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Abstract: The detailed analysis of quantum chemical study that was performed using several
computational methods, including B3LYP/6-31G(d,p) theoretical level, for series of explosive
compounds designed based on the Keto-RDX (A) structure is discussed. The heat of formation (HOFs)
of the keto RDX compounds were calculated via isodesmic reaction. The detonation properties were
evaluated by using the Kamlet-Jacobs equations. The bond dissociation energies (BDEs) for the
thermolysis initiation bond were also analyzed to investigate the thermal stability. The results show that
the keto RDX derivatives have high positive HOF values, high detonation properties and meet the basic
stability requirement. Additionally, a feasible synthetic route of the high energy density compound
(HEDC) is also proposed via retrosynthetic analysis.
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Introduction

During the last few decades, high energy density compounds (HEDCs) have been receiving
considerable attention because of their wide range of uses both in military and civilian
applications'™. To affirm precisely, from the original explosives 1,3,4,6-tetranitroglycouril
(TNGU), hexahydro-1,3,5-trinitro-1,3,5-triazine ~ (RDX) and 1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane (HMX) to the emerging explosives trans-1,4,5,8- tetranitro-1,4,5,8-
tetraazadecalin (TNAD)S, 2,4,6,8,10,12- hexanitro-2,4,6,8,10,12-hexa azaisowurtzitane (CL-20)°
and cis-2,4,6,8-tetranitro- 1H,5H-2,4,6,8-tetraazabicyclo[3.3.0]octane (bicycle-HMX)’, are all
HEDCs with high positive heats of formation (HOFs) and excellent detonation properties. There
are wide variety species of HEDCs however, each has its own advantages and disadvantages. To
brief, though TNGU, and keto RDX® possess superior detonation properties, has poor stability in
moisture due to the carbonyl groups at the end of the molecules. On the other hand, N-containing
cyclic and heterocyclic structures are the traditional sources of energetic materials. Based on the
above mentioned reasons, a parent structure (Figure 1, B) was designed from keto RDX,
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in which the —C=0 group was replaced by the —C=N- group. C;HsN,Oq (B) has been selected
as the parent structure for designing the new HEDCs.

It is also fascinating to state that the N-hydrogen atom in structure B can be substituted by
additional functional groups. Among the functional groups, the -NO,,~N-NO, and —NF, groups
are important groups in the synthesis of energetic materials because of their potential high
density, energy and properties as solid propellant oxidizers’. However, when attempting to
synthetize the HEDCs with multiple -NO,,~N-NO,, and —NF, groups, it may be of great danger
to humans and the environment both in synthesis and performance tests. Fortunately, computer
simulation, as an effective way in screening promising explosives without these shortcomings,
provides us an efficient way to predict the detonation properties of the above-mentioned groups.
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Figure 1. Molecular frameworks (A=1,3,5-trinitro-1,3,5-triazinan-2-one, B=1,3,5-trinitro-1,3,5-
triazinan-2-imine, C= N,1,3,5-tetranitro-1,3,5-triazinan-2-imine, D=2-(difluorohydrazinylidene)-
N,N,N',N'\N" N"-hexafluoro-1,3,5-triazinane-1,3,5-triamine, ~E=2,2'-hydrazine-1,2-diylidenebis-
(1,3,5-trinitro-1,3,5-triazinane), F=2,2'-hydrazine-1,2-diylidenebis(N,N,N', N, N", N"-hexafluoro-
1,3,5-triazinane-1,3,5-triamine))

In the present study, four novel theoretical HEDCs (Figure 1, compounds C,D,E and F)
have been designed based on the structure of Keto RDX. The molecular geometry, heat of
formation, thermodynamic properties, thermal stability and detonation properties were
investigated by using density functional theory (DFT) method'®!!. The feasible synthetic route
for the Keto RDX derivatives is also proposed via retrosynthetic analysis. All these results
provide useful information for a better understanding of the compounds.

