BDE), the N-NO2 bond length and the available free space per 
molecule in the unit cell of new EMs were investigated by the QC method with hope 
to find promising new insensitive EMs. 
 

 

2.2.5.1 Bond dissociation energy (BDE) 
 
BDE is an energy requirement for homolysis of a bond. It refers to the difference of 
energy between the reactant and its radical products in vacuum at 298K in gas 
phase. The homolysis of A-B bond can be written as 
 

A-B  A + B                                                                                                                    (2.1) 
 
Then, the BDE can be calculated by 
 
BDE (A-B) =                                                                                                       (2.2) 

 
Where           and    refer to the energy of the molecule and its radicals after the 
enthalpy correction, respectively. 
 
In the case of nitramides, the concept of “trigger linkage” arises in the sensitivity 
evaluation. This concept suggests that in some N-NO2 bond rupture acts as a key 
initial step of detonation. It also had been studied that the thermal decomposition 
for polynitroaliphatic compound containing at least one N-NO2 linkage is lower than 
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nitroaliphatic compound containing only C- NO2 linkage.[11] The bond can become 
stronger by 3-6 kcal/mol when replacing NF2 in N-NO2 [9].  

 

 

2.2.1.2 An available free space per molecule in the unit cell. 
 
Beside the concept of “trigger linkage” which relates to the N-NO2 bond strength, 
the impact sensitivity is one property that should be investigated. This can be 
approximate by an available free space per molecule in the unit cell. This property is 
a crystalline property. The concept of “hot spot” arises when thinking about this 
property. The hot spot refers to a small region in the crystal. By the conversion of 
mechanical energy from impact or shock in this region, localized energy can be 
generated. If there is a sufficient energy, it can be the cause of a chemical 
decomposition [12]. The impact sensitivity has been linked to the available free 
space per molecule in the unit cell which can defines as     
 
                                                                                                                                      

 
When      is the effective volume per molecule that needs to completely fill the unit 

cell. While      represents the intrinsic gas phase molecular volume.      can be 

calculated by dividing the molecular mass of the molecule by its crystal density. The 
larger    indicates the more sensitive to the impact of EMs. 
  
It was established from the study done by Bader et al. that the outer contour of the 
appropriate molecules’ electronic density could be used to define its molecular 
volume [13]. In later years, Posp  ̌̀il and co workers [14] investigated 0.002, 0.0025, 
0.003 au contour from the molecular surface of 21 EMs at B3PW91/6-31G** level of 
theory to find the best contour to use to calculate     . From the study, they found 
that a range of packing coefficients from 0.003 au contour is very close to 
crystallographic. Equation 2.3 can be rewritten as 
 

    
 

 
                                                                                                                               

 
According to this method, a rough prediction of the impact sensitivity of an EM that 
has not yet been synthesis becomes possible.  
 
 

2.2.2 Solid phase heat of formation  
 
Heat of formation is one important thermal property of EMs by which the energy 
is derived from the difference of heat consumption and release during the 
reaction. The high positive heat of formation makes it preferable for EMs. To 
reduce risk and cost in investigation of new EMs, using QC calculation to predict 
the heat of formation is of interest. In this work the solid phase heat of formation 
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(       
 

) was predicted by subtracting the heat of sublimation (     ) from the 

gas phase heat of formation (     
 

). This method is one application of the Hess’ 

law. 
 

       
 

       
 

                                                                                                            

  

To obtained      
 

 and       more detail are discussed below. 

 

 

2.2.2.1 Gas phase heat of formation 
 

Rice et al. [15] using the atom equivalent method to calculate      
 

 (kcal/mol) 

CHNO EMs.  
 

     
 

      ∑                                                                                                                

 
Where    is the energy of molecule  ,    represents the amount of   atom in 

molecule  . The atom equivalent    =       .    is the energy of an atom   in 

molecule   while the correction of used level of theory is defined as   . 

 
In the work of Rice et al., to determine the atom equivalent of carbon, hydrogen, 
nitrogen and oxygen, first a structure of 35 EM molecules were optimized and the 
set of energies are calculated at B3LYP/6-31G* level of theory. After that the atom 
equivalent was calculated through least squares fitting method. 
 
Several EMs have the same chemical formula, which can be distinguished by 
containing functional group. For this reason, total seven atom equivalents were 
determined, four for single bonds (denoted as C, H, N and O) and three for multiple 
bonds  (denoted as C’, N’, and O’). The values are given in the table below. 
 

Atom Atom Equivalent   (Hartree) 

C -38.121621 

H -0.592039 

N -54.774096 

O -75.161771 

C’ -38.121380 

N’ -54.765886 

O’ -75.157348 

 
Table 1: Atom equivalent 

 
Another reasonable prediction method is a combination between QC calculation and 
reliable available experimental data. Based on the Hess’ law that states the standard 

heat of formation (          
 ) can be determined by 
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The accuracy of this equation will increase for an isodesmic reaction. In this kind of 
reaction, the inherent error from the electron treatment in the QC calculation is 
largely canceled. Therefore, more accurate results are obtained.  

 
 

2.2.5.2 Heat of sublimation 
 
According to the work of Politzer and co workers [16], there is a correlation between 
the molecular ESP and heat of sublimation (     ). In their procedure to determined 
     , first, the surface area at 0.001 au contour from the molecular surface of the 
optimized structure was calculated. Then from this surface area the surface potential 
was used to create     

  and   (See more detail in chapter 1).       in kcal/mol unit 
can be represented as 
 

              √    
                                                                                              

 
Where a, b and c are constants which were determined from least squares fitting to 
reliable enthalpies of phase change. They used this method to predict heat of 
formations of five compounds. The surface area of the molecules was calculated 
from the optimized structure at P86/6-31G** level of theory. The average error was 
2.8 kcal/mol. 
 
