J Mol Model (2013) 19:571-580
DOI 10.1007/s00894-012-1582-1

ORIGINAL PAPER

Looking for high energy density compounds

among polynitraminecubanes

Wei-Jie Chi - Lu-Lin Li - Bu-Tong Li - Hai-Shun Wu

Received: 4 July 2012 /Accepted: 21 August 2012 /Published online: 9 September 2012

© Springer-Verlag 2012

Abstract Based on fully optimized geometric structures
at DFT-B3LYP/6-311G** level, we calculated electronic
structures, heats of formation, strain energies, bond dis-
sociation energies and detonation performance (detona-
tion velocity and detonation pressure) for a series of
polynitraminecubanes. Our results have shown that ener-
gy gaps of cubane derivatives are much higher than that
of triaminotrinitrobenzene (TATB), which means that
cubane derivatives may be more sensitive than TATB.
Polynitraminecubanes have high and positive heats of
formation, and a good linear relationship between heats
of formation and nitramine group numbers was pre-
sented. As the number of nitramine groups in the mole-
cule increases, the enthalpies of combustion values are
increasingly negative, but the specific enthalpy of com-
bustion values decreases. It is found that all cubane
derivatives have high strain energies, which are affected
by the number and position of nitramine group. The
calculated bond dissociation energies of C-NHNO, and
C-C bond show that the C-C bond should be the trigger
bond in the pyrolysis process. It is found that detonation
velocity (D), detonation pressure (P) and molecule den-
sity (p) have good linear relationship with substituented
group numbers. Heptanitraminecubane and octanitraminecu-
bane have good detonation performance over 1,3,5,7-tetrani-
tro-1,3,5,7-tetraazacyclooctane (HMX), and they can be
regarded as potential candidates of high energy density com-
pounds (HEDCs). The results have not only shown that these
compounds may be used as HEDCs, but also provide some
useful information for further investigation.
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Introduction

High energy density compounds (HEDCs) have attracted
many attentions for their bright usage prospect in the fields
of fuel, explosives and propellants [1-6]. The general char-
acteristics of these potential materials include high density
and energy, high nitrogen content, high positive heats of
formation, low handing hazards (such as low sensitivity and
low toxicity), strained rings and cages, and thermal stability
[7-10]. Combined with the development of solid propellants
and explosives at home and abroad, improving the energetic
level of the solid propellants and explosives becomes the
main research orientations and the key step of technology
for the future. As the HEDCs, experimental synthesis is not
only dangerous but also hazardous to humans and the envi-
ronment. However, computer simulation, an effective way
in screening promising explosives without these shortcom-
ings, has been used to design various new energetic materi-
als. Therefore, to make a breakthrough in HEDCs research,
it is a key step to make molecular design and to synthesize
new and excellent HEDCs. At present, a practical way to
obtain a high energy compound is to substitute a compound
or polymer chain with high energetic groups to increase
detonation performance. In the past few decades, all-
nitrogen molecules can not be a candidate of HEDCs, which
had been proved by abundant theory works, owing to
unstability [11-15]. Next, cage compounds have been stud-
ied widely, such as 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane(CL-20) and octanitrocubane (ONC).
The typical characteristic of this kind of compounds is that
they contain large numbers of oxygens, and obtain consid-
erable energy from oxidation of carbons. Especially the
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cubane have made a foray in the area since the 1960s [16].
Cubane and its derivatives have been the subject of numer-
ous investigations ever since Eaton’s synthesis of the parent
compound in 1964 [17].

There are some works on cubane derivatives as high
energy compounds. Synthesized in 2000 from heptanitrocu-
bane [18], octanitrocubane is a cubane derivative having
excellent detonation performance. It is found that a larger
strain energy and molecular density exist in octanitrocubane
depending on the nitro group orientation. Except the poly-
nitrocubane derivatives, polynitrosocubanes [19], polynitra-
tecubanes [20], 2,4,6,8-Tetranitro-1,3,5,7-tetraazacubane
[21, 22], and polydifluoroaminocubanes [23] have been wide-
ly studied. Some of their performances have been calculated
in detail, such as heats of formation, bond dissociation ener-
gies, detonation performance and vibrational frequencies, and
so on. These theoretical and experimental results show that
cubane is a prominent parent structure in designing high
energy molecules. So, it is necessary that cubane derivatives
are studied more in depth.

