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Abstract The heats of formation (HOFs), thermal stability,
and detonation properties for a series of nitrogen-bridged
1,2,4,5-tetrazine-, furazan-, and 1H-tetrazole-based polyhe-
terocyclic compounds (3,6-bis(1H-1,2,3,4-tetrazole-5-yla-
mino)-1,2,4,5- tetrazine (TST), 3,6-bis(furazan-5-ylamino)-
1,2,4,5-tetrazine (FSF), 3,4-bis(1,2,4,5- tetrazine-3-
ylamino)-furazan (SFS), 3,4-bis(1H-1,2,3,4-tetrazole-5-yla-
mino)-furazan (TFT), 1,5-bis(1,2,4,5-tetrazine-3-ylamino)-
1H-1,2,3,4-tetrazole (STS), and 1,5-bis(furazan-3-yla-
mino)-1H-1,2,3,4-tetrazole (FTF) derivatives) were system-
atically studied by using density functional theory. The
results show that the -N; or -NHNH, group plays a very
important role in increasing the HOF values of the deriva-
tives. Among these series, the SFS derivatives have lower
energy gaps, while the TFT derivatives have higher ones.
Incorporation of the -NH, group into the FSF, SFS, STS, or
FTF ring is favorable for enhancing its thermal stability,
whereas the substitution of the -NHNH, group could in-
crease the thermal stability of the TST, SFS, STS, or FTF
ring. The calculated detonation properties indicate that the
-NO, or -NF, is very helpful for enhancing the detonation
performance for these derivatives. Considering the detonation
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performance and thermal stability, six derivatives may be
regarded as promising candidates of high-energy density
materials (HEDMs). These results provide basic information
for the molecular design of novel HEDMs.
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theory - Detonation properties - Heats of formation -
Polyheterocyclic systems

Introduction

Over the past decade, high-nitrogen heterocycles have been
recognized as one class of useful and promising structures
for the design and synthesis of high-energy density materials
(HEDMs) [1-10]. Among them, a great deal of effort has
been focused on the study of tetrazole, furazan, and 1,2,4,5-
tetrazine (or s-tetrazine) derivatives [3—10]. These condi-
tional azo heterocyclic systems have their own advantages
and disadvantages as HEDMs. Tetrazine and tetrazole deriv-
atives possess high positive heats of formation (HOFs),
crystal densities, thermal stability, and so on [3-7, 11]. In
comparison with furazans, tetrazine and tetrazole derivatives
have relatively low densities and poor oxygen balance. How-
ever, some furazan derivatives exhibit certain disadvantages
such as particular chemical instabilities and incompatibilities
with the binders and additives presented in propellants and
explosives [12]. To make these advantages into a whole, a
combination of different nitrogen-rich heterocycles in one
molecule thus seems to be an attempt on designing novel
high-energy compounds.

Recently, 3,6-bis(1H-tetrazole-5-ylamino)-1,2,4,5-tetra-
zine (1) [6, 13—15], 3,6-bis(3-amino-1,2,5-oxadiazol-4-yla-
mino)-1,2,4,5-tetrazine (2) [16], and 3,6-bis(5-amino-1H-
etrazole-1-ylamino)-1,2,4,5-tetrazine (3) [17] have been
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Fig. 1 Molecular frameworks
of BTATz (1), BAOATz (2),
and BATATz (3)

synthesized and their structures are shown in Fig. 1. Com-
pound 1 was measured to have high positive HOF
(+883 kJ mol™), high density of 1.76 gem™, and moderate
mechanical sensitivity [15, 18-20]. Because of its high burn
rate with low sensitivity with respect to pressure, this mate-
rial is of great interest to the propellant community. Com-
pound 2 is determined to be very thermally stable and does
not begin to decompose until 280 °C [16]. 3 possesses
exceptionally high positive HOF (+1289.10 kJ mol™) and
thermal stability. Its decomposition temperature is 209 °C
[17]. Since they combine two kinds of energetic nitrogen-
rich heterocyclic backbone in one molecule and own good
performances, the nitrogen-rich polyheterocyclic com-
pounds may be regarded as a new class of energetic
materials.

As mentioned above, these heterocyclic compounds
and their derivatives are now investigated as potential
starting materials for the design and synthesis of new
energetic materials. Some of them have displayed po-
tential as energetic additives for high explosive/propel-
lant formulations and pyrotechnic ingredients. Therefore,
it is inferred that a hybrid of several nitrogen-containing
heterocyclic systems may be another development direc-
tion on designing HEDMs. Despite extensive interest in
the new class of high-nitrogen heterocyclic systems in
recent years, a systematic design of high-nitrogen poly-
heterocycles with higher performance and less sensitiv-
ity is still lacking. To meet the continuing demand for
improved energetic materials, there is a clear need to
continue to design and develop new high-nitrogen
polyheterocycle-based HEDMs.

Properties are often manipulated by making structural
modifications. The optimization of molecules with high
energy and density is the primary step for searching and
synthesizing HEDMs. Owing to the difficulties in the syn-
thesis of the molecules under consideration, computer tests
become an effective way to design HEDMs theoretically.
Theoretical studies not only make it possible to screen
candidate compounds, but also provide understanding in
terms of the relationships between molecular structure and
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property. Accordingly, they can help design better and more
efficient laboratory tests [21, 22].

In this work, we report a systematic study on HOFs,
thermal stability, and energetic properties of six series
of nitrogen-bridged 1,2,4,5-tetrazine-, furazan- and 1H-
tetrzole-based polyheterocyclic compounds (see Fig. 2)
by using density functional theory (DFT) method. The
HOFs of the derivatives were calculated by designing
isodesmic reactions. Next their thermal stabilities were
evaluated based on their bond dissociation energies.
Finally their detonation properties were predicted using
the calculated HOFs and densities. It is expected that
our results can provide useful information for the mo-
lecular design of novel HEDMs.

The remainder of this paper is organized as follows. A
brief description of our computational method is given in
Computational methods section, the Results and discussion,
and a summary of our Conclusions are given in the
following.

Computational methods

The hybrid DFT-B3LYP and DFT-B3P86 methods with the
6-311 G** basis set were adopted to predict HOFs via
designing isodesmic reactions. We reported that the basis
set 6-311 G** may produce satisfactory HOFs of nitrogen-
rich compounds compared with the experiment values [23].
The method of isodesmic reactions has been employed very
successfully to calculate HOF from total energies obtained
from ab initio calculations [10, 23-30]. We design isodes-
mic reactions in which the numbers of all kinds of bonds
remain invariable to decrease the calculation errors of HOF.
Because the electronic circumstances of reactants and prod-
ucts are very similar in isodesmic reactions, the errors of
electronic correction energies can be counteracted, and then
the errors of the calculated HOF can be greatly reduced [29].
In these designed reactions, the basic structural unit of the
1 H-tetrazole, 1,2,4,5-tetrazine or furazan ring skeleton
keeps unbroken, and the big molecules are changed into
small ones too.
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A5:R=NF, A6. R=NHNH,
A: 3,6-bis(1H-1,2,3,4-tetrazole-5-ylamino)-1,2,4,5-tetrazine (BTATz, TST)
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C: 3,4-bis(1,2,4,5-tetrazine-3-ylamino)-furazan (SFS)

C3: R=N;

B5:R=NF, B6. R=NHNH,
B: 3,6-bis(furazan-3-ylamino)-1,2,4,5-tetrazine (FSF)
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D3:R=N;  D4. R=NHNO,

D5: R=NF, D6. R=NHNH,
D: 3,4-bis(1H-1,2,3,4-tetrazole-5-ylamino)-furazan (TFT)
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E3:R=N;  E4. R=NHNO, F3:R=N;  F4. R=NHNO,
ES:R=NF, E6.R=NHNH, F5:R=NF, F6. R=NHNH,

E: 1,5-bis(1,2,4,5-tetrazine-3-ylamino)-1H-1,2,3,4-tetrazole (STS)

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

linkage bridge ™.
. —h—— 5

YR ALINH:MNHLER = 6CH, > M+ 2L + 2CH,NHCH, + 2CH,R

substituent

(1)

where R= -H, -NH2, -NOz, -N3, -NHNOz, -NF2, or -NHNH2
M is 1,2,4,5-tetrazine (S), furazan (Fz), or, 1H-tetrazole
(1H-Tz). Lis S, Fz, or 1H-Tz.

