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Abstract Substituted s-tetrazine compounds were designed
and investigated in order to find comprehensive relationships
between the structures and performances of high-nitrogen
energetic compounds. Density functional theory (DFT) was
used to predict the optimized geometries, electronic structures,
heats of formation and densities, and the detonation properties
were evaluated by using the VLW equation of state (EOS).
Calculation results show that there are good linear relation-
ships between heats of formation, densities, detonation
properties and the number of N atom in all designed high-
nitrogen compounds. Furthermore, several designed high-
nitrogen compounds show good detonation velocities and
pressures compared with octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocane (HMX), making them potential candidates for
high-energy-density materials (HEDM).

Keywords Detonation properties - Heats of formation -
HEDM - High-nitrogen - VLW

Introduction

Despite energetic materials belong to the category of the
most hazardous material, their roles in the civil and
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military fields are very important. To ensure the
durative development of these fields, the search for
new energetic materials is still an unalterable goal for
explosive researchers. Modern high-energy-density mate-
rials (HEDM) derive most of their energies either (i)
from oxidation of the carbon backbone, as with
traditional explosives containing C, H, N, O atoms such
as TNT, RDX, HMX, CL-20 and TEX [1-3] or (ii) from
their very high positive heats of formation [4] in such
high-nitrogen energetic materials [5—7] as 2,4,6-tri(azido)-
1,3,5-triazine (TAT); 4,4',6,6'-tetra(azido)hydrazo-1,3,5-
tri-azine(TAHT); 4,4',6,6'-tetra(azido)azo-1,3,5-triazine
(TAAT) and 2,5,8-tri(azido) -s-heptazine(TAH) [8]. In
recent years, high-nitrogen energetic compounds have
attracted great attentions for their large positive heats of
formation, and this advantage makes them promising
HEDMs, as illustrated by the recent examples of 3,3'-
Azobis(6-Amino-s-Tetrazine) (DAAT) [5, 6] and 3,6-bis
(1H-1,2,3,4-tetrazol-5-ylamino)-s-tetrazine (BTATz) [7].
To find new high-nitrogen energetic materials and obtain
a comprehensive picture of their high explosive perform-
ances, a series of substituted s-tetrazine compounds are
designed in this work, and their geometries, electronic
structures, heats of formation (HOF), densities (p),
explosive performances are investigated by theoretical
methods.

Methods and computational details
Study contents
In general, there are three structural units (containing

parent structure, linkage bridge, and substituent) in the
high-nitrogen energetic molecules, such as BTATz [7]
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Fig. 1 The structural characteristics of different high-nitrogen
compounds

(Fig. 1). However, there exist exceptions which have no
linkage bridge, for instance, BTT [9] (Fig. 1). Based on
the structural principle of the latter, and taking s-tetrazine
(T) as the parent structure and azolyl groups (five-
membered aromatic rings with different numbers of
nitrogen atoms) (Fig .2) as the substituents, 18 substituted
s-tetrazine compounds were designed as shown in Fig. 3
(To the best of our knowledge, T2M1 and T2M2 of these
compounds have been synthesized [10]). The optimized
geometries show that s-tetrazine and azolyl rings are
coplanar, but the tetrazole rings in TM8 and T2MS are out
of plane by 24.9°and 23.3°, respectively; and the pentaa-
zole rings in TM9 and T2M9 are also out of plane by
30.8° and 27.4°, respectively (Fig. 3c). Based on the
optimized geometries, the other properties of all designed
compounds, such as heats of formation, densities, detona-
tion velocities and pressures, were calculated and dis-
cussed below.

Densities calculations

An efficient and convenient method based on the
quantum chemical computations was used to predict
the densities of energetic materials [11, 12]. The density
was obtained from the molecular volume divided by the
molecular weight, while the molecular volume of each
molecule was yielded from the statistical average value of
100 single-point molar volume calculations on each
optimized structure. The molar volume was calculated by
the Monte-Carlo method in the Gaussian03 program
package [13], which is defined as inside a contour of
0.001 ¢/Bohr® density.