Computational Method

Computations were performed with the Gaussian 03'* package at B3LYP'*'* method with
6-31G (d,p) basic set". The geometric parameters were optimizable and no constraints were
imposed on molecular structure during the optimization process. Vibrational frequencies were
calculated for the optimized structures to enable characterization of the nature of stationary
points, zero—point energy (ZPE) and thermal correction (Ht). The optimized structure was
characterized to be true local energy minima on potential energy surfaces without imaginary
frequencies. On the basis of the principle of statistical thermodynamics'®, the standard molar
heat capacity (Cﬁ_m ), standard molar entropy (S ) and standard molar enthalpy ( ¢) from 200

to 800 K were derived from the scaled frequencies using a self-compiled program.
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The B3LYP/6-31G (d,p) method'”'® was used to evaluate BDEs and HOFs of interested
molecules. Calculation of the HOFs of the derivatives is necessary to determine their
detonation properties. To obtain accurate HOF’s values, isodesmic reactions, in which the
equivalency of the bonds and electronic pairs in the reactant has been maintained not only in
both products and reactants, but also can counterbalance the error in the electronic correlation
energies, were designed. The feasibility of this approach for the estimation of accurate HOF of
High Energy Density Materials has been previously demonstrated'®".

The isodesmic reaction that was employed to calculate the HOF’s of the Keto RDX
derivatives at 298.15 K can be written as:

C3;HyN, Ry + 4NH; — C3N4Hg + 4NH,R (1)
C¢HgNgRs + 6NH3; — C¢NgH 4+ 6NH,R 2)

Where R = -NO, or —-NF,. Given the isodesmic reactions (1-2), the HOF’s can be
calculated from the following equation:

AHyos15x = ZAHpp — 2AHir 3)

AH;p and AH;r in the above given equation represent the HOFs of the products and
reactants at 298.15 K, respectively. Thus, the HOFs of the Keto RDX derivatives can be
determined when the heat of reaction AH,og,5x 1S known. On the other hand, the HOFs at
298.15 K can be defined by the following equation:

AH9s 15k = AEyos 15k + A(PV) = AEy + AZPE + AHy + AnRT 4)

Here, AE,o515x and AE, are the change in total energy between the products and reactants
at 298.15 K and 0 K, respectively; AZPE is the difference between the zero-point energy
(ZPE) of the products and reactants, and AHr is the thermal correction from 0 K to 298.15 K.
For reactions in the gas phase, A(PV) equals AnRT, and for isodesmic reactions, An = 0.

The experimental HOFs of the reference compounds NH; and NH,NO, are available?®?!. As
the experimental HOF of CsN4Hg  C¢NgH;4 and NH,NF, are unavailable, additional calculation
were carried out at the G2 level® from the atomization reaction: C;H.N.O4 — aC(g) + bH(g) +
cN(g) + dO(g) to predict its HOF accurately. Thus, the HOFs of the target molecules can be
calculated out via Egs. 1-4 in combination with the atomization reaction described.

However, the condensed phase of most energetic compounds are solid, and thus, the
calculation of the detonation properties for such compounds requires solid-phase HOFs
(AHggo1iq) rather than gas-phase HOFs (AHg,,). Therefore, AHgg,s was converted to AHgiq
according to Hess’s law using the following formula®:

AI_If,solid = AHf,gas - A]—If,sub (5)
where AHy,, denotes, the heat of sublimation.