For the isodesmic reaction 1, the heat of reaction (AH,9g)
at 298 K can be calculated from the following equation:

AHrogx = Z AHy p— Z AHy r (2)

where AH;p and AH;p are the HOFs of reactants and
products at 298 K, respectively.

The experimental HOFs of reference compounds CHy,
CH;NHCH;3;, CH3NH,, CH3;NO,, CH;NHNH,, and 1H-Tz
are available. As the experimental HOFs of CH;Nj;,
CH;NHNO,, CH3NF,, S, and Fz are unavailable, additional

F: 1,5-bis(furazan-3-ylamino)-1H-1,2,3 4-tetrazole (FTF) Fi

calculations were performed to get their accurate HOFs by
using G2 method [31, 32]. The G2 approach was used to
compute the total energies of the systems. The HOFs for
CH;3N;, CH3NHNO,, CH3NF,, S, and Fz were computed
from the isodesmic reactions 3-7.

CH3N;(g) + HCl(g) — CH;Cl(g) + HN3(g) (3)

CH3NHNO;(g) + NHs(g) — CH3NH;(g) + NH;NO, (g)
(4)

3CH;3NHz(g) + 2NF3(g) — 3CH3NF;(g) + 2NH3(g)
(5)

4CsHsN(Pyridine)(g) — C,H,Ny(Tetrazine)(g)

+ 3C¢Hg(Benzene)(g) (6)

2C3;H;3NO(Oxazole)(g) — C4H4O(Furan)(g)
+ C,H;N,O(Furazan)(g)  (7)

The HOFs of the TST, FSF, SFS, TFT, STS, and FTF
derivatives can be evaluated when the heat of reaction
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AH,9g is known. Therefore, the principal thing is to com-
pute the AH,95. AH,9g can be calculated using the follow-
ing expression:

AH,y93 = AEyes + A(PV) = AEy + AZPE + AHy + AnRT
(8)

where AEj is the change in total energy between the products
and the reactants at 0 K, AZPE is the difference between the
zero-point energies (ZPE) of the products and the reactants,
and AHr is thermal correction from 0 to 298 K. The A(PV)
term in Eq. 8 equals AnRT for the reactions of ideal gas. For
the isodesmic reaction 1, An=0, so A(PV)=0.

The condensed phase for most energetic compounds is
solid. Therefore, the calculation of detonation properties
requires solid-phase heat of formation (AH,4). According
to Hess’s law of constant heat summation [33], the gas-
phase heat of formation (AH,,) and heat of sublimation
(AHy,;,) can be used to evaluate their solid-phase heats of
formation (AH,q):

AHf,mlid = AHf,gas - AHmh (9)

Politzer et al. [34-38] found that the heats of sublimation
can correlate well with the molecular surface area and elec-
trostatic interaction index vo?, of energetic compounds. The
empirical expression of the approach is as follows:

AHy = ad® + b(vo? )™ + ¢ (10)

where A is the surface area of the 0.001 electrons/bohr” isosur-
face of electronic density of the molecule, v describes the
degree of balance between positive and negative potential on
the isosurface, and o2, is a measure of variability of the
electrostatic potential on the molecular surface. The coeffi-
cients a, b and ¢ were determined by Rice et al: a=2.670x
10 keal/mol/A*, b=1.650 kcal mol™", and ¢ =2.966 kcal mol™
[37]. The descriptors A, v, and 02, were calculated using the
computational procedures as described by Felipe et al. [39].
This approach has been demonstrated to predict reliably the
heats of sublimation of many energetic compounds [34, 37].

The strength of bonding, which could be evaluated by
bond dissociation energy (BDE), is fundamental to under-
standing chemical processes [40]. To compare the bond
strength and thermal stabilities of the derivatives, their
bond dissociation energies were calculated at the UB3LYP/
6-311 G** level. The bond dissociation energy can be given in
terms of Eq. 11 [41]:

BDE’(A — B) = Ey(A-) + Eo(B:) — Eo(A — B) (11)

The bond dissociation energy with zero-point energy
(ZPE) correction can be calculated by Eq. 12:

BDE(A — B),p; = BDE’(A — B) + AZPE (12)
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where AZPE is the difference between the ZPEs of the
products and the reactants.

The detonation velocity and pressure were estimated by
the semi-empirical Kamlet-Jacobs formula [42] as

_ 1/2
D= 1.01(NM1/2Q'/2) (1+1.30p) (13)

—1/2

P =1.558p°NM '°0'/> (14)

where D is the detonation velocity (km's™), P is the deto-
nation pressure (GPa), N is the moles of detonation gases
per gram explosive, M is the average molecular weight of
these gases, O is the heat of detonation (J-g™'), and p is the
density of explosives (g-cm™). To estimate their D and P, we
first need to calculate their Q and p.

The heat of detonation Q was evaluated by the HOF
difference between products and explosive according to
the principle of exothermic reactions, i.e., all the N
atoms turn into N,, F atoms form HF with H atoms or
convert into F, without H atoms, and oxygen atoms go
to H,O before CO,. If the content of O is not enough to
satisfy full oxidation of the H and C atoms, the remain-
ing H atoms will convert into H,, and C atoms will exist
as solid-state C [43]. In the Kamlet-Jacobs equations, the
detonation products are supposed to be CO, (or C), H,O
(or H, or HF or F,), and N,, so released energy in the
decomposition reaction reaches its maximum. Based on
the p and Q values, the corresponding D and P values
can be evaluated.

For the titled compounds, the theoretical density was
obtained from the molecular weight divided by the average
molecular volume. The volume was defined as inside a
contour of 0.001 electrons/bohr’ density that was evaluated
using a Monte Carlo integration. We performed 100 single-
point calculations for each optimized structure to get an
average volume at the B3LYP/6-31 G* level [44]. The
crystal density can be improved by the introduction of the
interaction index vatzot [45, 46]:

p=5 <%> +/32(V0t2m) + B3 (15)

where M is the molecular mass (g/molecule), and V is the
volume of the isolated gas molecule (cm>/molecules). The
coefficients 3, (3., and 35 are 0.9183, 0.0028, and 0.0443,
respectively [44].

The optimization of each molecule was performed with-
out any symmetry restrictions using the default convergence
criteria in the programs. Its optimized structure corresponds
to at least a local energy minimum on the potential energy
surface without imaginary frequency. These calculations
were performed with the Gaussian 98 package [47].
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Results and discussion
Heats of formation

The HOF is frequently taken to be indicative of the “energy
content” of a HEDM. Also, it is one of the most crucial
thermodynamic quantities. Thereby, it is very important to
accurately predict the HOF. Table 1 lists the total energies,
zero-point energies, thermal corrections, and HOFs for elev-
en reference compounds in the isodesmic reaction 1 at the
B3LYP/6-311 G** and B3P86/6-311 G** levels. Thermo-
dynamic properties were obtained from the scaled vibration-
al frequencies with scaling factors taken from ref [48] using
Eq. 8. In Table 1, the experimental HOFs of the reference
compounds (including 1H-Tz, CHy, CH3;NHCH;, CH3NH,,
CH;NO,, and CH3;NHNH,) were taken from Refs [49] and
[50]. The heat of isodesmic reaction, AH,9g, for the reac-
tions 3-7 were obtained through Eq. 8 using the G2 theory.
A precise value of AH, for Fz, S, CH3N;, CH3NF,, and
CH;3;NHNO, were then obtained through Eq. 2 as well as the
available experimental HOFs for Pyridine(g), Benzene(g),
Oxazole(g), Furan(g), HCI(g), CH5Cl(g), HNs(g), NH;5(g),
NF3(g), CH3NH,(g), and NH,NO,(g) [26, 49].

Table 2 summarizes the total energies, zero-point ener-
gies, thermal corrections, and HOFs of the TST, FSF, SFS,
TFT, STS, and FTF derivatives. We also evaluate the de-
pendence of the HOFs at the B3P86 and B3LYP levels with
6-311 G**. The results show that the HOFs at the two
methods for the same compound are very close. There is a
very good linear relationship between the HOFs from the
B3P86 and B3LYP methods with 6-311 G**: HOFg3pgs=
0.9999HOF 31 yp — 10.0662 with R? =0.9998. This indi-
cates that both the methods produce similar HOFs for the
derivatives.

