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The difluoroamino derivatives of prismane were designed and calculated at the B3LYP/6-311G** level. The detonation performances, 
as well as the band gap, were investigated to look for high energy density compounds. Our calculations showed that difluoroamino 
group is an effective substitute group for increasing density and heats of formation. All compounds have large heats of formation, 
and there is a linear relationship between the heats of formation (HOFs) and the substituent numbers. Bond dissociation energies of 
trigger bonds are all over 200kJ/mol, which indicated that these prismane derivatives have good stability. More than three substituted 
groups made the detonation performances meet the requirement of energetic materials. Our calculations provided basic information 
for the further syntheses of title molecules.

Keywords: high energy density compounds; Kamlet-Jacobs equation; density function theory; prismane derivatives.

INTRODUCTION

In the past decades, the research of energetic materials through 
theoretical methods has greatly accelerated the development of 
such materials and provided a profound understanding.1-6 The use of 
theoretical methods to predict the detonation performance and stability 
of energetic compounds has many benefits, such as reducing the cost 
of experimental synthesis and detection, increasing the efficiency 
of the cost, being environmentally friendly, saving time. Generally, 
good detonation properties and the bluntness of molecules are the 
two most important aspects of energetic compounds, which are often 
contradictory and difficult to obtain at the same time.7,8 Therefore, 
how to obtain a material with both good detonation performance and 
sufficient stability is our research goal. In practice, new energetic 
compounds are often designed by modifying high nitrogen-content 
or high strain structure by addition and/or modification of energetic 
groups.9,10

The nitro compound itself has a sufficiently large molecular 
density and generating heat, which makes it a traditional excellent 
energetic material and widely used.11-14 Among various types of the 
high energy density compounds (HEDCs), organic cage compounds 
especially have attracted much attention. The most famous of 
these molecules is hexanitrohexaazaisowurtzitane (CL-20)15,16 and 
octanitrocubane (ONC),17-19 their synthesis as a breakthrough in 
the history of explosive development. Prismane (C6H6) is another 
important organic cage compound, which has been synthesized 
and fully characterized.20 Its characteristics include the high 
symmetry (D3h), large ring strain energy (609.9 kJ mol-1), and so 
on.21 At present, some prismane derivatives have been studied as 
HEDCs, such as polyisocyanopriamanes,22 polyazidoprismane,23 
and polynitropriamanes. To our knowledge, difluoroamino (NF2) 
derivatives of prisms have not been reported in the literature. And 
the NF2 group has been proved to be an excellent energetic group 
by previous work,24-26 and its access can effectively improve the 
density and detonation performance of the molecule. In our work, we 
suggested that the H atoms in prismane skeleton were replaced with 
the difluoroamino group to get difluoroaminoprismane derivatives. 

The heats of formation, electronic structure, density, energetic 
performances, and the thermal stability were investigated.

CALCULATION METHOD

The difluoroaminoprismane derivatives were fully optimized 
at the B3LYP/6-311G** level27 using the Gaussian 03 program 
package28 and shown in Figure 1.

The isodesmic reactions29-32 were designed to obtain heats of 
formation (HOFs), and the formula is followed:

 C6H6-n(NF2)n + nCH4=C6H6 + nCH3NF2 (n = 1-6) (1)

The HOF was calculated according to the reaction enthalpy of 
the isodesmic reaction, and the equation is as followed:

 Hf,p – ∆Hf,r (2)

where ∆Hf,p, and ∆Hf,r are the HOFs of the products and reactants at 
298 K respectively. The experimental HOFs of reference compounds 
CH4 and C6H6 are taken from the NIST Chemistry WebBook. Thus, 
the HOFs of the difluoroaminoprismane derivatives can be calculated 
when the heat of reaction ∆H298 is known. The ∆H298 can be calculated 
using the following equation:

	 ∆H298 = ∆E + ∆ZPE + HT + ∆nRT (3)

where ∆E is the change in total energy between the products and 
reactants at 0 K. ∆ZPE is the difference between the zero-point energy 
of products and reactants. The ∆HT is the thermal correction from 0 
to 298 K. ∆nRT is the work term, which equals zero here.