Rice et al. [15] followed the approach of Politzer and coworkers, but B3LYP/6-31G* 
level of theory was used to optimize the structures instead of P86/6-31G** level of 
theory. The prediction and experimental values of 36 EMs were plotted. The rms 
deviation was 1.7 kcal/mol, which is more accurate than Politzer’s approach. 
 
 

2.2.6 Detonation properties 
 

2.2.6.1 Density 
 
Density is one important physical property of the EMs due to the detonation 
properties increase proportionally with the loading density. Furthermore, the 
container of EMs in military weapon is limited. High density means more mass of 
EMs can be loaded in the limited container. For these reason, high density EMs are 
preferred. 
 
It has been shown that there is a correlation between the surface ESP and reactivity. 
In 1987 Bader and co worker [13] illustrated that the molecular volume can be 
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approximated by the proper outer contours of the molecule ‘s electronic density. 
Especially to noncovalant interactions, the 0.001 au contour is very useful to predict 
a molecule’s reactivity habit [2].   
 
From the studied of Qui et al. and Rice et al. [17, 18], the density (g/cm3) of CHNO 
energetic compound can be calculated by using the volume enclosed by the 0.001 au 
contour. 
 

    
 

      
                                                                                                                                   

 
Qiu and co workers predicted the density of 45 energetic nitramide compounds. DFT 
was applied with four different level of theories 6-31G**, 6-311G**, 6-31+G** and 
6-311++G**. The molecular volume of each compound obtained by calculating 100 
single points molar volume from their optimized structure. In this study the 
compound was divided into three groups, acyclic nitramide, monocyclic and 
polycyclic or cage structure. They found that B3LYP/6-31G** is the most accurate 
level of theory to predict the solid - state density of the energetic nitramides. The 
result was compared with the experimental data. They achieved a good correlation 
with the correction coefficient R = 0.8911 and standard deviation S.D. = 0.0982. It 
shows the 0.31 g/cm3 overestimation for three polycyclic fluoride containing 
molecules in this studied, 2,6-dinitro-3,3,3,7-tetrakis(trifluoromethyl)-2,4,6,8-
tetraazabicyclo[3.3.0]octane, 2,4,6-trinitro-3,3,3,7-tetrakis(trifluoromrthyl)- 2,4,6-
tetraazabicyclo[3.3.0]octane and 2,4,6,8-trinitro-3,3,3,7-tetrakis(trifluoromr thyl)-
2,4,6,8-tetraazabicyclo[3.3.0]octane. The intermolecular interaction not presents in 
DFT method. Due to the strong electronegativity of fluorine, in the experimental 
measurement the molecule is less closely packed than in the calculation so the 
volume of molecule from the former is smaller than the later. This maybe the reason 
of overestimation in fluorine containing compounds. 
   
Rice et al. also used the same equation at B3LYP/6-31G** level of theory. The 
density of 180 CHNO neutral EMs molecules were predicted and compared with 
available experiment data. The average and rms deviations were 1% and 3.7% 
respectively. 
 
As Kim et al. had mentioned that 0.1 g/cm3 changes in density significantly impacts 
the performance of EMs. [19]. Politzer and co worker [20] noticed in the study of 
Rice et al. that there were 20 EMs that the prediction value was more than 0.1 g/cm3 
off. They assumed that this error come from the lack of taking intermolecular 
interaction within the crystal into the account. In this work the molecular geometries 
and the surface properties were calculated at B3PW91/6-31G** level of theory. They 
suggested a new equation for the density (g/cm3) calculation.  
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    (
 

      
)          

                                                                                              

 
When           is a coefficient, which were obtained from analyzed experimental 
density of 36 EMs with a multiple regression procedure i.e.            
               .The density prediction was improved by the coefficient and the 
electrostatic correction term. The result shows a significant improvement over 
Equation 2.9. 
 
 

2.2.6.2 Detonation pressure and velocity 
 
Beside the sensitivity and thermal stability, the detonation properties i.e. detonation 
pressure and velocity, among the most important factors that have to be considered 
before the real synthesis. Using data such as heat of formation and density from QC 
calculation with the equation developed by Kamlet and Jacobs [21, 22], the 
properties of CHNO explosives, which have density more than 1.0 g/cc, can be 
predicted. 
 
Detonation pressure                  

                                                                      
 

Detonation velocity               √                                                         

 

Where    √   

 
N represents the number of mole of gas, M is an average weight of gases from the 
detonation.    is the loading density of the explosive and Q (cal/g) is the chemical 
energy of the detonation reaction, which can be approximated by 
 

    
[     

                           
            ]

                   
                                      

 
 
Based on Chapman – Jougute hypothesis, in this prediction they assumed that for 
high density explosive, there were only N2, H2O, CO2 and solid Carbon that can be 
generated from the detonation. The decomposition of CHNO explosive follows the 
equation below. 
 

           
 

 
    

 

 
     (

 

 
  

 

 
 )     (  

 

 
  

 

 
 )              

 
Years later, Keshavarz and Pouretedal [23] developed the new method to predict the 
detonation pressure of the density more than 0.8 g/cc CHNOFCl explosives, which 
can be described by 
 

        √    
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In their work, they assumed that there was more kind of decomposition products 
from the detonation, which were CO, H2O, CO2, N2, H2, O2, HF and HCl. Four different 
pathways of decomposition for any               explosive were suggested. 
 
 
When      then 
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The same approach as Kamlet and Jacobs was used to determine the value of 
parameters. By comparison with the experimental values of 23 EMs, it has shown a 
good agreement.  
 
 

2.2.7 Rocket performance 
 
New molecules in this work are predicted to show a good rocket performance due to 
large amounts of oxygen and fluoride atoms within the molecules. This high 
electronegativity of oxygen/fluoride atom makes these two atoms good oxidizers. 
When mixing with a fuel such as aluminum, a large number of moles of gases from 
the combustion are expected. 
 