As is evident in Table 2, all the compounds exhibit
positive HOFs. A3 and E3 have the largest HOF values

(over 2000 kJ mol™") among all the derivatives. This reflects
that the TST, FSF, SFS, TFT, STS, and FTF derivatives have
high positive HOFs, consistent with previous reports [2, 3]
that energetic high-nitrogen heterocycles have high positive
HOFs. The substituted TST, FSF, SFS, TFT, STS, or FTF
derivatives have larger HOFs than the corresponding unsub-
stituted one except for B1, C1, C5, El, ES, and F1. When
the H atoms of TST are replaced by -Nj, its HOF value is the
largest one among the same series. The same is true of the
FSF, SFS, TFT, STS, and FTF derivatives. This is in agree-
ment with previous studies [1, 23, 24, 51] that the azido
group is one of the most energetic functional groups known
and its substitution can increase the energy content of a
molecule by about 300 kJ mol'. For the A series, when
the H atoms of -NH, in the TST ring (A1) are replaced by
-NH, (or -NO,) to form A4 (or A6), an increase in the HOF
value of A4 (or A6) is large compared with the unsubstituted
one (Al). The same is true of B, C, D, E and F series. This
shows that the -NH- group is an effective linkage for in-
creasing the HOFs of the TST, FSF, SFS, TFT, STS, and
FTF derivatives. It is also seen in Table 2 that the substitu-
tion of the group -N5 or -NHNH, in TST, FSF, SFS, TFT,
STS, or FTF extremely enhances the HOF value of the
corresponding parent ring. This indicates that the -Nj or
-NHNH, group plays a very important role in increasing
the HOF values of the TST, FSF, SFS, TFT, STS, or FTF
derivatives. Also, note that the differences between the HOF
values of the unsubstituted TST (A) and its substituted
derivatives are close to those of the unsubstituted TFT
(D) and its unsubstituted ones with the same substituent.
Although the parent TST (A) and TFT (D) rings have the
same outer ring (tetrazole ring) but have a different center
ring, there is a good linear relationship between the differ-
ences of the parent ring and its substituted derivatives for A
and D series: y=1.0037x-13.0400, with R*=0.9991. This
indicates that the substituents produce similar effects on

Table 1 Calculated total energies

(Eo, a.1.), zero-point energies Compd B3LYP/6-311 G** B3P86/6-311 G** HOF?  HOF¢
(ZPE, kJ mol"l), thermal correc-
tions (H7; kJ mol™), and heats of Ey ZPE Hr Ey ZPE Hr
formation (HOFs, kJ mol™) of the
reference compounds® S —296.390906 13440 13.84 —297.134547 13541 13.87 493.66
1H-Tz -258.316873  122.99 11.79  —258.959350 124.44 11.69 320.00 334.59
Fz —262.112124  119.67 11.80  —262.749948  120.89 11.72 202.91
CH, —40.533744  117.09 10.03 —40.713980 11742 10.04 —74.60 —77.68
"Episina.u; IZPE, HOF,and Hr  CH;NHCH; 135205417 24147 1429 -135.676015 24236 1427 -18.80 —17.87
are in kJ mol ™. The scaling
H;NH -95.8884 167. 11. -96.21371 16831  11. -22. 2321
tactor for ZPE is 0.98 and the CH;NH, 95.888439 67.56 56 —96.213717 68.3 55 50 3
scaling for Hy is 0.96 [48] CH;NO, 245081673 13042 14.15 —245.649164 13134 1412 —80.80 —85.96
® Data are the experimental CH;N; —204.148401  131.67 1441 —204.679787 132.53  14.40 304.39
values taken from Refs CH;NHNO, —300.434462 17649 1634 —301.147794 177.78  16.30 -10.43
[49] and [50] CH;NF, —294.298331 12275 13.85 —294.895029 123.62 13.75 -97.98
¢ The calculated values are CH;NHNH, —151.222209 21344 13.74 —151.692042 21455 13.70 9470  92.26

at the G2 level
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Table 2 Calculated total energies (Ey, a.u.), zero-point energies (ZPE, kJ mol'l), thermal corrections (Hy kJ mol'l), and heats of formation (AHj
kJ mol'!) of the TST, FSF, SFS, TFT, STS, and FTF derivatives at the B3LYP and B3P86 levels *

Compd B3LYP/6-311 G** AHigue  AHpua  B3P86/6-311 G** AHpges  MHpsia

Eo ZPE Hy E, ZPE Hy

TST (A) series

A —921.403733 368.82  38.59  1110.53  905.17 —923.656840 373.04 3826 1099.13  893.77
Al —1032.063695 45536  46.82 133556 1082.16  —1034.606833  460.38  46.41 132424 1070.84
A2 —1330.392462  372.62  53.17 1363.33 106629  —1333.419293  378.69 5258 135447 1057.44
A3 —1248.537926 37578  53.88  2103.04 1777.14 —1251.491510 381.46 53.44 2096.74 1770.84
A4 —1441.111291  464.02 59.25 147045 1103.96 —1444.428197 470.63 58.72  1465.51  1099.02
AS —1428.827460  355.68 54.89  1313.22 101390 —1431.913357 36144 5435 1314.73 1015.40
A6 —1142.729782 54428 5321 1573.05 1263.16 —1145.561995  550.17 52.79 156198  1252.09
FSF (B) series

B —928.982481 361.76  39.28  907.47 701.06 —262.749948 120.89 11.72  897.44 691.02
Bl —1039.736251 45270  45.77  888.78 640.18 —1042.271819  457.15 4546  872.84 624.24
B2 —1338.039992 37285 53.06 986.03 690.59 —1341.058345 37837 52.65 975.05 679.61
B3 —1256.218666  376.57 54.01 1639.32  1306.99  —1259.164752  381.80 53.66 162834  1296.01
B4 —1448.773550  462.40 59.31  1052.83  688.81 —1452.085101  469.39  58.47 1037.99 673.97
BS —1436.468641 35434  55.07 963.43 678.72 —1439.545031  359.71 54.60  953.46 668.76
B6 —1150.385132  540.71  53.59 117198  860.89 —1153.210054  546.11 53.20 1155.58  844.49
SES (C) series

C —963.258801 376.50  40.99 1204.36  980.87 —965.608534 380.22  40.80  1192.81  969.32
Cl —1074.034705  462.89 4947 1125.09 846.31 —1076.677062  467.04  49.40 1106.64  827.86
C2 —1372.329838 38596 5524 124629  912.89 —1375.454681  391.19 5491 123342  900.03
C3 —1290.517869  390.88 5536 187535  1518.72  —1293.571479  395.87 55.03  1859.78  1503.14
Cc4 —1483.065833  476.44 61.01  1307.12  909.48 —1486.482469  482.39  60.60  1293.69  896.05
Cs —1470.762737  368.78  56.88  1213.45  893.39 —1473.947039  373.86  56.52 119791 877.85
Co6 —1184.695188  554.04  56.64 1380.26 104190 —1187.627557 55927 5639  1359.64 1021.29
TFT (D) series

D —887.094711 352.68 3791 899.16 709.44 —889.240583 356.83  37.70  891.44 701.72
D1 —997.756433 441.73 4458 112046  885.07 —1000.192239  446.81 44.16  1113.07  877.69
D2 —1296.086782 35833  51.58 1144.09 864.73 —1299.006244  364.48 5096 1139.26  859.90
D3 —1214.230443  360.83  52.68 1888.26  1580.16 —1217.076596  366.60 5221  1886.18  1578.07
D4 —1406.809565  449.89  57.60  1240.92  887.61 —1410.019085  456.65 57.01  1240.08  886.77
D5 —1394.522386  341.76  53.25 1104.79  823.25 —1397.501024  347.61 52.66 109793  816.40
D6 —1108.431709  531.47 51.20 133485 1041.61 —1111.156608  537.45 50.74 1327.67 1034.43
STS (E) series