In addition, Politzer et al.*** found that the heat of sublimation of energetic compounds
correlates well with the molecular surface area and electrostatic interaction index VOZ: using

the following expression:
Ay, = a(SAP + b(vgd,)" + (©)

In this equation, S4 stands for the surface area of the 0.001 ¢ bohr™ isosurface for the
electronic density of the molecule; v is the degree of balance between the positive and negative
potentials on the isosurface and O, is a measure of the variability of the electrostatic potential

on the molecular surface. Byrd and Rice ef al. calculated the values for AHg,, of CHNO
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CHNO systems using Eq. 6, and the coefficients a, b, and c were determined to be a = 2.670 x
10* kcal mol™' A™, b = 1.650 kcal mol ', and ¢ = 2.966 kcal/mol*. The descriptors SA4, v, and
0., were calculated using the computational procedures as described by Bulat et al’’. This

approach has been demonstrated to be a reliable method for the prediction of the heats of
sublimation of many energetic compounds™*’,

The detonation velocity and detonation pressure were estimated by the empirical Kamlet—
Jacobs equations®”:
D=(1.011+1.312p)(NM **Q *) *> (7)
and
P=1.558p* NM *°Q % ®)
Where p is the loaded density of the explosive (g cm™); D is the detonation velocity (km s™);
P is the detonation pressure (GPa); N is the number of moles of detonation gases per-gram
explosive (mol g'); M is the average molecular weight of these gases (g mol '); and Q is the
heat of detonation (cal g '). The variables N, M, and O were calculated according to Table 17",
The value of p can be calculated as M/V, where M is the molecular mass (g mol™"), and V is
the volume defined as the space inside a cloud of electron density of 0.001 ¢ Bohr >.

Table 1. Formulas for calculating the values of N, M, and Q for an explosive C,HpONg

Stoichiometric ratio

Parameters

C>2a+0.5b 2a+0.5b>c>0.5b 0.5b> ¢
N (b+2c+2d )/4M (b+2c+2d)/4M (brd)2M
M AMI(b+2c+2d) (56d+88¢—8b)/(b+2c+2d) (2b7?§f:{)3 %)
or1g7  (289b+94.0540.239 [28.9b+94.05 (57.8¢+0.239A
Hy/M (c/2-b/4)+0.239AH; /M HeYM

a, b, ¢, and d stand for the number of C, H, O, and N atoms in the explosive molecule, respectively

M in the formula is the molecular weight of the explosive (g mol~1); AH; s the heat of
formation of the explosive (kJ mol™).

However, the results for p obtained using this equation might have significant errors for
some systems, such as molecules that can form strong hydrogen bonds. Therefore, Politzer et al.™
suggested that p should be corrected for the better reflect of the effects of intermolecular
interactions in crystals, and the modified equation to calculate the p of CHNO energetic
materials is written as follows:

p=aM)+Bi(VO,)+ 1 ©
where v is the degree of balance between the positive and negative potentials on the

. 2
isosurface; Om,

surface; and the coefficients ¢, B, and y; with values of 0.9183, 0.0028, and 0.0443,
respectively, was adopted from Politzer’s study.

is a measure of the variability of the electrostatic potential on the molecular

The strength of bonding within a molecule, which can be evaluated using BDEs, plays an
important role in understanding its thermal stability®. Basically, it is defined as the enthalpy
change at 298 K, and a value of 1.01 x 10° Pa is assigned for the chemical bond dissociation in
a molecule A-B as follows™:

A—By — Ay + By and (10)
AHyo3(A—B) = [ Atos(A) + At a05(B7)] — Afzo5 (A—B) (11)
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In the above stated equations, A—B denotes the neutral molecule, A" and B’ represent the
corresponding product radicals after bond dissociation; AH»s(A—B) is the bond dissociation
enthalpy of A-B; and AgH,os(A"), AgHHes(B"), and AgH,o3(A—B) are the enthalpies of formation
for the free radicals and the parent molecule at 298 K, respectively. It is evident that the
reaction enthalpy of the homolysis bond reaction exclusively depends on the relative enthalpies
of formation of the reactant and product.