Nitro compounds, as an important class of HEDCs, have
attracted continuous attention due to their affect to improve
detonation properties [24]. However, studies have shown
that another nitrogen-containing group, which is nitramine
(-NHNO,), can also lead a molecule to a good potential high
energy compound [25, 26]. The main difference of a nitro and
nitramine group is the nitrogen and hydrogen of the content of
the group. The superiority of nitramine is found that the high
nitrogen content can lead to high crystal density and heats of
formation, which is associated with increased denotation per-
formance. In addition, in polynitraminecubane derivatives, the
hydrogen of content remained unchanged compared with
cubane. So, the heat of combustion values of polynitramine-
cubane can not decline.

In our work, we suggested that the replacement of the
hydrogen atoms of cubane molecule with nitramine
groups would result in some new potential HEDCs. In
addition the I-nitraminocubane and 1,4-bis-nitraminocu-
bane have been synthesized from the corresponding
methylurethanes [27, 28]. For these polynitraminecu-
banes, many properties are studied in detail at DFT-B3LYP/
6-311G** level. It is expected that our results could
provide some useful information for laboratory synthesis of
polynitraminecubanes and the development of new novel
HEDC:s.

Computational details
All geometries are optimized using G03 program package
[29] on a desktop computer. The calculation method

used was the density functional theoretical (DFT) method
using Beche’s 3-parameter exchange functional plus the
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correlation functional of Lee, Yang, and Parr (abbreviated
B3LYP) [30] along with the standard Gaussian basis set
labeled 6-311G** [31]. Harmonic vibrational analyses at
the same level of theory were performed subsequently
to confirm that the located structures correspond to
minima and to determine the zero-point vibrational energy
corrections.

The heats of formation (HOFs) are needed in the
calculation of detonation energy. The method of isodes-
mic reactions has been employed very successfully to
calculate HOF [32, 33]. In isodesmic reaction, the num-
ber of each kind of formal bond is conserved, must
comply with the bond separation reaction (BSR) rules.
However, for cage compounds, usual bond separation
reaction rules can engender large calculated errors of
HOFs. Therefore, we design isodesmic reaction in which
the numbers of all kinds of bonds remain invariable to
decrease the calculation errors of the HOF. For these
polynitraminecubane derivatives, the basic unit of cubane
skeleton remains invariable, and the big molecules are
changed into small ones too. This approach has been proved
to be reliable [34].

The isodesmic reaction used to calculate the HOFs of the
title compounds at 298 K may be written as:

Cng,n(NHN02)n + I’ICH4 = CgHg + nCH3NHN02(}’l =1- 8)
(1)

For reaction (1), the heats of reaction (AH,9g) can be
calculated from the following Eq. 2.

AHao3 = AHy ), — AHy g (2)

Where AH;, and AH are the heats of formation of the
reactants and products at 298 K respectively. The experi-
mental HOFs of reference compounds CH,, CgHg are avail-
able. However, for CH;NHNO,, the experimental values
cannot be obtained. So, its HOF was calculated from the
following isodesmic reaction:

CH3;NHNO, + CHy = CH3;NH, + CH;NO;. (3)

Thus, the HOFs of the polynitraminecubanes can be
calculated out when the heat of reaction AH,og is known.
The AH,9g can be calculated using the following formula
3.

AE is the change in total energy between the reactants
and products at 0 K. AZPE is the difference between the
zero-point energy of reactants and products. The AH7 is the
thermal correction from 0 to 298 K. AnRT is the work term,
which equals zero here.

Using the HOFs of polynitraminecubanes obtained from
Egs. 2 and 4. Then it is a straightforward process to
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determine the enthalpy of combustion using reaction (5).
Here, we are following the modified Kistiakowsky-Wilson
rules [35].