E —959.421941 37649 4150 142796  1201.41  —961.775600 381.11  40.87 141855  1192.00
El —1070.199191  463.60 49.67 134554 1063.09 —1072.845019  468.09 49.58 1330.30  1047.85
E2 —1368.491536  386.00 55.59 1473.54 1136.49  —1371.619731 39133 5534  1464.08 1127.03
E3 —1286.681458  391.45 5551 209797 1736.86 —1289.738493  396.63 5526  2085.68  1724.57
E4 —1479.227371 47639 6146  1534.82  1131.65 —1482.647332 48245 61.16 1524.89 1121.73
E5 —1466.924781  368.98  57.17 143991 1115.18 —1470.112478  374.18 56.87 1427.64 110291
E6 —1180.859964  554.63 57.03 1600.02  1257.62 —1183.795849  560.12 56.81  1582.48  1240.08
FTF (F) series

F —890.840977 348.09  37.52  909.04 713.57 —892.980855 35236 37.17  905.02 709.55
F1 —1001.602781 43991 43.58  869.68 639.87 —1004.034999 44470  43.18  859.43 629.61
F2 —1299.905486  359.55 51.13  969.41 691.82 —1302.820451  365.14 50.64  963.96 686.38
F3 —1218.082788  363.61 52.44 1627.00 1306.48  —1220.925112 368.95 52.08 1622.64 1302.11
F4 —1410.639994  449.79  57.50  1034.52  695.87 —1413.846679  456.05 57.03  1028.74  690.09
F5 —1398.328977 34136  53.80 961.33 673.93 —1401.302045  346.76  53.40  956.83 669.43
F6 —1112.263837  530.23  51.06  1122.84  830.92 —1114.985449 53570  50.68  1111.85  819.93

 E, is in a.u.; ZPE, HOF, and Hr are in kJ mol™' . The scaling factor for ZPE is 0.98 and the scaling for Hr is 0.96 [48]
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the HOFs of the parent TST and TFT linkages. The same is
true of the other series (for B and F series: y=1.0016x+
20.881, R*=0.9966, for C and E series: y=1.0026x-
0.8261, R*=0.9998). We also note that the HOFs of the
derivatives are not satisfactory with the relationship of simple
group addition.

Figure 3 presents a comparison of the HOF values for the
TST, FSF, SFS, TFT, STS, and FTF derivatives. The sub-
stituted TST derivatives (A series) have higher HOF values
than the corresponding FSF ones (B series) with the same
substituent. This shows that the TST ring is a more effective
linkage for increasing the HOF than the FSF ring. In addi-
tion, the HOFs of the STS derivatives (E series) are higher
than ones of the FTF derivatives (F series). Also, the HOF
values of the substituted SFS derivatives (C series) are close
to those of the substituted TFT ones (D series) with the same
substituent. This implies that the combination of 1,2,4,5-
tetrazine and 1H-tetrazole ring is more helpful for increasing
the HOFs than the combination of furazan and 1,2,4,5-
tetrazine (or 1H-tetrazole) ring. Among the six series, the
substituted TST and STS derivatives have the largest HOF
values with the same substituent. This indicates that the
linkage TST or STS is a very effective combination for
increasing the HOF.

Electronic structure

Table 3 lists the HOMO and LUMO energies and the energy
gaps (AErumo-nomo) for the TST, FSF, SFES, TFT, STS,
and FTF derivatives at the B3LYP/6-311 G** and B3P86/6-
311 G** levels. It can be seen that the Eyomo, Er.umo, and
AE; umo-nomo Vvalues at the B3P86/6-311 G** level are
systematically smaller than those at the B3LYP/6-311 G**
level for most of the derivatives. There is a good linear

2200

1 —0O— A (TST) series n
2000 4 —O— B (FSF) series /\
{1 4 C(SFS) series

1800 4 —V— D (TFT) series

E (STS) series

1600 —<+—F (FTF) series

1400

D/ — ’ g 4
7

T
-NHNO, -NF, -NHNH,

HOF (kJ/mol)

1200
1000

800 +

-H -NH -NO N,

Substituents

Fig. 3 Comparison of the HOFs of the TST, FSF, SFS, TFT, STS, and
FTF derivatives (A-F series) influenced by different substituents

relationship between AE[ymo-nomo by B3LYP and
AE; ymo-nomo by B3P86 with the 6-311 G** basis set:
AEp;pge=1.0438 AEg31yp-0.0065, with R*=0.9977. This
shows that both methods produce similar energy gaps for
the derivatives. When the -NH, or -NHNH, group is at-
tached to the TST, FSF, SFS, TFT, or STS parent ring, the
HOMO energy level increases, whereas attachment of other
groups will make HOMO energy level decrease. The same
is true of the LUMO energy level for the SFS, TFT, and STS
derivatives. This indicates that different substituents have
different effects on the HOMO and LUMO energy levels.
As shown in the Table 3, the parent FSF and SFS possess
higher HOMO energy levels, while the parent TFT and FTF
possess lower ones. In addition, further incorporating of the
substituents has almost no effect on the sequence of the
HOMO energy level. This indicates that the parent rings
interact mainly with the HOMO orbital. However, for the
LUMO energy level, the case is different. The LUMO
energy level for the six parent rings increases in the order
of FTF, TFT, STS, SFS, FSF, and TST; but further introduc-
tion of the substituents into the parent rings changes the
sequence of the LUMO energy level. This shows that the
substituents interact predominately with the LUMO orbital.

Some of the derivatives increase the HOMO-LUMO gaps
of the unsubstituted molecules, whereas others decrease
them. For TST (A) or TFT (D) series, most of the deriva-
tives increase AE umo-Homo as compared to the parent A
or D except for the derivative with the -NO, group (D2).
This shows that the same substituent could produce similar
effects on the HOMO-LUMO gaps of different parent rings
(A and D). It may be because the parent TST (A) and TFT
(D) have the same outer ring (1H-tetrazole ring). Addition-
ally, it is interesting to note that A-NH,, A-NHNH,, D-NH,,
and D-NHNH, have higher HOMO-LUMO gaps than the
corresponding unsubstituted molecule. However, the case
is quite the contrary for B-NH,, B-NHNH,, C-NH,, or
C-NHNH,. For C and E series (SFS and STS derivatives),
the introduction of the substituents has almsot no effect on
energy gaps. This further indicates that the effect of the
substituent on the HOMO-LUMO gap is closely related to
the outer rings of A, B, C, or D. Al1-6, B2, B3, B5, C2, C4,
CS5, DI, D3-6, and E1-5 have higher energy gaps than the
unsubstituted molecule A, B, C, D or E, indicating a shift
toward higher frequencies in their electronic absorption
spectra. However, B1, B4, B6, C1, C3, C6, D2, E6, and
F1-6 have lower energy gaps than the corresponding unsub-
stituted one, reflecting a shift toward lower frequencies in
their electronic absorption spectra. Among the derivatives,
D5 has the highest energy gap, whereas B6 has the smallest
one. Also, among the six series, C series have lower energy
gaps, while D series have higher energy gaps. Overall,
different substituted molecules present a comparison of the
energetics.
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Table 3 Calculated HOMO and LUMO energies (a.u.) and energy gaps (AEpuymo-nomo, a.u.) of the TST, FSF, SFS, TFT, STS, and FTF
derivatives at the B3LYP/6-311 G** and B3P86/6-311 G** levels®

Compd Enomo

ELUMO

AE‘LUMO-I 1OMO

Compd  Enomo AE ymo-tomo

ELUMO

TST (A) series
A —0.2681(-0.2915)

Al —0.2598(-0.2825)
A2 —0.2863(-0.3097)
A3 —0.2741(-0.2972)
A4 —0.2777(-0.3005)
A5 —0.2848(-0.3063)
A6 —0.2555(-0.2777)
SES (C) series

C —0.2456(-0.2658)
Cl —0.2264(-0.2476)
C2 —0.2808(-0.3012)
C3 —0.2515(-0.2729)
C4 —0.2650(-0.2857)
(Y] —0.2703(-0.2902)
Co —0.2273(-0.2484)
STS (E) series