For many organic compounds, BDE g and AHs(A-B) are nearly equivalent
numerically; thus, the terms “bond dissociation energy” and “bond dissociation enthalpy” often
appear interchangeably in the literature®. Therefore, the BDEs of the homolytic bond can be
calculated by the following equation:

BDEy(A-B) — Ey(A") + Ey(B’) — Eo(A-B) (12)
The BDE corrected for the ZPE can be calculated using Eq. (12):
BDE(A*B)ZPE = BDE()(A*B) + AEZPE (13)

Here AEp is the difference between the ZPEs of the products and reactants.

Results and Discussion
Molecular Geometry and Electronic Structure

Since all the calculations are based on the optimized structure, it is necessary to examine the
geometric structure of the Keto RDX derivatives before discussing the various properties. The
results show that all the optimized structures are characterized to be true local energy minima
on the potential energy surfaces without imaginary frequencies. Besides, all the calculated
bond lengths are between the normal C—N, N-N bond lengths (1.47 A and 1.45 A,
respectively) and normal C=N bond lengths (1.28 A). So, all the bonds tend to be average and
form a big conjugative system, which may facilitate the stability of the compounds.

The energy gap (AE) is one of the most important parameters for predicting the relative
stability of compounds. Thus, the highest occupied molecular orbital (HOMO) energies, the
lowest unoccupied molecular orbital (LUMO) energies, and the energy gaps (AE; ymo-nomo)
were calculated at the B3LYP/6-31G (d,p) level. Analysis of the molecular orbital can
provide useful information on electronic structures™. It is proposed that the larger the energy
gap of a compound, the lower is the reactivity in the chemical or photochemical processes
with electron transfer’”®, The values are summarized in Table 2. It is evident that the energy
gap AE of compounds D and F are slightly higher than that of compounds C and E,
indicating that compound D and F may have a comparable chemical reactivity with
compounds C and E. Inspection of the MEPs for the compounds show that the positive
potentials which slightly increases the stabilization to a compound, ranges at the center of
the skeleton while the negative potentials appear to be distributed mostly on the oxygen or
fluorine atom.

Table 2. Calculated HOMO and LUMO energies (a.u) and their energy gaps (AE; ymo_tiomo)

Compound Enomo Eiumo AE

-0.3098 -0.0952 0.2146
-0.3010 -0.1036 0.1974
-0.3146 -0.1165 0.1981
-0.2775 -0.0639 0.2135
-0.2922 -0.1180 0.1742
-0.2514 -0.0680 0.1834

TmOOw >
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Infrared spectra and Thermodynamic properties

Figure 2 presents the simulated IR spectrum of compounds C, D and E, F. There are several
similar IR absorption bands between compounds C, D and E, F. The modes in 3000-3300 cm™
are associated with the C—H stretching vibration of compounds. The remarkable peak in 1600-
1800 cm™ is associated with the N=O or N—F asymmetric stretching of — NO, and — NF,
groups. The band at around 1000 cm™ is composed of the N—N asymmetric stretching of
compound with C—H twisting out of plane. The bands less than 900 cm™ that belong to the
fingerprint spectrum, are mainly caused by the deformation of the skeleton structure and the
bending vibration of C—H and C—C bonds.
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Figure 2. Simulated IR spectra for the Keto RDX derivatives at the B3LYP/6-31G(d,p) level.
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Based on scaled frequencies and the principle of statistic thermodynamics,

. . . 0
thermodynamic properties such as standard molar heat capacity (C o ), standard molar

entropy (S Z ) and standard molar enthalpy ( H ,Z) ranging from 200 to 800 K are calculated

using a self-compiled program to predic their thermodynamic properties. The values are
summerized in Table 3. It is found that all thermodynamic functions increase with temperature

evidently. Taking compound E as an examples, the Temperature-dependent relations for C g,m

S? and H Z in the range of 200-800 K are shown in Figure 3.

m

It can be seen that Cg . S z and H Z increase evidently with the increasing temperature.

