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FOX-7 and its cisoid and transoid 1,5-tautomers as well as magnesium composites of all have been
investigated quantum chemically within the restrictions of density functional theory (B3LYP/6
—311++G(d,p)). Certain physico-chemical and quantum chemical properties, energies, stabilities,
calculated IR and UV-VIS spectra are discussed. The influence of magnesium atom is investigated. It has
been found that in FOX-7 composites the magnesium is not a silent ingredient, but interacts with the

© 2017 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

FOX-7 is structurally 1,1-diamino-2,2-dinitroethylene (DADE,
DADNE) [1]. It was synthesized in 1998 by members of the Swedish
Defense Research Agency (FOI) [2,3] and its explosive potential was
thoroughly investigated [4—18]. It was also synthesized by the
nitration of 4,6-dihydroxy-2-methylpyrimidine followed by hy-
drolysis [19].

H,N NO,

FOX-7

HoN NO,

It is a novel high-energy insensitive material having good
thermal stability and low sensitivity. It exhibits excellent applica-
tion performance among the insensitive ammunitions and solid
propellants. Although FOX-7 is simple in molecular composition
and structure, its chemical reactivity is abundant and surprising,
including salification reaction, coordination reactions, nucleophilic
substitutions, acetylate reactions, oxidation and reduction re-
actions, electrophilic addition reactions [20,21] etc.
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Interestingly enough, FOX-7 has the same C/H/N/O ratio as RDX
or HMX but no structural resemblance exists among them. FOX-7 is
much less sensitive than RDX (in terms of impact, friction, and
electrostatic discharge sensitivities) [22].

FOX-7 possesses many polymorphic forms that the a-form
reversibly turns into f-form by heat treatment [23,24]. At higher
temperature, B-polymorph undergoes an irreversible conversion to
y-phase which decomposes at 504 K [23]. Its decomposition has
been extensively searched [25]. The effect of high pressure on the
crystal structure of FOX-7 was studied [26].

FOX-7 is an attractive ingredient for application in high perfor-
mance insensitive munition (IM) compliant explosive recipes. FOX-
7 also possesses the ability of increasing the burning rate in pro-
pellants that is why it is of interest for high performance pro-
pellants [1].

Several FOX-7 based propellant formulations have been studied
in order to obtain a minimum or reduced smoke composite pro-
pellant with inherent IM-properties [27].

Thermo chemical calculations show that PBX's based on FOX-7
and energetic binders could serve as a replacement of Comp-B
even at rather low solid loadings. A plastic bound explosive based
on FOX-7 and an energetic binder have been prepared, [28].

Effects of epoxidation and nitration on ballistic properties of
FOX-7 were investigated within the realm of density functional
theory (DFT) [29]. Various ground state properties of FOX-7 were
calculated based on B3LYP/aug-cc-pVDZ predictions [30].

2214-9147/© 2017 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fang and McLuckie investigated Laser ignitibility of FOX-7 in
order to achieve the direct optical ignition of an insensitive
explosive. Such a process will obviously add more safety features to
insensitive munitions (IM) or explosive devices [31].

On the other hand, metalized explosives have been used in
various formulations since the beginning of the last century.
Aluminum powders are added to explosives in order to enhance
their blast and heat effects, as well as to increase the bubble en-
ergies in underwater explosions [32—35]. Magnesium can also
exhibit effects in formulations of composite explosives similar to
aluminum.

Recently, some novel derivatives of FOX-7 and their properties
as energetic materials have been reported [36,37]. In the present
study, the effect of magnesium atom on FOX-7 and its tautomers
has been studied within the framework of density functional the-
ory (DFT).

2. Method of calculation

Geometry optimizations of all the presently considered struc-
tures leading to energy minima were initially achieved by using
MM2 method followed by semi-empirical PM3 self-consistent
fields molecular orbital (SCF MO) method [38,39] at the restricted
level [40,41]. Subsequent optimizations were achieved at Hartree-
Fock level using various basis sets. Then, geometry optimizations
were managed within the framework of density functional theory
(DFT) using B3LYP functional [42,43] at the level of 6—311++G(d,p).
The exchange term of B3LYP consists of hybrid Hartree—Fock and
local spin density (LSD) exchange functions with Becke's gradient
correlation to LSD exchange [43,44]. Note that the correlation term
of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local corre-
lation functional [45] and Lee, Yang, Parr (LYP) correlation correc-
tion functional [46]. Presently, the vibrational analyses have been
also done at the same level of calculations which had been per-
formed for the optimizations. The total electronic energies (E) are
corrected for the zero point vibrational energy (ZPE) to yield E.
values. The normal mode analysis for each structure yielded no
imaginary frequencies for the 3N—6 vibrational degrees of freedom,
where N is the number of atoms in the system. This indicates that
the structure of each molecule corresponds to at least a local
minimum on the potential energy surface. All these calculations
were done by using the Spartan 06 package program [47].