E —0.2621(-0.2832)
El —0.2440(-0.2657)
E2 —0.2984(-0.3192)
E3 —0.2695(-0.2909)
E4 —0.2807(-0.3015)
E5 —0.2872(-0.3076)
E6 —0.2441(-0.2659)

~0.1594(-0.1829)
~0.1405(-0.1642)
~0.1531(-0.1758)
~0.1494(-0.1724)
~0.1493(-0.1726)
~0.1539(-0.1761)
~0.1330(-0.1561)

~0.1411(-0.1642)
~0.1253(-0.1480)
~0.1749(-0.1981)
~0.1487(-0.1723)
~0.1559(-0.1788)
~0.1642(-0.1869)
~0.1295(-0.1523)

~0.1371(-0.1664)
~0.1181(-0.1408)
~0.1710(-0.1945)
~0.1428(-0.1663)
~0.1516(-0.1749)
~0.1602(-0.1830)
~0.1217(-0.1442)

FSF (B) series
0.1087(0.1086)
0.1193(0.1183)
0.1332(0.1339)
0.1247(0.12438)
0.1284(0.1279)
0.1309(0.1302)
0.1225(0.1216)
TFT (D) series
0.1045(0.1016)
0.1011(0.0996)
0.1059(0.1031)
0.1028(0.1006)
0.1091(0.1069)
0.1061(0.1033)
0.0978(0.0961)
FTF (F) series
0.1250(0.1168)
0.1259(0.1249)
0.1274(0.1247)
0.1267(0.1246)
0.1291(0.1266)
0.1270(0.1246)
0.1224(0.1217)

B ~0.2578(-0.2805)  —0.1412(-0.1635)  0.1166(0.1170)
Bl ~0.2467(-0.2681)  —0.1455(-0.1684)  0.1012(0.0997)
B2 ~0.2792(-0.3017)  —0.1440(-0.1659)  0.1352(0.1358)
B3 ~0.2597(-0.2821)  —0.1302(-0.1525)  0.1295(0.1296)
B4 ~0.2821(-0.3067)  —0.1713(-0.1947)  0.1108(0.1120)
B5 ~0.2722(-0.2940)  —0.1397(-0.1620)  0.1325(0.1320)
B6 ~0.2418(-0.2627)  —0.1463(-0.1690)  0.0955(0.0937)

D —0.2768(-0.2993)  —0.0946(-0.1159)  0.1822(0.1834)
D1 —0.2764(-0.2985) —0.0884(-0.1101)  0.1880(0.1884)
D2 —0.2999(-0.3231)  —0.1364(-0.1576)  0.1635(0.1655)

D3 ~0.2836(-0.3063)  —0.1017(-0.1226)  0.1819(0.1837)
D4 ~0.2922(-0.3151)  —0.1056(-0.1253)  0.1866(0.1898)
D5 ~0.3004(-0.3224)  —0.1053(-0.1257)  0.1951(0.1967)
D6 ~0.2709(-0.2925)  —0.0770(-0.0989)  0.1939(0.1936)
F ~0.2726(-0.2953)  —0.0815(-0.1016)  0.1911(0.1937)
Fl ~0.2496(-0.2711)  —0.0716(-0.0917)  0.1780(0.1794)
2 ~0.2969(-0.3186)  —0.1606(-0.1823)  0.1363(0.1363)
F3 ~0.2741(-0.2965)  —0.0950(-0.1159)  0.1791(0.1806)
F4 ~0.2776(-0.2998)  —0.1201(-0.1400)  0.1575(0.1598)
F5 ~0.2948(-0.3164)  —0.1197(-0.1388)  0.1751(0.1776)
F6 ~0.2365(-0.2569)  —0.0647(-0.0839)  0.1718(0.1730)

* The values in parentheses are at the B3P86/6-311 G** level

Thermal stability

Bond dissociation energy (BDE) provides useful informa-
tion for understanding the stability of the title compounds. It
should be pointed out that we select the weakest bond (N-N,
O-N, C(N)-R, or N-R’) as the breaking bond based on atom-
atom overlap-weighted NAO bond order to calculate BDE
at the UB3LYP/6-311 G** level. The bond orders and bond
dissociation energies (BDE) of the weakest bonds for the
TST, FSF, SFS, TFT, STS, and FTF derivatives are listed in
Table 4. From the BDE® and BDE_pg: values, it is found that
the BDE values without zero-point energy correction are
larger than those including zero-point energy corrections.
However, the order of the dissociation energies is not affected
by the zero-point energies. Saikia [15] found that the activa-
tion energy (E£,) for exothermic decomposition of BTATz
(A, TST) computed by using ASTM standard method (based
on Kissinger correlation) was 212.69 kJ mol™. As is shown in
Table 4, our calculated BDEpr of the weakest bond for
BTATz was 222.28 kJ mol™. It means that our result com-
pares well with previous studies [15]. Therefore, our
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calculations here should be relatively credible. It is notewor-
thy that most of the derivatives have smaller BDE,pg values
than the unsubstituted molecule TST, FSF, SFS, TFT, STS, or
FTF. The calculated BDE can be used to measure the relative
order of thermal stability for energetic materials [52, 53].
Therefore, it can be deduced that introduction of most of
the substituents into TST, FSF, SFS, TFT, STS, or FTF are
unfavorable for increasing its thermal stability. Compared
with the commonly used explosives RDX (1,3,5-trinitro-
1,3,5-triazinane) and HMX (1,3,5,7-tetranitro-1,3,5,7- tetra-
zocane), most of the FSF, SFS and FTF derivatives have
higher BDEzpg values. This implies that they have good
thermal stability.

It is interesting to note that the N-NH, bond of Al has
relatively low bond order (0.7881) but the highest BDE pg
value (256.53 kJ mol™") among the weakest bonds of the TST
derivatives. However, the N-N bond in the 1H-tetrazole ring
of Al has higher bond order (0.8947) but lower BDE pg
(121.81 kJ mol™) compared to the N-NH, bond of Al. A
similar situation is also found in C2 and E2. The initial step
should be via ring cleavage in thermal decompositions.
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Table 4 Calculated bond dissociation energies (BDE, kJ mol™) for A-B(g) — A+(g) + B+(g) and atom-atom overlap-weighted NAO bond order of
the weakest bonds for the TST, FSF, SFS, TFT, STS, and FTF derivatives together with RDX and HMX at the B3LYP/6-311 G** level®

Compd (N-N)1, ring O-N (N-N)gigge N-R C-R N-R' BDE’ BDEpi:

TST (A) series

A 0.8744 242.06 222.28

Al 0.8947 0.7881 136.49(288.19)" 121.81(256.53)"
A2 0.6781 99.06 82.19

A3 0.7926 163.36 142.71

A4 0.6736(NH-NO,) 112.52 94.63

A5 0.8357 123.36 107.56

A6 0.7583 200.34 177.83

FSF (B) series

B 0.7475 196.65 186.82

Bl 0.7294 201.77 190.33

B2 0.7388 166.79 157.21

B3 0.7438 192.55 182.12

B4 0.7532(NH-NO,) 132.09 114.78

BS 0.7494 185.02 174.07

B6 0.7271 162.55 152.05

SES (C) series

C 0.7488 190.14 179.47

Cl 0.7413 197.78 187.77

Cc2 0.7552 0.7380 189.98(246.51)° 179.35(229.23)°
C3 0.7482 190.14 179.37

C4 0.7444(NH-NO,) 133.66 114.94

C5 0.7523 200.72 190.30

Co 0.7486 197.38 185.91

TFT (D) series

D 0.7414 196.03 186.26

D1 0.7326 181.44 169.63

D2 0.6806 97.63 80.78

D3 0.7334 0.7917 114.20(174.91)° 96.08(164.00)"
D4 0.6880(NH-NO,) 116.30 98.69

D5 0.7510 0.8372 123.58(186.58)° 107.33(176.50)°
D6 0.7438 179.41 167.02

STS (E) series

E 0.8696 0.8141 90.53(249.23)" 83.69(226.75)"
El 0.8712 0.8095 95.04(203.92) 88.05(184.65)"
E2 0.8682 0.7370 84.98(246.12)" 78.02(228.47)
E3 0.8696 0.8116 91.34(227.15) 83.93(206.79)"
E4 0.8694 0.7434(NH-NO,) 87.50(136.17)" 80.59(117.26)"
ES 0.8688 0.8115 84.90(244.17) 77.80(222.81)"
E6 0.8701 0.7695(NH-NH,) 133.02(275.63)° 123.15(243.55)"
FTF (F) series