This is because the main contributions to the thermodynamic functions are from the translation
and rotation of molecules when the temperature is low; however, at higher temperature, the
vibrations are intensified and therefore make more contributions to the thermodynamic
properties which lead to the increase in the thermodynamic functions. The data provide useful
information on the thermodynamic properties of the compound under discussion
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Table 3. Thermodynamic properties of the Keto RDX derivatives at different temperatures®

Compounds T 200K 298.15K 300K 400 K 500K 600 K 700 K 800 K
EW 110.15 147.97 148.65 180.72 203.98 220.85 230.42 235.32
A 5E 389.71 437.82 438.66 483.96 525.41 563.25 596.22 626.17
HE, -971.293936  -971.288380 -971.288258  -971.280929  -971.272273  -971.262701  -971.252304  -971.241463
EW 111.01 151.72 152.45 187.22 212.00 229.65 239.53 244.7
B 5; 388.10 437.41 438.32 485.42 529.35 569.09 604.01 635.90
ngq -951.397632  -951.391964  -951.391840  -951.384261  -951.375301  -951.365325  -951.354468 -951.343157
E«E W 129.17 174.6 175.39 212.74 237.77 256.39 267.37 27291
C E_n 421.16 474.32 475.3 525.83 573.61 616.74 654.9 689.53
HE-, -1155.853240 -1155.846760 -1155.846620 -1155.838070 -1155.827970 -1155.816760 -1155.804680 -1155.792130
EE m 142.22 190.62 191.39 228.85 252.59 264.78 271.1 273.84
D 55 433.48 493.10 494.17 550.86 601.88 648.08 688.35 720.84
HE, -1352.646580 -1352.639430 -1352.639270 -1352.629940 -1352.619000 -1352.607071 -1352.594820 -1352.582180
E?-FFI 193.76 264.05 265.36 331.39 383.09 421.62 449.79 465.42
E® el 522.64 596.26 597.66 671.88 744.73 812.6 874.35 929.71
HE  -1891.21886 -1891.20922 -1891.20901 -1891.19603 -1891.18028 -1891.16242 -1891.14298 -1891.12216
':_Em 210.83 285.35 286.66 350.78 404.34 441.78 461.11 470.11
F° -"‘_"E-_. 539.74 622.72 624.22 704.05 781.05 850.73 913.23 970.44
HE  -2185.96808 -2185.95759 -2185.95736 -2185.94335 -2185.92668 -2185.90795 -2185.88765 -2185.86658

“Units: T: K ; ':'_Em - Jmol; .5-'&-, - Jmol; ﬂ',‘;‘-‘ - a.u For compounds E and F thermodynamic properties were at RHF/6-31G(d,p) level
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HoF Properties

The heat of formation, which is a basic property of HEDC:s, is usually taken as the indicator of
the “energy content” and is one of the most important thermo chemical properties of energetic
materials. The DFT method has proved reliable for estimating HOF through appropriate
reactions®®*’. Thereby, heat of formation is frequently considered when the HEDCs are designed.
Table 4 shows the total energies (E), thermal corrections (Hr), zero-point energies (ZPE), and
HOFs for the reference compounds being enlisted in the isodesmic reaction. Table 5 summarizes
the total energies (£,), thermal corrections (Hr), zero-point energies(ZPE) and solid-phase HOF
(AHp,s054 ) of the compounds at the B3LYP/6-31G(d,p) level. From Table 5, it is obvious that
when the H atom of the N—H in C;HsN;O¢ (B) is replaced by —NO, and —NF, groups, the HOFs
of the compounds C and D are up to 279.78 kJ-mol™ and 163.83 kJ-mol™ respectively. On the
other hand, the HOF reduced sharply from 279.78 kJ-mol™ and 163.83 kJ-mol” when the -NO,
groups in compound C are replaced by the —NF, groups in compound D. This indicates that —
NO, and —NF, group have a superiority in increasing the HOF.