In practice, the rocket performance is described as a specific impulse, in Ns/kg unit, 
which can be defined as 
  

    
       

 ̅
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Where         and  ̅ are thrust and the average mass flow pass though a rocket 
engine. [24] 
 
It is very difficult to compare the effectiveness of the propellant due to the varying 
of their density. The density impulse, which defined as the impulse per a unit 
volume, allows us to make this comparison. It can be obtained by multiplying the     

by the density of the propellants. 
 
                                                                                                                                           

 
In this work both specific and density impulses were employed to evaluate the 
rocket performance of our new molecules.  
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Chapter 3 Computational Methods 
 
In this project, first the structures of the molecule were approximated by GaussView 
version 5.0 [25], then the optimized structure and relative energies of the molecules 
were calculated by DFT method at different level of theory using the Gaussian 09 
[26] program suite. More details are provided below. 
 

 

3.1 Bond length and bond dissociation energy  
 
The molecules were optimized and the energies were calculated at M062x/6-31+G** 
level of theory. A frequency calculation was run to check that the optimized 
structures are local energy minima on the potential energy surface (PES). The 
frequency should not be an imaginary frequency i.e. negative frequency. The bond 
lengths were measured through GaussView version 5.0. The energies of the radical 
products from the decomposition were calculated and checked by the same 
procedure. The enthalpy corrections that are obtained from running the frequency 
calculation were added to the energy to find more accurate energies of the 
molecules and its radicals. 
 
 

3.2 The density and available free space per molecule in the unit cell 
 
The structures were optimized at B3PW91/6-31G** level of theory. All electrostatic 
potential parameters and the volume at 0.003 au contour from the surface were 
calculated by HS95 [27] program suite. This program was developed by Tore Brinck, 
a professor at the division of Applied Physical Chemistry, KTH. The density of the 
molecules was firstly approximated and then converted to the volume at 0.001 au 
contour by Equation 2.9. 
   

 

3.3 Solid phase heat of formation 
 

3.3.1 Gas phase heat of formation 
 
Two methods including the application from Hess’s law i.e. the hybrid method 
between QC calculation and reliable experimental value and atom equivalents were 
employed to approximate      

  for only CHNO containing molecules. On the other 

hand, there is no application to predict      
  for fluorine containing molecules, and 

only application from Hess’s law was employed. 
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For the hybrid method, the relative energies of all molecules except 
N(NO2)2C(CN)=C(CN)2 were calculated by CBS-QB3 method. Because the size of 
N(NO2)2C(CN)=C(CN)2 molecule is too big for this high level of theory, DFT method 
with a very big basis set B3LYP/6-311+G (3df, 3pd) level of theory was employed. The 
reliable experimental data that is available in this calculation was taken from NIST 
website [28]. 
 
On the other hand, the relative energies for atom equivalent method were 
calculated at the B3LYP/6-31G* level of theory. 
 
 

3.3.2 Heat of sublimation 
 
The structures were optimized at the B3LYP/6-31G* level of theory.       can be 
calculated by applying these optimized structures to the HS95 program suite.  
 

 

3.4 Rocket performance 
 
In this thesis, the optimum ratio between oxidizer and fuel, specific impulse and 
combustion temperature were approximate by a free download program, RPA 
rocket (lite version)[29] though NASA’s CEA code [30]. The information of the new 
molecules i.e. chemical formula, molecular mass and solid phase heat of formation 
of the molecules and temperature which given the heat of formation were input 
directly into the database of the program (see appendix). A chamber’s pressure is 

assumed to 7MPa (1000psi) while the nozzle exit condition is 0.1 MPa. The 
calculation was performed by nested analysis mode. The variable parameter was set 
to component ratio and the step was set to 0.01 in O/F unit.  
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Chapter 4 Result and discussion 
 
 

4.1 Stability 
 

4.1.1 N-NO2 bond length and bond dissociation energy 
 
Here, the bond length and bond dissociation energy were investigated due to the 
concept of the “trigger linkage” which implies that the dissociation of N-NO2 bond is 
the initial state of detonation. Table 2 shows the bond length of the N-NO2 bond (N- 
NF2 for N(NF2)3 ).  
 

Molecule Bond length between N and NO2/NF2 (Å) 

N(NO2)3 1.50 

N(NO2)2CN 1.49 

N(NO2)2NF2 1.52 

N(NO2)2CF3 1.49 

N(NO2)2C(CN)=C(CN)2    1.48 

N(NO2)2NH2 1.51 

N(NF2)3 1.39 

 
Table 2: N-NO2 and N-NF2 bond length 

 
The table shows that the length of N-NO2 bond increases in the following order 
N(NF2)3 < N(NO2)2C(CN)=C(CN)2 < N(NO2)2CN = N(NO2)2CF3 < N(NO2)3< N(NO2)2NH2 < 
N(NO2)2NF2. Consider the N-NO2 bond length as a reference, changing one NO2 group 
in the N(NO2)3 molecule does not have much effect on the bond length. There is a 
slightly change, not more than ±0.02 Å. The length of N-NO2 bond decreases from 
1.50 to 1.39 Å when all of NO2 groups are replaced by NF2 groups. This result is 
reasonable because the bond length depends on the interaction force between 
groups within a molecule. The strong interaction between N atom and three NF2 
groups within N(NF2)3 molecule makes this molecule have the shortest bond length. 
 