@ Springer

Heats of formation (HOF) calculations

The calculation of HOF was based on atomization
scheme [14, 15]. The HOF of a molecule M(CxHyNz)
being considered contain only carbon, nitrogen and
hydrogen, is defined as the enthalpy change following
scheme 1:

Where x, y or z is the molar ratio of the atom in the
molecule (M), the superscript “0” and the subscript “g”
represent the standard state and the gas phase, respectively.
In the atomization scheme, HOF of M at 298 K can be

written as Eq. 1:

AHZQR AH298+ZAH298 AO .yl )

exp

fAEm—«—APV +ZAH298 (4" — 4g)

exp

= AEy + AZPVE + AHT + AnRT + " AHZE(4° — 4,)
A

(1)

The single-point energy (Ey) was calculated at the
B3LYP/6-311+G(2df,2p)//B3LYP/6-311G** level, while
the corrected enthalpy from 0 to 298 K (Hry) and zero
point vibration energy (ZVPE) were calculated at B3LYP/6-
311G** level. In Eq. 1, the last term represents the
experimental heat of formation of atom A from the standard
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Fig. 2 The geometry of all azolyl groups and s-tetrazine(T)
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Fig. 3 The geometries of all substituted s-tetrazine compounds. (a) the single substituted compounds; (b) the double substituted compounds; (c)

lateral view

state to gaseous state at 298 K, which can be found from
ref. [16]. Finally, the HOF values were calculated by our
developed program based on the atomization scheme.

Detonation properties calculations

All detonation properties were calculated by our developed
VLW code including the VLW EOS (Scheme 2) [17], law

of mass conservation, law of momentum conservation,
law of energy conservation and C-J detonation con-
ditions [18]. In the scheme 2, N is Avogadro Constant, k
is Boltzmann constant and T* the nondimensional
temperature, o and ¢ are both the Lennard-Jones
potential parameters. Compared with BKW method with
empirical constants [18], the VLW EOS only needs the
chemical compositions, heats of formation, and densities

*¥C”+ yH' + zN° —2 5 M(C,H N,) 22 xC, + yH, + 2N,

A

298
2AHZ

(A" > 4,) T

Scheme 1 The atomization scheme
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Scheme 2 The VLW equation of state

of compounds as input and can compute the detonation
velocities, pressures and heats of the solid, liquid and
gaseous explosives and propellants.

Results and discussion
Electronic structures

The net charge distribution was calculated by the
natural bond orbital (NBO) method. Table 1 illustrates
the total charge (Tc), which is the summation of the charge
in s-tetrazine ring and unsubstituted H atom for single
substituted compounds (Fig. 3a), and s-tetrazine ring for
double substituted compounds (Fig. 3b), respectively.
From Table 1, the decreases of total charge indicate that
there are electrons delocalizations and therefore charge
transfer between the tetrazine ring and azolyl groups,
which also indicates strong interactions between them.
In order to study this interaction, the stabilization
interaction energy (E,) was calculated by the second-
order perturbation theory. In the NBO analysis, E, is used
to describe the delocalization trend of electrons from the
donor bond to the acceptor bond. Table 2 lists the values
of E, that represent the interactions between the lone pairs
of N atom connected with s-tetraine and the nearest C-N
antibonding orbital of s-tetraine. As shown in Table 2,
there are strong donor-acceptor interactions among these
systems, and the interaction energies decrease with the
increase of N atom except for TM6 and T2M6. This
indicates that substituted s-tetrazine compounds contain

@ Springer

Table 1 Total charge of s-tetrazine

Te Te
T -0.196* T —-0.390%
™1 0.074 T2M1 0.178
T™M2 0.112 T2M2 0.242
TM3 0.102 T2M3 0.210
T™4 0.142 T2M4 0.280
TM5 0.136 T2M5 0.270
T™M6 0.127 T2M6 0.244
™7 0.165 T2M7 0.308
T™MS8 0.187 T2M8 0.352
™9 0.216 T2M9 0.388

*means the charge for s-tetrazine without one or two H atoms,
respectively

a large conjugation system, which is a good indication
for their stability [19].

HOMO and LUMO

HOMO and LUMO are acronyms for highest occupied
molecular orbital and lowest unoccupied molecular
orbital, respectively. The analysis of the molecular
orbital can provide much useful information [20] and
the difference of the energies of the HOMO and LUMO,
termed the band gap, is in close agreement with A, .«
values from UV spectroscopy. The calculated results of
the HOMO and LUMO energies are listed in Table 3.
Compared with s-tetrazine (T), it is noted that the single
orbital energies and AEHOMO—LUMO (EHOMO'ELUMO) of
substituted s-tetrazine compounds increases, implicating a
shift toward higher frequencies in their electronic absorp-
tion spectra.