CgHg_n(NHNOZ)n + (10 — n)02 = 8C02 + 4H20 + nN2
(5)

Strain is an important concept in structural organic chem-
istry. The concept of strain energy (SE) provides a basis that
helps to correlate structures, stabilities and reactivities of
molecules. In previous studies, the method of the homodes-
motic reaction has been employed very successfully to
estimate the SE [36, 37]. In the homodesmotic reaction,
not only are the number of bonds of various types conserved
but the valence environment around each atom is preserved
as well. The homodesmotic reaction used to derive the SE of
the title compounds are as following:

CgHs_n(NHNO,), + 12CH3CHs — (8 — m)(CH3);CH
+ m(CH3)3CNHN02. (6)

Where m is the number of substituent groups in cubane
derivatives. The change of energies, with correction of zero-
point vibrational energy (ZPE), in this homodesmotic reac-
tion is:

AEn = ZEproduct - ZEreac tant + AZPE. (7)

We wish to define SE as a positive quantity. Therefore,
we relate SE with —AE, for Eq. 7.

The strength of bonding, which can be evaluated by bond
dissociation energy (BDE), is fundamental to understanding
chemical processes. The thermal stabilities of the title com-
pounds were evaluated by calculating BDE of the trigger
bond. At 0 K, the hemolytic bond dissociation energy can be
given in terms of Eq. 8.

BDE(A — B) = E(4e) + E(Be) — E(4 — B) (8)

The bond dissociation energy with zero-point energy
(ZPE) correction can be calculated via Eq. 9.

BDE(A — B) ,p; = BDE(A — B) + AZPE (9)

Where AZPE is the ZPEs difference between the products
and the reactants.

For each title compound, explosive reaction is designed
in terms of the maximal exothermal principle; that is, all the
N atoms turn into N,, the O atoms react with H atoms to
give H,O at first, and then form CO, with the C atom. If the
number of O atoms is more than what is needed to oxidize H
and C atoms, redundant O atoms will convert into O,. If the
number of the atoms is not enough to satisfy full oxidation
of the H and C atoms, then the remaining H atoms will
convert into H,O, and the C atoms will exist as solid-state C.

Halogen atoms form hydrogen halide with hydrogen atoms.
For the C-H-N-O explosives, the detonation velocity (D)
and detonation pressure (P) were estimated by empirical
Kamlet-Jacobs formula (10) and (11).

_ 1/2
D= 1.01(NM1/2Q'/2) (1+1.30p) (10)

—1/2

P =1.5580’NM '"0'/? (11)

N is the moles of gaseous detonation products per gram
of explosives; M is the average molecular weight of gaseous
products. Q is the chemical energy of detonation (cal/g)
defined as the difference between the heats of formation of
the products and reactants of the most exothermic reactants.
Where p is the density of explosives (g/cm’), which was
calculated from the molar weight (M) divided by the aver-
age value molar volume (V), which was gained from the
arithmetic average value of 100 singe point molar volumes,
defined as the volume of 0.001 electrons/Bohr’ electron
density envelope and computed by Monte Carlo integration.
Moreover, an electrostatic interaction correction for im-
proved crystal density prediction also had been studied by
Peter Politzer el at. [38], and the result shows that the
electrostatic interaction correction has advantageous influ-
ence for the crystal density of some high energy compounds,
but not all.