Table 4. Calculated total energies (E,, au), thermal corrections (Hr, kJ.mol™), zero-point
energies (ZPE, kJ.mol') and heats of formation (HOFs, kJ.mol") for the reference
compounds

Compound Ey Hy ZPE HOF
NH; -56.557769 9.60 88.62 -45.94
NH,NO, -261.037824 11.67 101.61 6.69
NH,NF, -310.230386 12.69 91.81 -25.0
C3N,Hg -338.137956 -8.34 354.22 51.04
Ce¢NgH 4 -674.8242269  29.25 620.67 166.78

However, the HOFs of compounds C,D,E and F are higher than that of un-substituted
compound A. This property has kindled the interest of scientists to devote their efforts to
synthetize HEDCs with multi -NF, and -NO, groups.

Table 5. Calculated total energies (Eo, au), thermal corrections (Hr, kJ .mol'l), zero-point
energies (ZPE, kJ.mol™), and heats of formation (HOFs, kJ.mol™") for the Keto RDX
derivatives

Compound E, Hry ZPE AHgsolid
A -971.429269 24.04  316.60 -45.46
B -951.539637 2346  348.75 206.23
C -1155.997385 2822  351.44 277.73
D -1352.778236 31.84  318.03 181.75
E -1901.845745 3723  716.58 527.18
F -2196.972423 42.37  662.33 439.28
Detonation properties

The detonation velocity and detonation pressure are two important parameters for HEDCs. The
Kamlet—Jacobs equations show that p is a key factor to influence Detonation velocity (D) and
Detonation pressure (P). Thus, density is one of the most important physical properties for all
energetic materials. For the derivatives evaluated in this study, the theoretical density was
replaced with the loading density, and the detonation properties were calculated. The values of
p, D and P of compounds are listed in Table 6.



1172 Chem Sci Trans., 2015, 4(4), 1163-1175

Table 6. Detonation properties of the Keto RDX derivatives and other relative HEDCs

Compound p(gem™) D (kms™) P (GPa)
A 1.86 (1.93)  8.97 (8.814)"  36.45 (37.98)"
B 1.84 8.97 36.17
C 1.88 9.41 40.29
D 2.09 10.71 55.37
E 1.93 9.42 40.99
F 2.02 10.85 55.79
RDX? 1.82 8.75 34.00
HMX® 1.91 9.0 30.00
CL-20 2.04° 9.38" 44.64°

“Experimental value from Ref..41, *Experimental value from Ref..43 ¢ Calculated value from Ref.19

It apparent from the substantiated Table 6, that all the compounds have excellent
detonation properties. Compounds D and F have proved to have higher p, D and P
values than that of compounds C and E. This indicates that —NO,, and —NF, groups are
effective units for improving the detonation properties of a compound, especially the —
NF, group. This supports the conclusion that although —NF, decreases the HOF a little,
it increases p to a greater extent and thus makes compounds D and F possess the highest
Detonation velocity(D) and Detonation pressure(P). Whereas, —NO, increases HOF and
p moderately and thus makes Detonation velocity(D) and Detonation pressure(P) of
compounds C and E which stands next to compound D and F. For a quick reference and
comparison, the detonation properties of the well-known explosives RDX, HMX and
CL-20 are also listed in Table 6. Clearly, the designed compounds possess higher p,
Detonation velocity (D) and Detonation pressure (P) than that of RDX, HMX and CL-
20 and meet the quantitative criteria of a HEDC (that is, p ~ 1.9 gcm™, D = 9.0 km's™',
and P = 40.0 GPa). If these derivatives could be synthesized, they will have more
exploitable values in the future.

Bond dissociation energy (BDE) and thermal stability

Bond dissociation energy (BDE) of the trigger bond is another key parameter, which can
provide useful information for understanding the stability and sensitivity of HEDCs.
Generally, the smaller the energy is needed for breaking a bond, the weaker the bond is,
and becomes a trigger bond when heated or assaulted: that is to say, the corresponding
compound is more unstable, and has greater sensitivity. Thus, to elucidate the thermal
stability of HEDCs, the BDE of the trigger bond must be studied. On the other hand,
people now-a-days have reached a consensus that -N—NO, or —N—NF, bond often
represents the primary cause of initiation reactivity of organic polynitro or difluoroamino
compounds“’45 . Therefore, the weakest N—N bonds, which were screened according to the
“principle of smallest bond order (PSBO)” (the smallest bond order is, the least stable
is)*, were selected as the breaking bond to calculate bond dissociation energy (BDE) at
B3LYP/6-31G(d,p) level.