To measure the strength of the trigger bonds, the bond dissociation 
energies (BDE) were calculated.33,34 BDE is the energy required for 
the homolytic cleavage of a bond and is commonly denoted as the 
difference between the total energies of the radical products and the 
reactants. The BDE values of C-NF2 bonds were calculated as follows:

 BDE(A-B) = E(A•) + E(B•) – E(A-B) (4)

Considering the open-shell nature of the radical, unrestricted 
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hybrid functional DFT-UB3LYP was used. The BDE with zero-point 
energy (ZPE) correction can be calculated via equation (5).

 BDE(A-B)ZPE = BDE(A-B) + ∆ZPE (5)

where ∆ZPE is the difference between the ZPEs of the products and 
the reactants. 

Detonation velocity (D), and detonation pressure (P) are used to 

evaluate the explosive performances of energetic materials by using 
the empirical Kamlet-Jacobs equations:35-37 

 D = 1.01(N
–
M1/2Q1/2)1/2(1 + 1.30ρ) (6)

 P = 1.588ρ2N
–
M1/2Q1/2 (7)

where D is the detonation velocity (km/s); P is the detonation pressure 
(GPa); N is the moles of gas produced per gram of explosive and  

–
M is 

Figure 1. Structures of title molecules optimized at the B3LYP/6-311G** level
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the mean molecular weight of the gaseous detonation products; Q is 
the detonation energy (cal/g); ρ is molecular theory density (g cm-3), 
which was calculated from the molar weight (M) divided by the 
average value molar volume (V), which was defined as the volume 
of 0.001 electrons/bohr3 electron density envelope.

The combustion reaction is designed as:

4C6H6 – n(NF2)n + (30-3n)O2 → (12-2n)H2O + (24-2n)CO2 +  
2nCF4 + 2nF2  (8)

The specific combustion enthalpy (∆Hcomb) can be calculated from 
the heats of formation of the explosive compound and the gaseous 
products as follows:

  (9)

in which Hf,i and ∆Hf,HEBC is the heat of formation of the products 
and reactant, respectively. N is the stoichiometric number. M is the 
molecular weight. Hcomb is the combustion enthalpy. 

RESULTS AND DISCUSSION 

Heats of formation and molecular stabilities

HOF reflects the energy content of a compound. High positive 
HOF is usually required for an effective energetic compound. 
Therefore, the HOFs are obtained by using the isodesmic reactions, 
and listed in Table 1.

As is evident in Table 1, HOFs of all difluoroaminoprismane 
derivatives are large and positive, which indicates energetic nature. It 
is noteworthy that HOFs decrease as the increasing of the substituent 
group numbers when n ≤ 4. However, when n > 4, the HOFs values 
become large with the substitute group increased. Also, there is a good 
polynomial relationship between HOFs and the numbers of substitute 
groups (Figure 2): HOF = 5.8384x2 – 49.821x + 555.54 (R² = 0.8693). 
It should be noted that the average values of HOFs of isomers were 
used to discuss. Then, the contributions of difluoroamino group on 
the HOFs of difluoroamino prismane derivatives can not meet the 
group additivity principle. For the isomers, HOFs values are different 
from each other, which presents that the HOFs are affected by the 
position of the difluoroamino group. Generally speaking, the closer 

difluoroamino group results in higher HOFs and less thermodynamic 
stability. For instance, the 1,2–didifluoroaminoprismane has two 
difluoroamino groups located the same three-membered rings and 
has the higher HOFs than the other two difluoroamino substituted 
derivatives; 1,5-didifluoroaminoprismane has the largest distance of 
two difluoroamino groups in all di-substituted derivatives, so it has 
the least HOF.

The combustion enthalpy is also an important parameter for 
high energy density compound to predict the energy content. 
Therefore, the combustion reaction is designed and the combustion 
enthalpy is calculated by using the equation (8). The final results are 
listed in the last column of Table 1. Based on our calculations, the 
specific combustion enthalpy is reduced with the introduction of the 
difluoroamino groups. The correlation was performed and plotted in 
Figure 3. The correlation equation is ∆Hcomb = –0.6259x2 + 7.3042x – 
32.888 (R2 = 0.9913). Overall, the tendency is consistent between the 
combustion enthalpy and the heat of formation.