Results and discussion
Electronic structure

Before discussing the results on polynitraminecubanes, all
molecular structures are presented in Fig. 1. The band gap of
HEDC:s is closely related to the molecular orbital energy
level in a single molecule. This is the reason for the belief
that band gap closing may be the initiation step for the
detonation of explosives [39]. Table 1 listed the highest
occupied molecular orbital (HOMO), the lowest unoccupied
molecular orbital (LUMO) energies, and the energy gaps
(AE; uvo-nomo) at the B3LYP/6-311G** levels. Form
Table 1, it is found that AE; yu0-momo values decrease as
the nitramine group number increase. It is interesting to note
that all polynitraminecubanes decrease AE; yu0-romo Of
the unsubstituted cubane. In addition, the energy gaps of
cubane derivatives are much higher than that of TATB
(0.1630), which means cubane derivatives may be more
sensitive than TATB. As for the two nitramine group iso-
mers, the AE;yyo-momo value of 1,2-isomer is slightly
smaller, while that of 1,8-isomer is larger, indicating the
latter may be slightly more stable than the former. It was
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Fig. 1 Molecular frameworks of cubane and cubane derivatives [R=-NHNO,]

proposed that the molecule with a larger energy gap is
expected to have a lower reactivity in the chemical or
photochemical processes with electron transfer or leap
[40]. From the AE;y0-nomo values, it can be deduced
that the stability generally decreases as the substituent
number increases.

Heats of formation

It is well-known that evaluation of the explosive perfor-
mance of energetic materials requires knowledge of HOFs.
Moreover, HOFs are of great importance for the researcher
involved in thermochemistry. The molecular total energy,
the zero-point energies and the values of the thermal correc-
tion at the B3LYP/6-311G** level for three reference com-
pounds are listed in Table 2. Table 3 listed total energies, the
zero-point energies, the values of the thermal correction,

@ Springer

HOFs enthalpies of combustion, and the specific enthalpies
of combustion of the polynitraminecubanes at the B3LYP/6-
311G** level. Previous studies showed that the theoretically
predicted values of HOFs were in good agreement with
experiments when the appropriate reference compounds in
the isodesmic reaction were chosen. An efficient strategy of
reducing errors of HOFs is to keep the conjugated bonds or
cage skeletons unbroken. So, data in Table 3 are supposed to
be credible, although the experimental values of HOFs are
unavailable for comparison.

From Table 3, it is found that all cubane derivatives have
high positive HOFs. The higher the molecular HOFs, the
more the molecule stores energy. In addition, there is a good
linear relationship between HOFs and n for polynitropris-
manes: HOFs=40.892n+579.98(R=0.9899,n=1-28), which
indicated a good group additivity of HOFs for cubane deriv-
atives. It should be pointed out that the minimum values of
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Fig. 1 (continued)

HOFs was used for the isomers. It can be seen that the effect
of substituent on HOFs are affected by the position of the
nitramine groups. Generally speaking, the closer the nitr-
amine groups, the higher the HOFs, in other words, the
thermodynamic stability is poor. For example, for the two
nitramine groups cubane derivatives, the distance between
two nitramine groups of 1,2-dinitraminecubane is more
distant than that of 1,3- dinitraminecubane and 1,8- dinitra-
minecubane. So, 1,2-dinitraminecubane has the largest
HOFs in all dinitraminecubanes.

The sixth numerical column in Table 3 shows enthalpies
of combustion (Hcymp) and the seventh numerical column
shows the specific enthalpies of combustion (Hgpecific)s
which is the molar enthalpy of combustion divided by the
molar mass of the substance. As the number of nitramine

groups in the molecule increases, the enthalpies of combus-
tion values are increasingly negative. However, inspecting
the specific enthalpies of combustion vaules, we can find
that as the number of nitramine groups in the molecule
increases, the specific enthalpy of combustion values
decreases in magnitude. This is because the molecule weight
increases faster than enthalpies of combustion as the substi-
tuted groups increase.

Strain energies
Strain energies can be defined as the difference between ener-
gies for a process that release strain as determined by experi-

ment and as obtained from a model that does not involve strain
[37]. The advantage of using homodesmotic reaction is that the
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Table 1 Energies of frontier molecules orbitals and their gaps of the
title compounds