F 0.7431 179.22 169.27

F1 0.7114 190.32 180.56

F2 0.7185 175.22 165.60

F3 0.7394 190.24 179.79

F4 0.7481 0.7766(NH-NO,) 122.82(174.24)" 103.30(165.78)°
F5 0.7295 169.44 159.63

F6 0.7233 191.87 181.36

RDX 0.7567 166.19 145.62

HMX 0.7812 178.77 160.41

2 BDE® denotes the bond dissociation energies without zero-point energy corrections, while BDEzpr denotes the bond dissociation energies

including zero-point energy corrections

® The values in parentheses are the bond dissociation energies of the bonds with the smallest bond orders
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Accordingly, to judge the thermal stability of the derivatives is
not by the bond order simply, but it is necessary to depend on
the BDEpg. As is evident in Table 4, the BDE values of the
TST and TFT derivatives are approximately equal except for
the molecules with the -NH, or -N3 group. This indicates that
the effect of the substituent on the BDE of TST and TFT is
similar. Also, we note that A1 and D1 have smaller BDE pg
than the corresponding parent ring A or D, while B1, C1, E1,
and F1 have higher BDEzpg than the corresponding parent
ring B, C, E, or F. This shows that the effect of the -NH, group
on the BDE,pg of TST, FSF, SFS, TFT, STS, and FTF is
different. When the -NO,, -N3, or -NHNO, group is attached
to the TST, FSF, SFS, TFT, STS, or FTF ring, the BDEpg
value decreases except for E3 and F3. This implies that
incorporating -NO,, -N3, or -NHNO, groups into the TST,
FSF, SFS, TFT, STS, or FTF ring make its stability decreased.

Our calculated BDE values for TST, FSF, SFS, TFT,
STS, and FTF show some interesting features. First, the
unsubstituted molecules with the center ring of 1H-tetrazole
often possess lower BDE values than those with the center

ring of furazan or 1,2,4,5-tetrazine. Second, the substituted
derivatives with the center ring of 1H-tetrazole and the outer
ring of 1,2,4,5-tetrazine (STS series) have the lowest BDEs
among the six series with the same substituents. Third, the
STS derivatives (E series) have lower BDEs than the SFS
derivatives (C series) with the same substituents. On the
whole, the 1H-tetrazole appears to be a relatively poor unit
for enhancing the stability of the derivatives.

Predicted detonation performances

Detonation velocity and detonation pressure are two important
performance parameters for an energetic material. Table 5
presents the calculated detonation velocities (D) and pressures
(P) of the TST, FSF, SFS, TFT, STS, and FTF derivatives
together with available experimental data [13]. The detonation
properties were evaluated using the semi-empirical Kamlet-
Jacobs formula, which was proved to be reliable for predicting
the explosive properties of energetic high-nitrogen com-
pounds [23, 24, 54-56]. For a comparison, the experimental

Table 5 Predicted detonation properties of the TST, FSF, SFS, TFT, STS, and FTF derivatives together with RDX and HMX

Compd 0 /g p (g/cms) D (km/s) P (GPa) Compd Q (J/g) P (g/cm3) D (km/s) P (GPa)
TST (A) series FSF (B) series

A 104731  1.70(1.76)*  7.30(7.52)*  22.84(22.30)" B 1306.30  1.65 6.95 20.35
Al 1127.70  1.72 7.67 25.37 Bl 114413 1.68(1.61)*  7.04 21.06
A2 1537.41 1.85 8.53 32.80 B2 1538.08 1.84 8.22 30.29
A3 1498.10 1.76 8.18 29.35 B3 1467.00  1.70 7.54 24.38
A4 1507.18  1.80 8.36 31.02 B4 1476.57  1.79 8.05 28.58
A5 1576.54 195 9.01 37.68 BS5 1589.59  1.90 8.61 33.92
A6 1202.24  1.68 7.82 26.04 B6 1251.97 1.67 7.39 23.13
SES (C) series TFT (D) series

C 1290.19  1.66 7.14 21.56 D 1140.66  1.73 7.40 23.65
Cl 1085.67 1.71 7.14 21.94 D1 1211.03  1.72 7.74 25.87
C2 1523.67 1.79 8.04 28.56 D2 158449 1.84 8.59 33.18
C3 143593  1.76 7.65 25.61 D3 1582.24  1.77 8.19 29.44
C4 1463.57 1.78 7.97 27.93 D4 154242 1.81 8.45 31.76
Cs5 1564.76  1.87 8.46 32.47 D5 1622.22 195 9.09 38.36
Cé6 1172.74  1.67 7.35 22.83 D6 1261.46  1.64 7.71 24.92
STS (E) series FTF (F) series

E 1281.43  1.65 7.38 22.88 F 1392.60  1.65 7.23 21.96
El 1076.12  1.72 7.40 23.58 F1 1194.52  1.67 7.26 22.31
E2 1551.31  1.79 8.21 29.83 F2 159541 1.83 8.44 31.98
E3 1429.39  1.72 7.77 26.03 F3 1527.13  1.77 7.96 27.86
E4 1489.36  1.76 8.07 28.47 F4 152822 1.85 8.45 32.16
E5 1590.86  1.92 8.79 35.62 F5 1656.93  1.93 8.95 37.00
E6 1163.47  1.65 7.50 23.64 F6 1277.15  1.68 7.61 24.64
RDX" 1591.03  1.71(1.82)*  8.42(8.75)*  30.47(34.00)* HMX® 1633.90  1.82(1.91)*  8.81(9.10)*  34.69(39.00)*

* Data in the parentheses are the experimental values taken from Refs [13, 16, 54]

° The calculated values of RDX and HMX are taken from Ref [23]
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detonation performances of two known explosives RDX and
HMX [57] are also listed in this table.

As is evident in Table 5, the calculated detonation prop-
erties of the BTATz (A), RDX, and HMX agree well with
available experimental values. Although the error or limita-
tion of the calculation method leads to the predicted D and P
somewhat deviating from those from experiment, these
results are still reliable and meaningful. The TST, FSF,
SFS, TFT, STS, and FTF derivatives with different substitu-
ents have different p values, for example, the largest p value
and the smallest one are 1.95 and 1.64 gem™, respectively.
This makes the derivatives have different D and P values.
All the derivatives increase the D and P values as compared
to the corresponding unsubstituted molecule. The TST and
TFT derivatives (A and D series) possess higher p, D, and P
values than the other ones; moreover, they nearly have the
same D and P. This means that incorporating the substitu-
ents have similar effects on the detonation properties of the
parent TST and TFT rings even though A and D have
different center rings. Additionally, it is found that the
difference between D or P of substituted and unsubstituted
FSF is close to one between D or P of substituted and
unsubstituted FTF. The same is true of C (SFS) and E
(STS) series. This indicates that the detonation properties
mainly depend on substituents and the outer ring of parent
molecule.

It is observed from Table 5 that most of the derivatives
have higher p values than RDX (1.82 gem™) [57], so they
have very high D and P values. The derivatives with the
-NO, or -NF, have very high p, D, and P values. It is also
found that D5 (TFT-NF,), the derivative with two -NF,
groups, has the largest D, and P values among the deriva-
tives. This shows that the substitutions of the -NO, or -NF,
group are useful for increasing the densities and detonation
properties of the TST, FSF, SFS, TFT, STS, and FTF
derivatives.

Potential candidates for HEDMs

Most of the nitrogen-rich compounds have very high posi-
tive heats of formation rather than from oxidation of the
carbon backbone, as with traditional energetic materials
[58]. However, high heats of formation are usually unfavor-
able for the stability of a compound. Accordingly, a good
nitrogen-rich HEDM candidate not only has excellent deto-
nation properties but also could exist stably. Figure 4
presents the detonation properties and bond dissociation
energies of the weakest bonds for the TST, FSF, SFS, TFT,
STS, and FTF derivatives together with commonly used
explosives RDX and HMX.