Then the bond dissociation energies (BDE) of N-NO2 bond within the molecules were 
investigated. On the assumption that BDE is the difference of the energy between 
the reactant and its radicals’ product. The BDE can be calculated by Equation 2.2. 
The result is given in table 3 
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Molecule Energies after the enthalpy correction 
(Hartree) 

BDE 
(kcal/mol) 

Molecule Radical NO

2/NF

2 

N(NO2)3 -669.63731 -464.61151 -204.97936  28.68  

N(NO2)2CN -557.44154 -352.42473 -204.97936  23.13  

N(NO2)2NF2 -718.84421 -513.82566 -204.97936  24.20  

N(NO2)2CF3 -802.18886 -597.15694 -204.97936  32.46  

N(NO2)2C(CN)=C(CN)2       -819.19281 -614.18895 -204.97936  15.13  

N(NO2)2NH2 -520.56103 -315.56107 -204.97936  12.72  

N(NF2)3 -817.25955 -563.03291 -254.17337  32.89  

 
Table 3: The bond dissociation energy 

 
Here, considering the BDE of N(NO2)3 molecule as a reference. As shown in the table, 
N(NF2)3 molecule has the highest BDE. As mentioned before, replacing NF2 group 
with NO2 can strengthen the N-N bond in a molecule. Therefore, it is reasonable that 
the BDE of N(NF2)3 is higher than N(NO2)3 molecule is. 
 
The BDE of N(NO2)2CF3 is very close to N(NF2)3 molecule. This may be the result of 
the formation of the halogen bonds. From Figure 6, negative regions (red color) form 
around oxygen atoms, these negative regions act as the Lewis base and the halogen 
bonds are formed between these region and fluorine atoms within the molecule. 
The reinforcement from the halogen bonds makes this molecule more stable.  
 
 
 
 
 
 
 

 
Figure 6: The EPS on the surface of N(NO2)2CF3 molecule. 

 
The BDE of N(NO2)2NF2  and N(NO2)2CN is a bit lower than N(NO2)3 molecule. The 
BDE of N(NO2)2NF2 is slightly stronger than N(NO2)2CN. This is maybe from the 
formation of weak halogen bond within the molecule. 
 
From the result, there are two molecules for which the BDE is relatively low, 
N(NO2)2C(CN)=C(CN)2 and N(NO2)2NH2 molecules, which the BDE is 15.13 and 12.72 
kcal/mol ,respectively. The steric effect in the former molecule may cause this low 
BDE. Furthermore, the geometry of this molecule has also shown that this molecule 
does not have a planar structure, the distortion of two nitro groups within the 
molecule obstructs the delocalization within this molecule. Therefore, there is no 
delocalization in this molecule.  
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Figure 7: The optimized structure of N(NO2)2C(CN)=C(CN)2 molecule 

 
On the other hand, for N(NO2)2NH2 molecule, the imbalance of dipole moment 
within the molecule as shown in Figure 8 can results in the instability of N-NO2 
within the molecule. Furthermore, N(NO)NH2

 seems to be more stable than 
N(NO2)2NH2 molecule due to the presence of “push-pull” effects within the radical. 

 
 
 
 
 
 
 
  
 

Figure 8: The dipole moment of N(NO2)2NH2 molecule (left) and the optimized 
geometry of N(NO)NH2

. 

 

4.1.2 Available free space per molecule in the unit cell and impact sensitivity. 
 
Equation 2.10 was employed to calculate the density of the molecules. For fluorine 
containing compounds, the result from Equation 2.9 and 2.10 of the already known 
density HNFX (3,3,7,7-tetrakis (difluoramino) octahydro-1,5-dinitro-1,5-diazocine) 
and DFAP (1,1,3,5,5 pentanitro-1,5-bis(difluoramino)-3-azapentane) were calculated 
in the same fashion and compared. The result from the latter equation gave a more 
accurate density. Therefore, it is reasonable to use Equation 2.10 to calculate the 
density of fluorine containing molecules. The approximation is shown in the below. 
 

Molecule 
 

Density  
(g/cm3) 

N(NO2)3 1.91 

N(NO2)2CN 1.84 

N(NO2)2C(CN)=C(CN)2         1.70 

N(NO2)2NH2 1.79 

N(NO2)2CF3 2.13 

N(NO2)2NF2 2.05 

N(NF2)3 2.32 

 
Table 4: Density prediction 
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By comparison, the densities of these seven energetic molecules are superior to TNT 
and RDX, which have densities of 1.65 and 1.60 g/cm3, respectively. Especially the 
fluoride containing molecules, N(NO2)2CF3 ,N(NO2)2NF2 and N(NF2)3 molecules which 
have the density of more than 2.0 g/cm3. 
 
For the next step, an available free space in the molecule per unit cell was 
determined by Equation 2.6. Normally, the impact sensitivity is defined by h50 in cm. 
In the experiment, the standard hammer is dropped from varying heights to the 
sample explosive. The height that the explosive has a 50% probability to explode is 
so called “h50”. It can be roughly approximated by the available free space in the 
molecule per unit cell.  
 

Molecule 
 

Veff 

(Å3) 
V0.003 

(Å3) 

   
(Å3) 

N(NO2)3 132.16 96.18 35.98 

N(NO2)2CN 118.84 89.19 29.65 

N(NO2)2NF2 128.04 94.14 33.90 

N(NO2)2CF3 136.34 101.17 35.17 

N(NO2)2C(CN)=C(CN)2         203.59 152.13 51.46 

N(NO2)2NH2 113.12 84.01 29.11 

N(NF2)3 121.69 90.21 31.48 

 
Table 5: The available free space in the unit cell 

 
Here, we have to divide the molecules into two groups, nitramine and non-nitramine 
compounds, and consider separately. Unfortunately, due to the authors’ knowledge, 
the theoretical correlation between    and impact sensitivity when N-NF2 bond acts 
as a linkage bond has not been studied yet. Here, we can only compare our result 
with    of already synthesized NF2 containing molecule, HNFX and DFAP, which    
are 66.82 and 70.26 Å3, respectively. The result showed that the    of N(NF2)3 is less 
than these two energetic molecules, hence less sensitive to the impact. 
 