Compounds HOMO LUMO AE

CgHg -0.044 0.263 0.307
1- -0.262 -0.054 0.209
1,2- -0.274 -0.074 0.199
1,3- -0.269 -0.065 0.204
1,8- -0.269 -0.064 0.205
1,2,3- -0.267 -0.083 0.184
1,2,5- -0.280 -0.077 0.204
1,3,5- -0.276 -0.079 0.196
1,2,3,4- -0.280 -0.099 0.180
1,2,3,5- -0.279 -0.084 0.195
1,2,3,7- -0.272 -0.094 0.178
1,2,3,8- -0.275 -0.096 0.180
1,2,5,8- -0.268 -0.081 0.187
1,3,5,7- -0.282 -0.087 0.195
1,2,3,4,5- -0.289 -0.102 0.187
1,2,3,5,6- -0.276 -0.105 0.172
1,2,3,5,7- -0.277 -0.097 0.180
1,2,3,4,5,6- -0.296 -0.110 0.186
1,2,3,4,5,7- -0.283 -0.105 0.178
1,2,3,5,6,8- -0.282 -0.110 0.172
1,2,3,4,5,6,7- -0.287 -0.113 0.173
Octanitraminecubane -0.295 -0.123 0.172

1- and 1,2- denote l-nitraminecubane and 1,2-dinitraminecubane,
respectively; the others are similar

cancellation of errors, associated with truncation of the basis set
and incomplete electron correlation recovery, occuring to a
large extent. In addition, the method had been applied for
calculating strain energy of cubane derivatives successfully,
for example, polynitrocubanes and polynitratecubanes, and so
on. So, the SE values of polynitraminecubanes are obtained by
homodesmotic reaction. Table 4 lists SE values of the title
compound. In order to verify the computational results at the
B3LYP/6-311G** level via homodesmotic reaction are reliable
for calculated SE values of cubane derivatives, the homodes-
motic reaction is added: CygHg+12CH;CH3=8(CH3);CH, we
obtained the SE value of cubane, which is 691.75 kJmol '. The

Table 2 The total energy (E,, a.u), zero point energy (ZPE, a.u), values
of thermal correction (Hy, kJmol ™), heats of formation (HOF, kJmol )
of the reference compounds

Compounds Eo ZPE Hr HOF
CgHg -309.53146 0.13294 14.46 622.2
CHy -40.52794 0.04484 10.00 -74.9
CH;NHNO, -300.43446 0.06739 16.43 -15.2%

 value are at the G2 level
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value is in agreement with 679.94 kJmol™' from ref [41].
Inspecting the SE values of polynitraminecubanes, it is found
that strain energies slightly changed with the increase of nitr-
amine groups. Octanitraminecubane has the largest strain ener-
gy of 695.02 kJmol " in the title compounds. For the isomers
with same substituent group numbers, generally speaking, the
shorter the distance between the nitramine groups, the stronger
the repulsive energy, and the larger the SE. Such as in dinitra-
minecubanes, the SE value of 1,2-dinitraminecubane is slightly
larger, while the SE values of 1,3- dinitraminecubane and 1,8-
dinitraminecubane are smaller than 1,2-dinitraminecubane. It is
indicated that the SE values are affected by the position of
substituent groups.

Bond dissociation energies

Another main concern for explosives is whether they are
kinetically stable enough to be of practical interest. So,
research on the bond dissociation energies (BDE) is impor-
tant and essential for understanding the decomposition pro-
cess of high energetic materials. Generally, the smaller the
BDE for breaking a bond is, the more easily the bond is
broken [42].

Bond order is a measurement of the overall bond strength
between two atoms. Previous research on nitro compounds
have shown the breaking of R-NO, bond is usually the initial
step in decomposition processes and there is a parallel corre-
lation between BDE of the weakest R-NO, bond and com-
pound’s sensitivity [43, 44]. However, this is only applicable
to the compound in which the R-NO, bond is the weakest one.
For octanitrocubane, the pyrolysis initiation reaction is the
rupture of the C-C bond in cube cage [45]. Nonetheless, we
also should note that such trigger bonds are not a possible
route to decomposition for some high energy materials [46].
For these molecules, in which the C-NO, bond has been
contained or the strength of R-NO, bond cannot be used
directly as an index of sensitivity, we should consider all bond
energies, to determine the weakest one. However to save time,
two possible bond dissociations have been considered: (1) the
C-NHNO, bond on the side chain; (2) the C-C bond in the
ring. It should be pointed out that among the same kind of
bond, the weakest bind was selected as breaking bind on the
principle of the smallest bond order (PSBO). Table 5 lists the
bond dissociation energies of possible bonds.