The PBSO can be defined as follows: for a series of energetic materials with a similar
molecular structure and pyrolysis mechanism, the smaller the overlap population of the trigger
bond, the larger the impact sensitivity”’. It is also should be pointed out that the weakest bond
was selected as the breaking bond based on the Fuzzay bond order. Table 7 presents the BDEs
of Keto RDX derivatives.
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Table 7. Calculated bond dissociation energies of trigger bond for the Keto RDX derivatives

N-NO,
Compound BDE(kJ mol'l) BDEpg(kJ mol")
A 166.23 146.95
B 160.82 140.53
C 141.29 130.57
D 136.19 116.10
E 79.90 57.22
F 66.90 40.48

From Table 7, it is clear that the values of BDEs of compounds C and E is higher than that
of compounds D and F. In other words, it is to say compounds D and F has a lower stability
(higher sensitivity) than compounds C and E and may be exploded immediately when heated
or assaulted. This is in harmonic agreement with the fact that -NF, group is more sensitive
than —NO, group for an explosive because of the strong electron attracting. And thus the
stability of the molecule lowers when —NO, is substituted by —NF,. Furthermore, when taken
the practical requirements into consideration, a quantitative criteria associated stability (BDE
of the trigger bond) requirement, i.e., BDE 80~120 kJ-mol, is proposed and employed by
Chung et al. to filtrate a potential HEDC*. Based on the law, it is found that the compounds
satisfy the basic requirements and seem to be the potential HEDCs.

Feasible synthetic routes

Based on the above-calculated data, it is precise that the compounds are potential HEDCs with

high detonation properties and exploitable values. Thus, the feasible synthetic routes for the

two compounds are proposed in Figure 4. From the scheme, it is found that all of the crude

materials are easily obtained with low price and provides a necessary condition for the mass

industrial production. Besides, the synthetic routes are simple. The feasibility of the synthetic

routes of the Keto RDX derivatives is designed as:
H

A 02N
NH A N—, HNO, N—,
H N—{ + CH;0 4 t-Bu—NH,—= HN:< N—t-By ——» OzN—N=< N—NO,
: NH N—/ ."\('30 N—/
z I /
H o,N

H

H
Y £
NN A N H
o N—t-Bu 4 HoM—NH, ——» t-Bu—N, =M N—,
=<N—/ LN\ \N:<
4

N—t-Bu
H
HNO,
Ac,O
No;

N Oz

OaN—N —MN N—\

Ay
LN\ N=< N—MNO,

MO, fN—/

OaN

Figure 4. Synthetic routes of the Keto RDX derivatives

Conclusion

In the present work, the electronic structure, thermodynamic properties, heats of formation,
detonation properties, and thermal stability were studied for novel explosives based on keto
RDX skeleton C;HsN;O¢ by using the B3LYP/6-31G(d,p) method of DFT theory.
Calculation results show that the compounds possess high positive heats of formation;



1174 Chem Sci Trans., 2015, 4(4), 1163-1175

the density and detonation properties of the Keto RDX derivatives are larger than that of
RDX, HMX and CL-20. The bond dissociation energies of the pyrolysis initiation reaction
was calculated at the B3LYP/6-31G(d,p) level indicated that the Keto RDX derivatives meet
basic requirements and seem to be the potential HEDCs. Besides, the synthetic routes
proposed are simple and feasible. All the data may provide useful information for a better
understanding of physical and chemical properties of the compounds.
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