Table 2 The part of E, for all 18 compounds (kJ mol ")

E, E;
T™1 234.72 T2M1 227.90
™2 204.89 T2M2 203.72
™3 221.54 T2M3 219.24
T™4 190.83 T2M4 188.99
TMS5 189.24 T2M5 193.09
T™M6 208.11 T2M6 211.67
™7 179.45 T2M7 185.35
T™M8 135.90 T2M8 137.78
™9 114.14 T2M9 128.41
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Table 3 The HOMO and LUMO energies and the energy gap for all the molecules ( eV )

T T™1 ™2 T™M3 ™4 T™MS ™6 ™7 ™8 ™9
Enomo —6.94 —0.240 —0.253 —-0.259 —0.266 —0.266 —0.277 —0.280 —0.272 —0.288
ELumo -3.29 —0.119 —0.121 —0.130 —0.134 —0.133 —0.143 —0.147 —0.139 —0.154
AEnomo-Lumo —3.65 —0.121 —0.132 —-0.129 —0.132 —0.133 —0.134 —0.133 —0.133 —0.132
T T2M1 T2M2 T2M3 T2M4 T2MS5 T2M6 T2M7 T2M8 T2M9
Enomo —6.94 —0.236 —0.254 —0.258 —0.276 —0.276 —0.291 —0.301 —0.286 -0.314
ELumo -3.29 —0.112 —0.123 —0.140 —0.145 —0.144 —0.163 —0.169 —0.153 —0.180
AEpomo-Lumo -3.65 —0.124 —0.131 —0.118 —0.131 —0.132 —0.128 —0.132 —0.133 —0.134

Detonation properties

Firstly, the heat of formation (HOF) and density (p) were
computed by atomization scheme and Monte-Carlo method
discussed above, respectively. Then the detonation velocity
(Vp) and pressure (Pp) were calculated by the VLW EOS
based on the above parameters. At last, the corresponding
results are shown in Table 4.

Because NN bond has more contribution to the heats
of formation in high-nitrogen compounds [21], TM2,
T2M2, TM4, T2M4, TM7 and T2M7 (containing more
NN bonds than their isomers) are chosen as the objective
compounds from the aspect of obtaining more energies.
From Table 4, it is found that the number of N atom has a
significant influence on detonation velocities and pres-
sures of the objective compounds, but the number of
substituents shows little influence. For instance, the
detonation properties of T2M1 with two pyrroles as
substituents are lower than that of TM1 with only one
pyrrole as substituent. The more clear relations between
the N atom numbers and the properties were plotted in the
Figs. 4 and 5, where R is the correlation coefficient and
SD is the standard deviation. As shown in the four figures,
all substituted s-tetrazine compounds have a good linear
relationship between the number of N atoms and the
properties with all R values close to 1, which strongly
indicating that HOF, p, Vp and Pp increase with
increasing N atoms, as a whole.

In addition, Table 4 shows that the detonation velocities of
TM7, T2M7, and TM9 are close to HMX (Vp=8.92 km s

and Pp=39 GPa when p=1.854 g cm ) [22]. Encouraging-
ly, the Vp of T2M9 is higher than HMX, and the Py, is close
to HMX. However, the calculated densities of all designed
high-nitrogen compounds are far less than that of HMX, so
these compounds can show greater potential if improving
their densities. For example, oxidization of N atoms in the
compounds by the Caro’s acid [7] or the introduction of
linkage bridge (such as -NH-, -N=N-) [8] can improve the
density effectively.

Conclusions

In this paper, 18 substituted s-tetrazine compounds were
designed, and their optimized geometries, electronic
structures, heats of formation, densities and explosive
performances were investigated by the theoretical meth-
ods. The results show that i) when hydrogen atoms of
s-tetrazine are substituted by azolyl groups, part of
electrons shift to the substituents from s-tetrazine ring;
ii) there is a strong donor-acceptor interaction between
the direct connected two rings; iii) the HOMO-LUMO
gaps increase when azolyl groups are attached to the s-
tetrazine ring; iv) there are good linear relationships
between the properties and the number of N atoms, the
detonation properties would boost up linearly along with
the increase of N atoms. Several of the compounds
presented in this study exhibit high detonation velocities
and pressures, and they can be considered as potential
candidates for HEDM.

Table 4 The data for HOF (kJ

molfl), (g cmf3), Vp (km Sfl) N atom HOF P Vp Pp N atom HOF p Vb Pp

and Pp (GPa) of the objective

molecules ™1 5 606.8 1429 6.1 11.1 T2M1 6 766.0 1.406 5.5 6.8
™2 6 677.1 1492 68 144 T2M2 8 904.6 1.488 6.4 12.6
™4 7 759.8 1545 74 182 T2M4 10 1067.1  1.590 7.5 18.5
™7 8 8250 1.620 82 233 T2M7 12 1201.1  1.682 8.5 25.5
™9 9 9479 1.677 88 28.0 T2M9 14 1450.6  1.787 10.0 375
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Fig. 4 The relations of HOF, p and N atom numbers

Acknowledgments Authors are grateful to the financial support
from the National Natural Science Foundation of China (Grant Nos.
10832003) and would like to give thanks to editors and reviewers for
their effective work.