It is seen that the D and P values of the derivatives A2-5,
B2, B4-5, C2, C5, D2-5, E2, E4-5, F2, and F4-5 are close to

Fig. 4 Detonation properties
and bond dissociation energies
of the weakest bonds for the
TST, FSF, SFS, TFT, STS, and 0 HMX
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or over RDX, but only A5, D5, and F5 have good detona-
tion performance (D and P) over HMX. Also, it is found that
A, A6, B, B1-3, B5-6, C, C1-3, C5-6, D, D1, D6, F, F1-3,
and F5-6 have higher BDE for the weakest bonds as com-
pared to RDX. On the basis of the BDE for the initial steps
in the thermal decompositions, it may be inferred that these
derivatives are more insensitive to thermal impact. On the
above suggestions, it may be concluded that only B2 (FSF-
NO,), B5 (FSF-NF,), C2 (SFS-NO,), C5 (SFS-NF,), F2
(FTF-NO,), and F5 (FTF-NF,) have good detonation per-
formance (D and P) and thermal stability (BDE) close to or
over RDX. Consequently, FSF-NO,, FSF-NF,, SFS-NO,,
SFS-NF,, FTF-NO,, and FTF-NF, may be considered as the
potential candidates of HEDMs with less sensitivity and
higher performance.

Although A (BTATz), A1 (BATATz), and B1 (BAOATzZ)
have been successfully synthesized, some detonation and
thermodynamic properties are still lacking. In addition, the
syntheses of other energetic compounds have not been
reported yet. Thus, further investigations are still needed.

Conclusions

In the present study, we have calculated the HOFs, thermal
stability, and detonation properties for a series of the TST,
FSF, SFS, TFT, STS, and FTF derivatives using B3LYP and
B3P86 with the 6-311 G** basis set. The results show that
the HOFs at the two levels for the same compound are very
close. The substitution of the -N; or -NHNH, group in the
TST, FSF, SFS, TFT, STS, or FTF ring extremely enhances
its HOF values. For the TST and TFT derivatives, incorpo-
rating the substituents into the TST or TFT ring will increase
its energy gap except for D2. However, for the FSF and SFS
derivatives, attaching the NH, or NHNH, group to the FSF
or SFS ring decreases its energy gap. Among A-F series, the
SFS derivatives have lower energy gaps, while the TFT
derivatives have higher ones.

An analysis of the bond dissociation energies for the
weakest bonds indicates that the introduction of the -NH,
group into the FSF, SFS STS, or FTF ring is favorable for
enhancing its thermal stability, whereas the substitution of
the -NHNH, group could increase the thermal stability of
the TST, SFS, STS, or FTF ring. The 1H-tetrazole appears to
be a relatively poor unit for enhancing the stability of the
derivatives. The calculated detonation velocities and pres-
sures indicate that incorporating the -NO, or -NF, group
into the TST, FSF, SFS, TFT, STS, or FTF ring is very
helpful for enhancing its detonation performance.

Considering the detonation performance and thermal sta-
bility, FSF-NO,, FSF-NF,, SFS-NO,, SFS-NF,, FTF-NO,,
and FTF-NF, may be regarded as the potential candidates of
HEDMs.

@ Springer

Acknowledgments This work was supported by the National Safe
Academic Foundation (NSAF) of National Natural Science Foundation
of China and China Academy of Engineering Physics (Grant No.
10876013), the Specialized Research Fund for the Doctoral Program
of Higher Education (200802881033).

References

1. Huynh MHV, Hiskey MA, Chavez DE, Naud DL, Gilardi RD
(2005) Synthesis, characterization, and energetic properties of
diazido heteroaromatic high-nitrogen C-N compound. J] Am Chem
Soc 127:12537-12543

2. Ciezak JA, Trevino SF (2005) The inelastic neutron scattering
spectra of «-3-amino- 5-nitro-1,2,4-2H-triazole: experiment and
DEFT calculations. Chem Phys Lett 403:329-333

3. Neutz J, Grosshardt O, Schaufele S, Schuppler H, Schweikert W
(2003) Synthesis, characterization and thermal behaviour of
guanidinium-5-aminotetrazolate (GA)-a new nitrogen-rich com-
pound. Propellant Explos Pyrotech 28:181-188

4. Joo YH, Shreeve JM (2009) Energetic Mono-, Di-, and Trisubsti-
tuted Nitroiminotetrazoles. Angew Chem Int Ed 48:564-567

5. Lesnikovich Al, Ivashkevich OA, Levchik SV, Balabanovich Al,
Gaponik PN, Kulak AA (2002) Thermal decomposition of amino-
tetrazoles. Thermochim Acta 388:233-251

6. Chavez DE, Hiskey MA, Naud DL (2004) Tetrazine explosives.
Propellant Explos Pyrotech 29:209-215

7. Kerth J, Lobbecke S (2002) Synthesis and characterization of 3,3 -
azobis(6-amino- 1,2,4,5-tetrazine) DAAT - a new promising
nitrogen-rich compound. Propellant Explos Pyrotech 27:111-118

8. Talawar MB, Sivabalan R, Senthilkumar N, Prabhu G, Asthana SN
(2004) Synthesis, characterization and thermal studies on furazan-
and tetrazine-based high energy materials. J] Hazard Mater A
113:11-25

9. Sinditskii VP, Vu MC, Sheremetev AB, Alexandrova NS (2008)
Study on thermal decomposition and combustion of insensitive
explosive 3,3'-diamino-4,4'- azofurazan (DAAzF). Thermochim
Acta 473:25-31

10. Zhang XW, Zhu WH, Xiao HM (2010) Comparative theoretical
studies of energetic substituted carbon- and nitrogen-bridged difur-
azans. J Phys Chem A 114:603-612

11. Ali AN, Son SF, Hiskey MA, Naud DL (2004) Novel high nitrogen
propellant use in solid fuel micropropulsion. J Propul Power
20:120-126

12. Patent US (2010) Application Publication No.: 20100132856A1
(published June 3)

13. Hiskey MA, Chavez DE, Naud DL (2001) Insensitive High Nitro-
gen Compounds. NTIS, No: DE-2001-776133

14. Chavez DE, Hiskey MA, Gilardi RD (2004) Novel high-nitrogen
materials based on nitroguanyl substituted tetrazines. Org Lett
6:2889-2891

15. Saikia A, Sivabalan R, Polke BG, Gore GM, Singh A, Subhananda
Rao A, Sikder AK (2009) Synthesis and characterization of 3,6-bis
(1H-1,2,3,4-tetrazol-5- ylamino)-1,2,4,5-tetrazine (BTATz): Novel
high-nitrogen content insensitive high energy material. J] Hazard
Mater 170:306-313

16. Chavez DE, Parrish DA (2009) New heterocycles from tetrazines
and oxadiazoles. J Heterocycl Chem 46:88-90

17. Joo YH, Twamley B, Garg S, Shreeve JM (2008) Energetic
nitrogen-rich derivatives of 1,5-diaminotetrazole. Angew Chem
Int Ed 47:6236-6239

18. Yue ST, Yang SQ (2004) Synthesis and properties of 3,6-bis (1H-
1,2,3 4-tetrazol- 5-yl-amino)-1,2,4,5-tetrazine. Chin J Energ Mater
12:155-157



J Mol Model (2012) 18:3467-3479

3479

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

3s.

36.

37.

38.

39.

40.