Strom et al. [21] had corrected the h50 of nitramines and found that 80% of them 
have h50 less than 40 cm. As mentioned before, the rupture of N-NO2 bond may 
dominate the initial step of detonation; hence    plays only a minor role. The left 
hand side of Figure 9 shows the relationship between h50 and ∆V for nitramine 
compounds. From this figure, the h50 of nitramines molecule except 
N(NO2)2C(CN)=C(CN)2 are predicted in the neighborhood of 40 cm, which is slightly 
less sensitive than RDX( h50 = 45.61 cm). Whilst the h50 of N(NO2)2C(CN)=C(CN)2 
molecule is in the neighborhood of 30 cm. 
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Figure 9c: The relationship between h50 and ∆V for nitramine (left) and non nitramine 
(right) compounds. 

 
 

4.2 Predicting solid phase heat of formation 
 

4.2.1 Gas phase heat of formation 
 

4.2.1.1 Application from the Hess’ law  
 
The chemical reactions and the result from the hybrid method are shown in the 
table below. In this approximation, five chemical equations of each molecule were 

assumed and the average      
 

was taken. Except      
 

 of N(NO2)2C(CN)=C(CN)2 

molecule, which was calculated at B3LYP/6-311+G(3df,3pd) level of theory, all data 
was calculated by CBS-QB3 method.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                        
c From [4] 
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Molecule Reaction      
 

(kcal/mol) 

N(NO2)3
d NH3 + HNO3 3H2O + N(NO2)3 

3N2H4 + 3N2O4  4NH3 + 2 N(NO2)3 

N2O2 + 2O2  N(NO2)3 

56.4 

53.7 

54.3 

Average     54.8 

N(NO2)2CN CO2 + 2N2O  N(NO2)2CN 

HCN + 4N2O  N(NO2)2CN + HNO3 + 0.5O2 

2.5O2 + 2HCN +3N2O  2N(NO2)2CN + H2 

CO2 + 2N2 + O2  N(NO2)2CN 

2HCN + 6NO

2  2N(NO2)2CN + 1.5O2 + H2O 
 

86.1 

86.6 

84.8 

82.0 

87.4 

Average     85.4  

N(NO2)2NF2 2N2O + O2 + F2  N(NO2)2NF2 

OF2 + 2N2O + 0.5O2  3N(NO2)2NF2 + 4O2 

CF4 + 4N2O +3O2  2N(NO2)2NF2 + 4CO2 

F2 + 4NO

2 N(NO2)2NF2+ 2O2 

2NO

2 + N2F4  N(NO2)2NF2+ F2 

 

45.9 

46.6 

47.4 

48.6 

53.3 

Average     48.4 

N(NO2)2CF3 3N2O + 2CO2 + 3F2 + 0.5O2  2N(NO2)2CF3 

3CF4 + 12NO

2 + CO2  4N(NO2)2CF3 + 5O2 

CHF3 + 2NO

2 + NH3  N(NO2)2CF3 + 2H2 

3F2 + 6NO

2 + 2CH4  2N(NO2)2CF3 + 4H2O 

3OF2 + 6NO

2 + 2CH4 +3H22N(NO2)2CF3 +4H2O 

 

-121.7 

-117.3 

-122.9 

-120.6 

-117.8 

Average   -120.1 

N(NO2)2C(CN)=C(CN)2
e

           3N2O + 5CO2  N(NO2)2C(CN)=C(CN)2 + 4.5O2 

 4HCN + CO2 + 2NO

2 N(NO2)2C(CN)=C(CN)+2H2O   

 4HCN + N2O + CO2 + 1.5O2N(NO2)2C(CN)=C(CN)2 + 2H2O   

3HCN + C2H4 + 3NO

2 N(NO2)2C(CN)=C(CN)2+2H2O   

C2H2 + 6HCN + 2O2    N(NO2)2C(CN)=C(CN)2 +C3H8 

                                                                                     

172.8 

175.1 

180.6 

170.2 

178.8 

Average    175.5 

N(NO2)2NH2 2N2O + 2H2 + 2O2  N(NO2)2NH2 

2NH3 + 5N2O +3.5O2  3N(NO2)2NH2 

2HNO3 + N2O  N(NO2)2NH2+ 1.5O2 

2NO

2 + N2H4  N(NO2)2NH2+ H2 

2NO

2 +2HNO3  N(NO2)2NH2+ 3O2 
 

48.8 

47.1 

50.6 

46.0 

52.0 

Average     48.9 

N(NF2)3 3OF2 + 2N2O   N(NF2)3 + 2.5O2 

3CF4 + 8 NO

2  N(NF2)3 + 5O2 + 3CO2 

3CF4 + 4N2O + O2  N(NF2)3 + 5O2 + 3CO2 

3N2F4 + N2O  2N(NF2)3 + 0.5O2   

3N2F4 + 2N2O   2N(NF2)3 + 2O2 

 

29.7 

34.9 

32.0 

36.7 

37.3 

Average    34.1 

Table 6:      
 

 that predicted by the application from the Hess’ law 

                                                        
d From [6] 
e Calculated at B3LYP/6-311+G(3df,3pd) level of theory  
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Overall, there is some difference between 2-8 kcal/mol of value in each reaction for 
each molecule. According to the work of Kim et al. [10], which stated that the 
difference of 10 kcal/mol has little impact on detonation properties. These 
calculated heats of formation are acceptable. 
 
 

4.2.1.2 Atom equivalent method 
 
For CHNO only containing molecules, the atom equivalent is one application that can 

be used to predict      
 

.      
 

 can be calculated by Equation 2.8. 