References

1. Simpson RL, Urtiew PA, Ornellas DL, Moody GL, Scribner KJ,
Hofman DM (1997) CL-20 performance exceeds that of HMX and
its sensitivity is moderate. Propel Explos Pyrotech 22:249-255

2. Karaghiosoff K, Klapétke TM, Michailowski A, Holl G (2002)
Structure of TEX:A nitramine with an exceptionally high density.
Acta Crystal C 58:580-581

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

4. Hammerl A, KlapOtke TM, NOth H, Warchhold M (2003)
Synthesis, structure, molecular orbital and wvalence bond
calculations for tetrazole azide, CHN;. Propel Explos Pyrotech
28:165-173

5. Chavez DE, Hiskey MA, Gilardi RD (2000) 3, 3'-Azobis(6-
amino-1, 2, 4, S-tetrazine): a novel high-nitrogen energetic
materials. Angew Chem Int Ed 39:1971-1973

@ Springer

o
o 4
-
oo
w
-
(=]
-
-
iy
%]
-
w
Y
E-N

N atom numbers

Fig. 5 The relations of Vp, Pp and N atom numbers

6. 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. Propel Explos Pyrotech 27:111-118

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

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

9. Lobbecke S, Pfeil A, Krause HH, Sauer J, Holland U (1999)
Thermoanalytical screening of nitrogen-rich substances. Propel
Explos Pyrotech 24:168-175

10. Audebert P, Sadki S, Miomandre F, Clavier G, Vernieres MC,
Saouda M, Hapiot P (2004) Synthesis of new substituted
tetrazines: electrochemical and spectroscopic properties. New J
Chem 28:387-392

11. Klapotke TM, Ang HG (2001) Estimation of the crystalline
density of nitramine (N-NO, based) high energy density materials
(HEDM). Propel Explos Pyrotech 26:221-224

12. Qiu L, Xiao HM, Gong XD, Ju XH, Zhu WH (2007) Crystal
density predictions for nitramines based on quantum chemistry. J
Hazar Mater 141:280-288

13. Frisch MJ, Trucks GW, Schlegel HB et al (2003) GAUSSIAN 03,
Rev B.03. Gaussian Inc, Pittsburgh, PA



J Mol Model (2010) 16:1021-1027

1027

14.

15.

16.

17.

Nicolaides A, Rauk A, Glukhovtsev MN, Radom L (1996) Heats
of formation from G2, G2 (MP2), and G2(MP2, SVP) total
energies. J Phys Chem 100:17460—17464

Duan XM, Song GL, Li ZH, Wang XJ, Chen GH, Fan KN (2004)
Accurate prediction of heat of formation by combining Hartree-
Fock/density functional theory calculation with linear regression
correction approach. J Chem Phys 121:7086—7095

Wagman DD, Evans WH, Parker VB, Schumm RH, Halow I,
Churney KL, Nuttall RL (1982) J Phys Chem, Ref Data (Suppl
2):11-15

Wu X, Long XP, He B, Jiang XH (2008) VLW equation of state
on the products of detonation (in Chinese). Sci China Ser B-Chem
38:1129-1132

18.

19.

20.

21.

22.

Zhang BP, Zhang QM, Huang FL (2001) Detonation physics (in
Chinese). Enginery industry Press, Beijing

Soloducho J, Doskocz J, Cabaj J, Roszakb S (2003) Practical
synthesis of bis-substituted tetrazines with two pendant 2-pyrrolyl
or 2-thienyl groups, precursors of new conjugated polymers.
Tetrahedron 59:4761-4766

Fukui K (1975) Theory of orientation and stereoselection, reactivity
and structure, concepts in organic chemistry. Springer, Berlin

Zhou Y, Long XP, Shu YJ, Wang X, Tian AM (2007) Theoretical
study on the tetrazine’s C-N heterocyclic derivatives. Cent Eur J
Energ Mater 4:67-81

Dong HS, Zhou FF (2003) The properties of high energy explosives
and their relative materials (in Chinese). Science Press, Beijing

@ Springer



	Theoretical studies on the heats of formation, densities, and detonation properties of substituted s-tetrazine compounds
	Abstract
	Introduction
	Methods and computational details
	Study contents
	Densities calculations
	Heats of formation (HOF) calculations
	Detonation properties calculations

	Results and discussion
	Electronic structures
	HOMO and LUMO
	Detonation properties

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