Wang BZ, Lai WP, Liu Q, Lian P, Xue YQ (2008) Synthesis,
characterization and quantum chemistry study on 3,6-bis (1H-
1,2,3,4-tetrazol-5-yl-amino)-1,2,4,5- tetrazine. Chin J Org Chem
28:422-427

Zhang XG, Zhu H, Yang SQ, Zhang W, Zhao FQ, Liu ZR, Pan Q
(2007) Study on thermal decomposition kinetics and mechanism of
nitrogen-rich compound BTATz. Chin J Prop Technol 28:322-326
Rice BM, Hare J (2002) Predicting heats of detonation using
quantum mechanical calculations. Thermochim Acta 384:377-391
Muthurajan H, Sivabalan R, Talawar MB, Anniyappan M,
Venugopalan S (2006) Prediction of heat of formation and related
parameters of high energy materials. J Hazard Mater A 133:30-45
Wei T, Zhu WH, Zhang XW, Li YF, Xiao HM (2009) Molecular
design of 1,2,4,5-tetrazine-based high-energy density materials. J
Phys Chem A 113:9404-9412

Wei T, Zhu WH, Zhang JJ, Xiao HM (2010) DFT study on
energetic tetrazolo-[1,5-b]-1,2,4,5-tetrazine and 1,2,4-triazolo-
[4,3-b]-1,2,4,5-tetrazine derivative. ] Hazard Mater 179:581-590
Chen ZX, Xiao JM, Xiao HM, Chiu YN (1999) Studies on heats of
formation for tetrazole derivatives with density functional theory
B3LYP method. J Phys Chem A 103:8062-8066

Xiao HM, Chen ZX (2000) The modern theory for tetrazole
chemistry, 1st edn. Science Press, Beijing

Chen PC, Chieh YC, Tzeng SC (2003) Density functional calcu-
lations of the heats of formation for various aromatic nitro com-
pounds. J Mol Struct (THEOCHEM) 634:215-224

Xu XJ, Xiao HM, Ju XH, Gong XD, Zhu WH (2006) Computa-
tional studies on polynitrohexaazaadmantanes as potential high
energy density materials. J Phys Chem A 110:5929-5933

Hahre WJ, Radom L, Schleyer PVR, Pole JA (1986) Ab Initio
molecular orbital theory. Wiley, New York

Wang F, Xu XJ, Xiao HM, Zhang J (2003) Theoretical studies on
heat of formation and stability for polynitroadamantanes. Acta
Chim Sin 61:1939-1943

Curtiss LA, Raghavachari K, Trucks GW, Pople JA (1991)
Gaussian-2 theory for molecular energies of first- and second-
row compounds. J] Chem Phys 94:7221-7230

Curtiss LA, Raghavachari K, Redfern PC, Pople JA (1997) Assess-
ment of Gaussian-2 and density functional theories for the computa-
tion of enthalpies of formation. J] Chem Phys 106:1063-1079
Atkins PW (1982) Physical chemistry. Oxford University Press, Oxford
Rice BM, Pai SV, Hare J (1999) Predicting heats of formation of
energetic materials using quantum chemical calculations. Combust
Flame 118:445-458

Politzer P, Lane P, Concha MC (2003) Computational approaches
to heats of formation. In: Politzer P, Murray JS (eds) Energetic
materials. Part 1. Decomposition, crystal and molecular properties.
Elsevier, Amsterdam

Politzer P, Murray JS, Grice ME, DeSalvo M, Miller E (1997)
Calculation of heats of sublimation and solid phase heats of for-
mation. Mol Phys 91:923-928

Byrd EFC, Rice BM (2006) Improved prediction of heats of
formation of energetic materials using quantum mechanical calcu-
lations. J Phys Chem A 110:1005-1013

Politzer P, Murray JS (2011) Some perspectives on estimating
detonation properties of C, H, N, O compounds. Cent Eur J Energ
Mater 8:209-220

Bulat FA, Toro-Labbé A, Brinck T, Murray JS, Politzer P (2010)
Quantitative analysis of molecular surfaces: areas, volumes, elec-
trostatic potentials, and average local ionization energies. J Mol
Model 16:1679-1691

Benson SW (1976) Thermochemical kinetics, 2nd edn. Wiley,
New York

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

Blanksby SJ, Ellison GB (2003) Bond dissociation energies of
organic molecules. Acc Chem Res 36:255-263

Kamlet MJ, Jacobs SJ (1968) Chemistry of detonation. I. A simple
method for calculation detonation properties of C-H-N-O explo-
sives. J Chem Phys 48:23-35

Politzer P, Murray JS, Grice ME, Sjoberg P (1991) In: Olah GA,
Squire DR (eds) Chemistry of energetic materials. Academic, San
Diego, CA, pp 77-93

Qiu L, Xiao HM, Gong XD, Ju XH, Zhu WH (2006) Crystal
density predictions for nitramines based on quantum chemistry. J
Phys Chem A 110:3797-3807

Politzer P, Martinez J, Murray JS, Concha MC, Toro-Labbé A
(2009) An electrostatic interaction correction for improved crystal
density prediction. Mol Phys 107:2095-2101

Politzer P, Lane P, Murray JS (2011) Computational characteriza-
tion of a potential energetic compound: 1,3,5,7-tetranitro-2,4,6,8-
tetraazacubane. Cent Eur J Energ Mater 8:39-52

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Zakrzewski VG, Montgomery JA, Stratmann RE,
Burant JC, Dapprich S, Millam JM, Daniels AD, Kudin KN, Strain
MC, Farkas O, Tomasi J, Barone V, Cossi M, Cammi R, Mennucci
B, Pomelli C, Adamo C, Clifford S, Ochterski J, Petersson GA,
Ayala PY, Cui Q, Morokuma K, Malick DK, Rabuck AD,
Raghavachari K, Foresman JB, Cioslowski J, Ortiz JV, Baboul
AG, Stefanov BB, Liu G, Liashenko A, Piskorz P, Komaromi
I, Gomperts R, Martin RL, Fox DJ, Keith T, Al-Laham MA,
Peng CY, Nanayakkara A, Gonzalez C, Challacombe M, Gill
PMW, Johnson B, Chen W, Wong MW, Andres JL, Gonzalez
C, Head-Gordon M, Replogle ES, Pople JA (1998) Gaussian
98, Revision A.7. Gaussian Inc, Pittsburgh, PA

Scott AP, Radom L (1996) Harmonic vibrational frequencies: an
evaluation of Hartree-Fock, Moller-plesset, quadratic configura-
tion interaction, density functional theory, and semiempirical scale
factors. J Phys Chem 100:16502—16513

David RL (2003-2004) Handbook of Chemistry and Physics.
CRC, 84th ed, Sect 5

Afeefy HY, Liebman JF, Stein SE “Neutral Thermochemical Data” in
NIST Chemistry WebBook, NIST Standard Reference Database
Number 69, Eds. Linstrom PJ, Mallard WG (2000) National Institute
of Standards and Technology. Gaithersburg, MD (http://webbook.
nist.gov)

Chavez DE, Hiskey MA, Gilardi RD (2000) 3,3 -Azobis(6-amino-
1,2,4,5- tetrazine): a novel high-nitrogen energetic material.
Angew Chem Int Ed 39:1791-1793

Owens FJ (1996) Calculation of energy barriers for bond ruptures in
some energetic molecules. J Mol Struct (THEOCHEM) 370:11-16
Rice BM, Sahu S, Owens FJ (1996) Density functional calcula-
tions of bond dissociation energies for NO, scission in some
nitroaromatic molecules. J Mol Struct (THEOCHEM) 583:69-72
Tirker L, Atalar T, Gimiis S, Camur Y (2009) A DFT study on
nitrotriazines. J Hazard Mater 167:440—448

Smith MW, Cliff MD (1999) NTO-Based Explosive Formulations:
A Technology Review. DSTO-TR-0796, Australia

Galvez-Ruiz JC, Holl G, Karaghiosoff K, Klapétke TM, Lohnwitz
K, Mayer P, N6th H, Polborn K, Rohbogner CJ, Suter M, Weigand
JJ (2005) Derivatives of 1,5-diamino-1H-tetrazole: a new family of
energetic heterocyclic-based salts. Inorg Chem 44:4237-4253
Talawar MB, Sivabalan R, Mukundan T, Muthurajan H, Sikder
AK, Gandhe BR, Subhananda Rao A (2009) Environmentally
compatible next generation green energetic materials (GEMs). J
Hazard Mater 161:589-607

Zhang MX, Eaton PE, Gilardi RD (2000) Hepta- and octanitrocu-
banes. Angew Chem Int Ed 39:401-404

@ Springer


http://webbook.nist.gov
http://webbook.nist.gov

	Characterization...
	Abstract
	Introduction
	Computational methods

	Results and discussion
	Heats of formation
	Electronic structure
	Thermal stability
	Predicted detonation performances
	Potential candidates for HEDMs

	Conclusions
	References