2

3. Results and discussion

Geminally linked two nitro and two geminal amino groups
embedded into the structure of FOX-7 (of which the former and
later ones are electron attractors and electron donors, respectively)
should generate an effective pull-push type (interacting resonance)
system in theory [48]. This property of the molecule not only dic-
tates the chemical and physical properties of FOX-7 (such as
tautomerism) but also implicitly is responsible for its ballistic
behavior. Tautomers in explosive material may act as additives
(depending on their percentages) and influences the ballistic
properties, stability, aging etc.

3.1. FOX-7 tautomers

The mesomeric structures of FOX-7 shown below enable one to
predict the possible existence of 1,5-proton tautomerism [49—51]
which should depend on various factors (temperature, solvent
etc.). Note that FOX-7 does not have perfectly coplanar nitro and
amino substituents, however they are in partial conjugation with
each other as shown below.

©
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HoN NO, H,N ®

"

HaN NO, H,N NO,

Cisoid

Transoid

Possible free rotation about the C-C bond in the tautomers of
FOX-7 results in cisoid and transoid conformers (namely s-cis and s-

‘}.,Z;-_—
los

FOX-7

cisoid-FOX-7

transoid-FOX-7

Fig. 1. Optimized structures of FOX-7 and its tautomers (side and top views).
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FOX-7

cisoid-FOX-7 tautomer

transoid-FOX-7 tautomer

Fig. 2. Bond lengths (A) of FOX-7 and its tautomers (o-skeletons considered).
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Fig. 3. Electrostatic charges (ESP) on the atoms (in esu).

trans) of the tautomeric form. Fig. 1 shows the optimized structures
of the cisoid and transoid forms of 1,5-proton tautomers of FOX-7.
The parent compound and the tautomers are not planar struc-
tures. FOX-7 has off-plane nitro groups. Whereas the tautomers
have highly oblique amino groups with respect to the planar NO,
moieties. Note that the proton shifted to the nitro group prefers to
be nearby the other nitro group in both the cisoid and transoid
forms (Fig. 1). Also, it is worth mentioning that in both cases the
remaining hydrogen atom on the imino nitrogen (originally amino

Table 1
Some properties of FOX-7 and its tautomers.

group) is not face-to-face with the other amino group but oriented
next to the other NO; in the transoid form and in the cisoid case it is
towards the nitrogen of the nitro group (isonitro group) where the
migrated hydrogen has been accommodated (see Fig. 1). Note that
the direction of dipole moments of the tautomers are drastically
different from that of FOX-7.

Fig. 2 displays the bond lengths of FOX-7 and its cisoid and
transoid tautomers. As expected C=C bond of the parent com-
pounds gets longer in the tautomers (turns into C-C bond) and C-N

No Structure Dipole Area Volume T1 Heat of formation™ Polarizability
moment |A? |A3 /298 K |A3
/Debye

1 FOX-7 8.52 139.15 109.75 23.58 49.18

2 cisoid -FOX-7 (tautomer) 1.16 139.56 110.22 73.54 49.52

3 transoid -FOX-7 (tautomer) 1.54 139.63 110.24 72.06 49.51

B3LYP/6—311++G(d,p) level of calculation. * kj/mol.
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Table 2

Some energies of FOX-7 and its tautomers.
No Structure E ZPE E.
1 FOX-7 —1571382.62 240.78 —1571141.84
2 cisoid-FOX-7 (tautomer) —1571299.04 237.81 —1571061.23
3 transoid-FOX-7 (tautomer) —1571299.03 237.71 —1571061.32

B3LYP/6—311++G(d,p) level of calculation. Energies in kj/mol.

bonds affected by tautomeric shift become shorter (forms C=N
bond).

Fig. 3 shows the electrostatic charges (ESP) of the tautomeric
systems considered. The ESP charges are obtained by the program
based on a numerical method that generates charges that repro-
duce the electrostatic potential field from the entire wave function
[47]. Note that the amino group which is not involved in the
tautomerism also lost some electron population as compared to the
respective values in FOX-7. The carbon atoms in all these structures
have opposite but unequal charges engendered by the substituents
(the amino and nitro groups) which have adverse donor-acceptor

Side view

characters. Note that cisoid and transoid nature of the structures
greatly affects the charge distribution, even the same types of
atoms are considered.

Some properties of FOX-7 and its tautomers are presented in
Table 1. Rather high dipole moment of the parent molecule has
been highly diminished in the tautomers. The heat of formation
(AH¢°) values calculated by T1 method [52,53] reveal that struc-
tures 13 are all endothermic structures following the order of
1 < 3<2. Whereas, PM3//B3LYP/6—311++G(d,p) type calculations
yield AHy* values as —27.71, 49.41, and 76.31 kJ/mol for structures
1-3, respectively (the same order as given above). The experi-
mental value obtained by bomb calorimetry has been reported to
be —32 kcal/mol (—133.88 kJ/mol) [8] which is highly different from
the theoretical predictions.