Comparing BDE . with BDE®-_¢, it can be found that
the BDE® -~ value shifts to lower side by ca. 5-10 kJmol !
when the ZPE is included. However, from BDEc_ypyo,and
BDEOC, NHNO, > it can be found that the BDE-_ NHNO, values
without zero-point energy correction are larger than those
including zero-point energies correction about 22 kJmol .
For the same molecule, the BDE~_ value is smaller than
BDE¢_npno, markedly, which shows that trigger bond for
polynitraminecubanes is the C-C bond in the skeleton. In other
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Table 3 Calculated total energy

(Eo, a.u), zero point energy Compounds Eq ZPE Hr HOF Heomb Hgpecific

(ZPE, kJ molf'), values of thermal

correction (Hr, kJmol '), heats of ~ 1- -569.44561 400.17 24.36 641.67 -4933.15 -30.08

formation (HOF, kimol "), heats 1,2- -829.35446 451.75 34.28 675.51 -4966.99 22.17

of combusion (Heomp, kImol ™), 13- -829.35832 45088 3448 66471 495619  -22.13

and the specific heats of

combustion (Hypeciios KJ/g) 1,8- -829.35854 450.64 34.64 664.85 -4955.53 22.12

of the title compounds at 12,3- -1089.26770 502.91 44.10 697.31 -4988.79 -17.57

B3LYP/6-311G** level 1,2,5- -1089.26189 502.00 44.62 712.18 -5003.66 -17.62
1,3,5- -1089.26953 501.40 44.62 691.52 -4983.00 -17.55
1,2,3,4- -1349.17306 553.38 54.40 739.59 -5031.07 -14.63
1,2,3,5- -1349.16576 551.47 55.34 757.79 -5049.27 -14.68
1,2,3,7- -1349.17050 553.10 54.36 745.99 -5037.47 -14.64
1,2,3,8- -1349.17615 552.99 54.50 731.19 -5022.67 -14.60
1,2,5,8- -1349.16676 550.42 55.71 754.48 -5045.96 -14.67
1,3,5,7- -1349.17455 551.99 54.86 734.75 -5026.23 -14.61
1,2,3.4,5- -1609.08047 604.08 64.56 776.58 -5068.06 -12.54
1,2,3,5,6- -1609.07807 602.85 64.95 782.04 -5073.52 -12.56
1,2,3,5,7- -1609.08130 603.50 64.57 773.83 -5065.31 -12.54
1,2,3,4,5.6- -1868.98893 655.99 73.50 810.79 -5102.27 -11.00
1,2,3,4,5,7- -1868.98345 653.91 74.80 824.40 -5115.88 -11.03
1,2,3,5,6,8- -1868.97730 653.48 74.95 840.27 -5131.75 -11.06
1,2,3,4,5,6,7- -2128.88640 704.89 84.68 873.10 -5164.58 9.86
Octanitraminecubane -2388.78727 755.26 93.77 925.85 -5217.33 -8.93

words, the C-C bond is an initiator during the thermolysis
process. This is because the cubane has high strain energy.

Table 4 Calculated

strain energies Compounds SE

(SE, kJmol ") of

the title compounds 1- 671.32

at B3LYP/6-311G** 1,2- 666.24

level 1,3- 656.98
1,8- 656.64
1,2,3- 650.06
1,2,5- 666.22
1,3,5- 646.76
1,2,3,4- 655.25
1,2,3,5- 676.33
1,2,3,7- 662.26
1,2,3,8- 647.53
1,2,5,8- 674.76
1,3,5,7- 652.73
1,2,3,4,5- 654.84
1,2,3,5,6- 662.37
1,2,3,5,7- 653.24
1,2,3,4,5,6- 650.46
1,2,3,4,5,7- 666.92
1,2,3,5,6,8- 683.50
1,2,3,4,5,6,7- 677.94
Octanitraminecubane 695.02