Electronic structure

Band gap (Eg) is defined as the energy gap between the 
highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) and represents the dynamic 
stability of energetic materials.38 Then, Eg were calculated at the 
B3LYP/6-311G** level and listed in Table 2.

Table 1. Calculated total energies (E, a.u.), thermal corrections (HT, a.u.), zero-point energies (ZPE, a.u.), heats of formation (HOF, kJ mol-1), and specific 
combustion enthalpy (Hcomb, kJ g-1) at the B3LYP/6-311G** Level

Compound E0 ZPE HT HOF Hcomb

1- −485.88090 0.09589 0.00698 511.75 -26.96

1,2- −739.64130 0.09500 0.01092 485.31 -20.38

1,4- −739.64380 0.09490 0.01097 478.62 -20.35

1,5- −739.64680 0.09498 0.01093 470.84 -20.31

1,2,3- −993.39447 0.09404 0.01396 475.31 -16.61

1,2,4- −993.40141 0.09399 0.01401 457.09 -16.54

1,2,6- −993.40378 0.09395 0.01403 450.81 -16.51

1,2,3,4- −1247.15665 0.09290 0.01717 441.62 -14.06

1,2,4,5- −1247.15272 0.09276 0.01720 451.65 -14.09

1,2,3,4,5- −1500.90134 0.09167 0.02032 453.46 -12.39

1,2,3,4,5,6- −1754.64542 0.09054 0.02350 467.24 -11.15

C6H6 -232.014465 0.096673 0.10171 597.1 -48.9

Figure 2. Corelation between the substituent number and the heat of formation 
of title molecules
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It is interesting to note that all prismane derivatives have reduced 
Eg compared to that of the prismane parent body. Besides, the Eg has 
a good linear relationship with the numbers of difluoroamino group: 
Eg = −0.005n + 0.2629 (R2 = 0.9898). High band gaps indicate high 
stability and small gap implies low stability. To our surprise, the 
band gaps of prismane derivatives are much higher than 0.1630 a.u. 
of 1,3,5−triamino−2,4,6−trinitrobenzene (TATB), which means title 
molecules are more insensitive than TATB. 

Bond dissociation energies

Several simple relationships have been found that relate stability 
with direct and indirect molecular properties such as the oxygen 
balance of the compound,39 molecular electronegativities,40 vibrational 
states,41 and so on. However, the bond dissociation energies of trigger 
bonds are more clear and effective in investigating the stability and 
pyrolysis mechanism of HEDCs. For time-saving, the BDEs were 
obtained for the trigger bond, which is the initiate bond in detonation 
reaction and characterized by the weakest bond order of a molecule. 
Then, the bond orders and bond dissociation energies are calculated 
and listed in Table 3.

From Table 3, it can be found that the BDE0
C−CF2, value is 

lowered by ca. 20 kJ mol-1 after the zero-point correction compared 
to BDEC−NF2. Because the isomers with the same substituent group 
have different BDE values, the BDE is affected by the position of 

the substituent groups. Looking inside the data, the closer substituent 
groups result in smaller BDE and lower thermodynamic stability. All 
derivatives of prismane have large BDE values over 200 kJ mol-1, 
meeting the basic requirement of high-energy compounds.42,43 
Therefore, good stability is confirmed for title molecules. 

Detonation characters

Detonation velocity (D) and detonation pressure (P) are two 
important parameters to decide the performance of the energetic 
materials. The Kamlet-Jacobs approach is used and the final data 
can be found in Table 4. The experimental detonation parameters of 
the benchmark explosives of RDX (hexahydro-1,3,5-trinitro-1,3,5-
triazine) and CL-20 (Hexanitrohexaazaisowurtzitane) are also listed.