  

Molecule Energy 
(kcal/mol) 

Number of C, H, N, O, C’, N’, and 
O’ atom 

     
 

 

(kcal/mol) 
C H N O C’ N’ O’ 

N(NO2)3 -669.93041 0 0 1 0 0 3 6 53.6 

N(NO2)2CN -557.68960 0 0 1 0 1 3 4 83.4 

N(NO2)2C(CN)=C(CN)2 -819.55578 0 0 1 0 5 5 4 178.2 

N(NO2)2NH2 -520.81090 0 2 2 0 0 2 4 51.8 

 

Table 7:      
 

 that predicted by atom equivalent method. 

 

In summary,      
 

for seven new energetic molecules were shown in the table 

below.  
 

Molecule Hybrid 
(kcal/mol) 

Atomic equivalent 
(kcal/mol) 

Average 

(kcal/mol) 

N(NO2)3 54.8 53.6 54.2 

N(NO2)2CN 85.4 83.4 84.4 

N(NO2)2C(CN)=C(CN)2 175.5 178.2 176.9 

N(NO2)2NH2 48.9 51.8 50.4 

N(NO2)2NF2 48.4 - 48.4 

N(NO2)2CF3 -120.1 - -120.1 

N(NF2)3 34.1 - 34.1 

 
Table 8: The gas phase heat of formation 

 

According to the result in Table 8,      
 

 that predicted from the hybrid and the 

atom equivalent methods have shown close results, with a different between 1.2-2.9 
kacl/mol and 2.2 kcal/mol in average. 
 
The result has shown a good sign. All molecules except N(NO2)2CF3 have shown a 
positive heat of formation, which is a preferable characteristic of EMs.  
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4.2.2 Heat of Sublimation 
 
Based on surface electrostatic potential, the       can be calculated. The result 
from the HS95 program is shown in the table below. 
 

Molecule      (kcal/mol) 

N(NO2)3 6.6 

N(NO2)2CN 16.23 

N(NO2)2NF2 7.57 

N(NO2)2CF3 9.05 

N(NO2)2C(CN)=C(CN) 24.55 

N(NO2)2NH2 13.26 

N(NF2)3 3.49 

 
Table 9: Heat of sublimation 

 
The result of calculation from Table 8 and 9 were used to calculate the solid phase 

heat of formation (       
 ). The summary of the calculation is shown in the table 

below. 
 

Molecule    
  

(kcal/mol) 
 

      
(kcal/mol) 

       
  

(kcal/mol) 

N(NO2)3 54.2 6.6 47.6 

N(NO2)2CN 84.4 16.2 68.2 

N(NO2)2NF2 48.4 7.6 40.8 

N(NO2)2CF3 -120.1 9.1 -129.2 

N(NO2)2C(CN)=C(CN)2 175.5 24.6 150.9 

N(NO2)2NH2 48.9 13.3 35.6 

N(NF2)3 34.1 3.5 30.6 

 
Table 10: Solid phase heat of formation 

 

From Table 10 all molecules except N(NO2)2CF3 show a positive        
 . Compared 

with RDX (        
 = 18.9), the molecules show a relatively high 

       
 .Unfortunately, the        

  of N(NO2)2CF3 molecule is extremely low. Due to 

the negative        
 , this molecule may not performs the detonation performances. 

However, the energy of EMs comes from the difference between the heat of 
formation of the detonation product and reactants. Studying the holistic 
decomposition reaction is necessary. The detonation properties of these seven 
molecules were further investigated in the next step.  
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4.3 Detonation pressure and velocity 
 
The decomposition reaction of each molecule follows Equation 2.15. Equation 2.14 
and 2.12 were applied to calculate the detonation pressure and velocity, 
respectively. The decomposition reactions and the calculation of other parameter, Q, 
M and N of each molecule are expressed below.  
 

1.  N(NO2)3(solid)  2N2(g) + 3O2(g) 

        
 

        
         

 

       
        

 
         

 

         (
        

        
)                      

 
 

2.  N(NO2)2CNsolid  2N2(g) + CO2(g) + O2(g) 

        
 

        
        

 

       
        

 
         

 

        (
              

        
)                    

 
 

3.  N(NO2)2NF2(solid)  2N2(g) + 2O2(g) + F2(g)
f 

        
 

        
         

 

       
        

 
         

 

         (
          

        
)                   
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4.  N(NO2)2CF3(solid)  1.5N2(g) + O2(g) + 1.5F2(g) + CO2(g)
f 

 

        
 

        
         

 

        
        

 
         

 

         (
                 

        
)                    

 
 

5.  N(NO2)2C(CN)=C(CN) (solid)   3N2(g) + 4CO(g) +C (solid) 

               

        
 

        
         

 

       
        

 
          

 

        (
                  

        
)                    

 

 

6.  N(NO2)2NH2(solid)  2N2(g) + H2O(g) + 1.5O2(g) 

        
   

        
        

 

       
        

   
         

 

        (
             

        
)                   

 
 

7.  N(NF2)3  2N2(g) + 3F2(g)
f 

        
 

        
         

 

       
        

 
          

        (
        

        
)                   

                                                        
f Due to the lacking of H atom within N(NO2)2NF2, N(NO2)2CF3 and N(NF2)3 molecules, 
we assumed that F2 is formed instead the forming of HF in the chemical equations. 
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The table below shows the result from the calculations. 
 