Therefore, it is noticeable that the pyrolysis mechanism for
cage compounds are relevant with molecular structure, includ-
ing the strain energy of cage skeleton, the position and the
number of substituent group. For all polynitraminecubanes,
they have large BDE values, which show that the polynitrami-
necubanes have good thermodynamic stability. However, we
must be aware that bond dissociation energies are a possible
factor in determining stabilities and sensitivities, but not the
only factor.

Explosive performance

Detonation velocity and detonation pressure are two impor-
tant performance parameters for high-energy compounds.
Several empirical methods have been applied to estimate
these parameters. The Kamlet-Jacobs approach has been
proved to be reliable. Table 6 lists the molecular density
(p), detonation heat (Q), detonation velocity (D) and deto-
nation pressure (P). For a comparison, the experimental
detonation performances of two known explosives RDX
and HMX are listed in this Table.

As is evident in Table 6, it is found that there are strong
linear relationships between p and n, D and n, and P and n
for polynitraminecubanes: p=0.0679n+1.4696(R=0.9666,
n=1-8), D=0.4521n+6.3129(R=0.9750,n=1-8), P=
3.8975n+13.93(R=0.9887,n=1-28). It should be pointed
out that the average values of the isomers were used. The
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Table 5 Calculated bond disso-

ciation energies (kJmol ") and Compounds Pec BDEc—c BDE’c-c Pc-nuvo, BDEc-nuno, BDE’ c_io,
bond order (P) of C-C bond and
C-NHNO2 bond 1- 096 1421 132.7 0.98 408.3 385.9
at UB3LYP/6-311G** level 1,2- 0.94 103.8 96.3 0.98 395.0 372.2
1,3- 0.96 145.0 135.5 0.98 408.1 385.8
1,8- 0.95 145.5 136.6 0.98 411.8 390.3
1,2,3- 0.90 111.3 103.8 0.99 398.9 376.3
1,2,5- 0.94 104.8 97.1 0.99 404.5 382.2
1,3,5- 0.95 148.4 139.6 0.98 410.2 388.2
1,2,3,4- 0.91 122.7 114.8 0.99 404.9 381.4
1,2,3,5- 0.91 114.6 108.3 0.99 388.8 366.1
1,2,3,7- 0.90 275.2 266.0 0.99 396.0 373.4
1,2,3,8- 0.90 125.1 117.0 0.99 417.0 393.8
1,2,5,8- 0.91 115.0 110.0 1.00 392.8 372.5
1,3,5,7- 0.94 147.6 138.4 0.99 408.6 386.8
1,2,3,4,5- 0.90 84.4 78.2 1.00 398.8 376.1
1,2,3,5,6- 0.90 126.1 117.9 1.00 413.3 389.8
1,2,3,5,7- 0.90 144.7 138.4 0.99 413.7 392.0
BDE®«_. and BDE,¢ denotes 1,2,3,4,5,6- 0.91 139.7 130.2 1.00 381.6 359.5
the bond dissociation energy of 12,3,4,5,7- 0.90 121.1 114.0 1.00 390.8 368.5
C-C bond without and with 1.2,3,5,6.8- 0.90 95.9 87.3 1.00 4164 393.2
zero-point correction, respec- 1,2,3,4,5,6,7- 0.89 120.9 114.6 1.01 393.6 371.7
tively; the same is with BD Octanitraminecubane ~ 0.93 106.3 99.4 1.00 389.1 366.3

0
E”c_nuno, and BDE ¢_yuno,

Table 6 Calculated molecular density (p, g/cm®), heat of detonation
(Q,cal/g), detonation velocity (D, km/s) and detonation pressure
(P,GPa) for the polynitraminecubanes together with RDX and HMX
at the B3LYP/6-311G** level