As is evident in Table 4, we found that there are strong 
linear relationships between ρ and the substitution numbers 
(n): ρ	 = 0.1525n + 1.4758 (R2 = 0.9748), D = 0.9365n + 6.0562 
(R2 = 0.9694), and P = 9.5305n + 9.9265 (R2 = 0.9904). The detonation 
performance increase as the introduction of associated groups. When 

Table 2. Calculated HOMO and LUMO energies (a.u.), band gap (Eg) of the 
title compounds at the B3LYP/6-311G** level

Compounds ELUMO EHOMO Eg

1- 0.00307 −0.25380 0.25687

1,2- −0.02588 −0.27301 0.24713

1,4- −0.01916 −0.27528 0.25612

1,5- −0.02032 −0.27751 0.25719

1,2,3- −0.05039 −0.29317 0.24278

1,2,4- −0.04314 −0.29394 0.25080

1,2,6- −0.04221 −0.29060 0.24839

1,2,3,4- −0.06408 −0.30738 0.24330

1,2,4,5- −0.06182 −0.30865 0.24683

1,2,3,4,5- −0.08167 −0.31823 0.23656

1,2,3,4,5,6- −0.09793 −0.33034 0.23241

C6H6 0.05360 −0.23150 0.28510

TATB −0.10280 −0.26480 0.16210

Table 3. Calculated bond dissociation energies (kJ/mol) for the possible 
rupture of the weakest C−NF2 bond at the UB3LYP/6-311G** levels

Compounds Bond Order BDEC−NF2 BDE0
C−NF2

1- 1.0208 285.52 269.05

1,2- 1.0191 271.56 255.55

1,4- 1.0193 277.28 261.44

1,5- 1.0152 277.94 261.83

1,2,3- 1.0296 260.87 244.82

1,2,4- 1.0152 272.11 256.21

1,2,6- 1.0118 272.24 256.30

1,2,3,4- 1.0140 268.48 252.91

1,2,4,5- 1.0174 260.55 245.16

1,2,3,4,5- 1.0151 257.77 242.28

1,2,3,4,5,6- 1.0275 249.29 233.58

Table 4. Detonation pressure and detonation velocity calculated at B3LYP/6-
-311G** level accompanied with the Kamlet-Jacobs equation

Compound ρ(g/cm3) Q(J/g) D(km/s) P(GPa)

1- 1.54 2079.42 6.37 16.31

1,2- 1.80 2074.80 8.16 29.51

1,4- 1.81 2065.97 8.18 29.77

1,5- 1.83 2055.69 8.23 30.36

1,2,3- 2.00 2089.11 9.35 41.17

1,2,4- 2.00 2070.42 9.32 40.98

1,2,6- 2.04 2063.97 9.45 42.57

1,2,3,4- 2.08 2078.32 9.93 47.47

1,2,4,5- 2.14 2086.73 10.15 50.35

1,2,3,4,5- 2.26 2103.16 10.81 58.84

1,2,3,4,5,6- 2.32 2122.55 11.22 64.18

RDXa 1.78 1591.03 8.87 34.67

CL-20a 1.98 1592.86 9.48 42.20

aRef. 5.

Figure 3. Correlation bewteen the substituent number and the specific com-
bustion enthalpy
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the substituent number is more than three, the detonation performance 
is better than that of RDX and CL-20, which indicated their energetic 
characteristics and can be regarded as the candidate of high energy 
density compounds.

CONCLUSIONS

In this work, eleven derivatives of prismane are designed and 
investigated using the B3LYP/ 6-311G** method. The result shows 
all compounds have large heats of formation, and there is a good 
polynomial relationship between HOF and the substitution number. 
When more than three groups are introduced, the compounds have 
excellent detonation velocity and detonation pressure. Especially the 
hexadifluoroaminoprismane, its detonation velocity, and detonation 
pressure ever are over 11.0km/s and 60.0GPa, respectively.

The thermal stability and pyrolysis mechanism of the title 
compounds are evaluated using the bond dissociation energies. The 
ring-NF2 bond is confirmed as the trigger bond in the detonation 
reaction. The bond dissociation energies of all prismane derivatives 
are larger than 200 kJ mol-1, which indicated that they have good 
thermodynamics stability. Also, all compounds have higher bandgaps 
than TATB, which implies that the prismane derivatives are with low 
impact sensitivity.

SUPPLEMENTARY MATERIAL

The cartesian coordinates of title molecules can be freely accessed 
at http://quimicanova.sbq.org.br, in PDF format.
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