Molecule N(mol/g) M(g/mol) Q(cal/g) P(kBar) D(mm/s) 

N(NO2)3 0.03289 30.40470 313.1 171.22 6.30 

N(NO2)2CN 0.03029 33.00885 1228.8 314.17 8.49 

N(NO2)2NF2 0.03164 31.60428 258.2 175.97 6.26 

N(NO2)2CF3 0.02857 35.00478 -200.3 N/A N/A 

N(NO2)2C(CN)=C(CN)2 0.03364 28.01151 1233.0 270.31 8.11 

N(NO2)2NH2 0.04016 24.89789 847.0 279.99 8.12 

N(NF2)3 0.02941 34.00346 180.0 181.76 6.15 

 
Table 11: Detonation pressure and velocity 

 
Unfortunately, the detonation properties of the N(NO2)2CF3 molecule cannot be 
calculated due to the negative value of Q.  A comparison between other molecules 

and TNT (detonation pressure and velocity are 210.0 kbar, 6.95 mm/s respectively) 
N(NO2)2CN, N(NO2)2C(CN)=C(CN)2 and N(NO2)2NH2 molecules show superior 
detonation properties than TNT. On the other hand, the detonation properties of 
N(NO2)3 ,N(NO2)2NF2 and N(NF2)3 molecules are not as good as TNT. This finding was 
expected before the investigation due to overoxidation within the molecules. The 
overoxidation here refers to the molecule that oxygen or fluorine is still remaining 
after the detonation reaction. 
  
Theoretically, mixing electronegative atom rich molecule (good oxidizer) with carbon 
atom rich explosive in an appropriate ratio is one application to improve the 
detonation properties of the overoxidation explosive compound. This is also used in 
military explosives, for instance AMATOL, which is a mixture between TNT and 
ammonium nitrate. In this thesis N(NO2)3, N(NO2)2CN, N(NO2)2NF2 and N(NO2)2NH2 

molecules were mixed with carbon rich explosive TNT. N(NF2)3 molecule was mixed 
with RDX, which is a hydrogen rich molecule. Here N(NO2)2C(CN)=C(CN)2 and 
N(NO2)2CF3 molecules were not take into this account due to its negative oxygen 

balance (-46%) for the former and the negative        
 for the later. The table below 

shows the approximate appropriate ratio and detonation properties after mixing.  
 

Molecule Ratio Density (g/cm3) P (kBar) D (mm/s) 

TNTg 0/1/0 1.64 210.00 6.95 

RDXg 0/0/1 1.60 264.60 8.06 

N(NO2)3 6/4/0 1.81 360.11 9.05 

N(NO2)2CN 8/2/0 1.8 357.82 9.03 

N(NO2)2NF2 7/3/0 1.93 427.50 9.65 

N(NO2)2NH2 8/2/0 1.76 352.08 9.02 

N(NF2)3
h 1/0/1 2.07 538.76 10.6 

Table 12: Detonation properties after mixing with TNT/RDX 

                                                        
g Experimental data from [23] 
h Mixed with RDX 
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All mixtures show excellent results. Most atoms are combined together to produce 
gaseous product. Therefore, the number of moles of gas increases. In this calculation 
the mixture between N(NF2)3 molecule and RDX shows the best result. Compared 
with RDX, the detonation pressure is twice as high while the detonation velocity is 2 

mm/s faster. This result comes from the difference of density between RDX and the 
mixture of N(NF2)3  molecule and RDX (1.602 = 2.56 and 2.072 = 4.28). 

 

4.4 Rocket performance 
 
Liquid hydrazine, N2H4 (HZ), liquid hydrogen, H2 (LH) and solid aluminum (Al) were 
used as reference fuels. To evaluate the performance and effectiveness of our new 
molecules, here the specific (Isp) and the density impulse (Id) were calculated.  The 
table on the next page shows the result from the calculation. The performance of 
the new energetic molecules was compared with ammonium perchlorate, NH4ClO4 
(AP), liquid oxygen, O2 (LOx) and dinitrogen tetraoxide, N2O4, which are used as an 
oxidizer of bipropellant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



40 
 

Molecule 
  

Fuel 
  

Optimal ratio 
O/F 

Density 
(g/cm3) 

Isp 
(Ns/kg) 

Idi 
(Ns/L) 

Tc  
(K) 

N(NO2)3 

 
HZ 

 
 
 
 
  

59/41 1.54 2953 4548 3393 

N(NO2)2CN 73/27 1.01 2352 2376 3549 

N(NO2)2NF2 64/36 1.68 3041 5109 3601 

N(NO2)2CF3 74/26 1.85 2632 4870 3188 

N(NO2)2C(CN)=C(CN)2 100/0 1.22 2580 3147 3796 

N(NO2)2NH2 68/32 1.54 2646 4075 3355 

N(NF2)3 78/22 2.03 3321 6742 4573 

NH4ClO4 73/27 1.70 2594 4404 2937 

LOx 47/53 1.07 3071 3285 3392 

N2O4 57/43 1.26 2870 3618 3259 

  
  

 
 

 
 N(NO2)3 

LH 
 
 
 
 
  

85/15 1.64 3445 5650 2902 

N(NO2)2CN 90/10 1.29 3175 4096 2922 

N(NO2)2NF2 88/12 1.81 3483 6304 3146 

N(NO2)2CF3 81/19 1.73 2837 4909 1420 

N(NO2)2C(CN)=C(CN)2 73/27 1.31 2977 3900 1299 

N(NO2)2NH2 88/12 1.58 2978 4705 2822 

N(NF2)3 92/8 2.15 3585 7707 3846 

NH4ClO4 91/9 1.77 2804 4970 2363 

LOx 80/20 0.93 3825 3551 2967 

N2O4 85/15 1.25 3350 4171 2775 

  
  

 
 

 
 N(NO2)3 

Al 
  
 
 
 
 