Compound p Q D P

1- 1.46 1752.89 641 15.94
1,2- 1.62 174136  7.14 21.18
1,3- 1.61 1740.66  7.10 20.85
1,8- 1.60 1732.07  7.07 20.59
1,2,3- 1.71 174458  7.88 26.70
1,2,5- 1.71 1727.19  7.90 26.80
1,3,5- 1.73 1732.74  7.94 27.29
1,2,3,4- 1.79 174538  8.44 31.50
1,2,3,5- 1.75 1737.19 832 30.22
1,2,3,7- 1.80 172690  8.48 31.90
1,2,3,8- 1.79 1743.08  8.43 31.45
1,2,5,8- 1.77 1729.38  8.39 30.90
1,3,5,7- 1.81 1730.08  8.50 32.18
1,2,3,4,5- 1.83 173331  8.78 34.51
1,2,3,5,6- 1.84 172845  8.82 34.92
1,2,3,5,7- 1.84 1726.68  8.81 34.88
1,2,3,4,5,6- 1.89 1733.69  9.13 38.04
1,2,3,4,5,7- 1.86 1741.86  9.03 36.91
1,2,3,5,6,8- 1.89 1736.87  9.15 38.20
1,2,3,4,5,6,7- 1.93 1741.06  9.40 40.79
Octanitraminecubane 1.97 1752.89  9.63 43.37
RDX" 1.78(1.82)  1591.03  8.87(8.75)  34.67(34.00)

HMX" 1.88(1.91)  1633.90  9.28(9.10)  39.19(39.00)

®the calculated values of RDX and HMX taken from ref [49]

Date in parentheses are the experimental values taken from ref [50]
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correlation coefficients are 0.9666, 0.9750 and 0.9887 for p, D
and P, respectively. It indicates that they are the property of
group additively. On average, if more nitramine group is
attached, p, D and P increase by 0.0679 g/em®, 0.4521 km/s,
and 3.8975 GPa, respectively. It indicated that introducing
more nitramine groups into cubane molecule will benefit its
energetic performance. Form Table 6, it can be see that cubane
derivatives with n>7 meet the request as HEDCs (p=1.9
glem®,D=9.0km/s,P=40.0 GPa) and can be regarded as po-
tential candidates of HEDCs. In addition, heptanitraminecu-
bane and octanitraminecubane have good detonation
performance over HMX, one of the most widely used ener-
getic ingredients in various high performance explosives and
propellant formulations. In comparison with RDX, cubane
derivatives n>4 all have better energetic performance than
it. Therefore, if the polynitraminecubanes can be synthesized
successfully, they will be worth investigating further. Howev-
er, we also should notice that detonation pressure and velocity
are overestimated if gas phase heats of formation instead of
solid phase values are used [47]. For instance, the solid phase
heats of formation of high energy compounds have been
predicted using the Politzer approach [48].

Conclusions

On the basis of the calculated structures and the perfor-
mance for the polynitraminecubanes, the following conclu-
sions are drawn:
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1. The HOMO and LUMO energy levels decrease when
nitramine groups are attached to the ring. The energy
gaps of polynitraminecubanes are much higher than that
of TATB, which means cubane derivatives may be more
sensitive than TATB optically. In addition, the energy
gaps of polynitraminecubanes can be affected by the
position of nitramine group.

2. Polynitraminecubanes have high and positive HOF, and
there is good linear relationship between HOF and nitr-
amine group numbers. As the number of nitramine
groups in the molecule increases, the enthalpies of com-
bustion values are increasingly negative, but the specific
enthalpy of combustion values decreases.

3. All polynitraminecubanes have high strain energies,
which are affected by position and number of nitramine
group. The calculated bond dissociation energies of C-
NHNO, and C-C bond show that the C-C bond should
be the trigger bond in the pyrolysis process.

4. Detonation velocity (D), detonation pressure (P) and
molecule density (p) have good linear relationship with
substituented group numbers. Heptanitraminecubane
and octanitraminecubane have detonation performance
better than HMX, and can be regarded as potential
candidates of HEDCs.
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