75/25 2.11 2428 5123 4653 

N(NO2)2CN 85/15 2.09 2628 5493 4583 

N(NO2)2NF2 74/26 2.22 2555 5671 4475 

N(NO2)2CF3 71/29 2.30 2344 5392 4305 

N(NO2)2C(CN)=C(CN)2 41/59 1.95 2872 5600 560 

N(NO2)2NH2 75/25 2.02 2620 5292 4403 

N(NF2)3 81/19 2.39 2915 6968 5276 

NH4ClO4 73/27 2.16 2434 5246 4171 

LOx 71/29 1.60 2247 3594 4653 

N2O4 72/28 1.80 2296 4137 4652 

 
Table 13: Rocket performances 

 
Comparing the bipropellant’s specific impulse between our new molecules (mixied 
with aluminum) and a standard rocket propellant which is the mixture between 
ammonium perchlorate (AP) and aluminum, N(NO2)2CN, N(NO2)2NF2 
N(NO2)2C(CN)=C(CN)2, N(NO2)2NH2 and N(NF2)3 molecules have shown a better 

                                                        
i Density impulses were calculated using prediction densities from 4.1.2 for seven 

energetic molecules, NH4ClO4= 1.95, O2= 1.141, N2O4=1.45, HZ=1.005, LH=0.0678 

and Al=2.70 in g/cm3 unit.  
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performance than AP. N(NO2)3 molecule performed very close specific impulse while 
N(NO2)2CF3 molecule performed the worst. Among our seven molecules, N(NO2)2CF3 

molecule has the lowest        
  and this is the reason why this molecule has shown 

the worst rocket performance. 
 
Our new molecules perform the best specific impulse after mixed with LH. All 
molecules performed better than AP when mixed with LH. When mixing our 
molecule with HZ only N(NO2)CN and N(NO2)2C(CN)=C(CN)2 molecules perform 
worse than AP.  
 
 In our seven molecules, N(NF2)3 molecule, which has six fluorine atoms containing 
within the molecule, shows the best specific impulse even when mixed with HZ,LH or 
Al but still worse than the mixture between LOx and LH which has the best specific 
impulse in this calculation. 
 
The density impulse was employed to compare the effectiveness of our with the 

reference molecules. Due to the relatively high density of our molecules (NH4ClO4= 

1.95, O2= 1.141, N2O4=1.45 g/cm3), all molecules, except N(NO2)3 molecule, gives a 
higher density impulse than the standard rocket propellant (AP+Al). The result also 
shows that the LOx-LH bipropellant, which has the best specific impulse in this 
calculation, is not the most effective bipropellant. The density of this bipropellant is 
lower than one and this makes the density impulse lower than the specific impulse.  
 
In terms of performance and effectiveness, N(NF2)3 molecule gives an excellent 
rocket performance. On the other hand, this molecule will release a lot of fluorine to 
the atmosphere, which is not good for the environment.     
 
Combustion temperature, Tc is one important property that has to be taken into 
concern. The values of Tc from calculation were between 560K-5300K, which is a 
very high temperature range (in practice, Tc of more than 5000K is impossible). 
Unfortunately, the modern engine can withstand only 2500K.  To deal with such a 
temperature, a cooling system, such as regenerative cooling, film cooling or ablative 
protection is necessary. [31] 
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Chapter 5 Conclusion 
 
In this thesis, six new energetic molecules were designed. The sensitivity, detonation 
properties i.e. detonation pressure and velocity and rocket performance of seven 
new energetic molecules were investigated by quantum chemical methods. 
Comparison was done among seven molecules, the result shows that N(NF2)3 

molecule has the highest density, 2.32 g/cm3. This molecule can be considered to be 
an insensitive molecule due to the relatively strong N-NF2 bond of 32.89 kcal/mol 
and the low free space in the unit cell (   = 31.48 Å3). The detonation properties of 
this molecule are not that good due to the lacking of carbon backbone within the 
molecule but this can be theoretically improved by mixing it with a hydrogen rich 
molecule, such as RDX. The theoretical rocket performance was better than the 
standard rocket propellant (AP+Al). 
 
Only theoretical calculations were provided in this thesis. There are still more 
information, for instance transition state and synthesis pathways, needed before the 
real synthesis. We hope that there is someone interested in this energetic molecule 
and that our study can be a prelude to further investigate this molecule as a viable 
choice to be used in the field of explosive research.   
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Appendix  
 
The NASA’s CEA code of seven new energetic molecules 
 
N(NO2)3 
 0        N  4.000O  6.000   0.000   0.000    0.00 1   152.0235         199158.4 
 298.150      0.0000  0.0  0.0  0.0  0.0  0.0  0.0  0.0  0.0                  0.000 
 
N(NO2)2CN 
 0        C  1.000N  4.000O  4.000   0.000    0.00 1   132.03538        285348.8 
 298.150      0.0000  0.0  0.0  0.0  0.0  0.0  0.0  0.0  0.0                     0.000 
 
N(NO2)2NH2 
 0        H  2.000N  4.000O  4.000   0.000    0.00 1   112.04049        148950.4 
 298.150      0.0000  0.0  0.0  0.0  0.0  0.0  0.0  0.0  0.0                      0.000 
 
N(NF2)3 
 0        N  4.000F  6.000   0.000   0.000    0.00 1   170.0173         128030.4 
 298.150      0.0000  0.0  0.0  0.0  0.0  0.0  0.0  0.0  0.0                  0.000 
 
N(NO2)2CF3 
 0        C  1.000N  3.000O  4.000F  3.000    0.00 1   175.02387       -540572.8 
 298.150      0.0000  0.0  0.0  0.0  0.0  0.0  0.0  0.0  0.0                     0.000 
 
N(NO2)2NF2 
 0        N  4.000O  4.000F  2.000   0.000    0.00 1   158.02141        170707.2 
 298.150      0.0000  0.0  0.0  0.0  0.0  0.0  0.0  0.0  0.0                     0.000 
 
N(NO2)2CC(CN)3 
 0        C  5.000N  6.000O  4.000   0.000    0.00 1   208.0919         631365.6 
 298.150      0.0000  0.0  0.0  0.0  0.0  0.0  0.0  0.0  0.0                    0.000 