Table 2 includes the total electronic energy (E), zero point
vibrational energy (ZPE) and the corrected total electronic energy of
the tautomers. The data in the table reveal that the stability order is
1 > 3>2 which is opposite to the order of endothermicity. As ex-
pected from Fig. 2, possibility of hydrogen bonding exists in the
tautomers. The distance between the NO, oxygen and the hydrogen

Top view

FOX-7

FOX-7+Mg
B-type

4

C-type

FOX-7+Mg

cisoid-FOX-7+Mg + .

2K

transoid-FOX-7+Mg

t

Fig. 4. Optimized structures of the systems of concern.
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FOX-7+Mg
C-type

cisoid-FOX-7+Mg

FOX-7+Mg
B-type

transoid-FOX-7+Mg

Fig. 5. Bond lengths (A) of the structures (c-skeletons considered).

of isonitro group is 1.50 A in both the cisoid and transoid tautomers.

3.2. FOX-7 magnesium composites

Mg, B and Al like elements are common ingredients of some
composite energetic materials [22]. They contribute the heat
evolved while they are oxidized. However, most of the explosives
contain nitro group(s) which is/are rather strong oxidizing moiety
in general. On the other hand, those elements, especially Mg is an
easily oxidizable metal. Therefore, some interaction of Mg with NO,
having molecules are expected which may affect the ballistic
properties as well as the shelf-life of those composite type explo-
sives. It is to be mentioned that the oxidation power of NO, group
depends on its location in a molecule where it is attached. Any
conjugative effects present and involving the nitro group(s) may
highly alter that power. On the other hand, FOX-7, an explosive
having both electron donor and acceptor groups is an interesting
molecule. The electron demand of nitro groups in FOX-7 structure

should, up to a certain extent, be satisfied by the amino groups
present. Hence, the consequent interaction of Mg atom with FOX-7
molecule should be worth investigating.

It is known that 1,5-tautomers are less likely compared to 1,3-
tautomers. In the case of FOX-7, 1,3-tautomers are structurally
impossible and contribution of 1,5-tautomers should be then less
important. Due to that fact, in the present treatment the interaction
of them with Mg has not been considered.

Mg atom may approach FOX-7 molecule roughly resulting
mainly three types of topology in space (shown below). Presently
only B- and C-type optimized composites computationally have
been obtained. A-type composite is unlikely because no stabilizing
interaction develops with NH, groups which are electron deficient
in A-type due to the electron attracting type mesomeric effects of
NO, groups. Indeed, all the attempts of optimization of the struc-
ture, initially constructed as A-type, turns to B- or C-type. In B - and
C- type composites both the Mg atom and NH, groups all have
electron donor type character.
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Fig. 4 shows the optimized structures of FOX-7 and its magne-
sium composites. Note that they are all isomeric. Presently,
CyH4N404 + Mg composites involving FOX-7 and its tautomers are
considered. They contain 13.9% Mg by weight. Inspection of Fig. 4
reveals that in B-type composite, FOX-7 structure becomes
disturbed and C-NH; bond is elongated (1.59 A, see Fig. 5). The
distance between Mg and the nearby NH; nitrogen is 2.07 A
whereas the distances of Mg to oxygen of the nearby NO; group and
to nitrogen of that group are 1.93 A and 2.73 A, respectively. The
charges on the nitrogen atoms of the considered amino and nitro
groups are —0.906 esu and +0.886 esu, respectively in FOX-7.
Whereas, in the Mg composite the charges change to —0.925 esu
and +0.503 esu, respectively. Note that Mg atom acquires +1.3 esu
of charge which is indicative of transfer of some electron popula-
tion from the magnesium atom. On the other hand, Mg nearby the
nitro groups (C-type composite) cannot perturb the FOX-7 struc-
ture to a great extent, the molecule is nearly planar but some
distortion of the NO, substituents occurs. Interesting point is that

FOX-7+Mg
B-type

C=C bond which is 1.42 A in FOX-7 elongates to 1.48 A in B-type
composite. Also C-NH; bonds are elongated from 1.34 A to 1.41 A
and 1.59 A. It means that parallel to decrease of the electron de-
mand of NO; group (affected by Mg atom in the composite) no
longer electrons of the amino groups are needed as compared to
FOX-7. Whereas, in C-type composite, C=C bond length retains its
value as it is in FOX-7 but one of C-NO, bond shrinks from 1.43 A to
1.36 A. In the case of composites of the tautomers, Mg atom prefers
to be on the side of amino/imino nitrogens and the organic moiety
is not completely planar. In the transoid type composite C-C bond is
1.48 A which is longer than the respective bond in the cisoid form.

Fig. 6 shows the electrostatic charges (EPS) on the atoms of FOX-
7 and its composites considered. In FOX-7 structure, the carbon
atom linked to amino group has positive charge as expected. In
every composite case the Mg atom is positively charged. Inspection
of the charges of atoms of nitro groups and the Mg atom indicates
that in the FOX-7+Mg composites (B- and C-types) some electron
population has been transferred to one of the NO, moieties so

FOX-7

cisoid-FOX-7+Mg

transoid-FOX-7+Mg

Fig. 6. Electrostatic charges (esu) on the atoms of FOX-7 and the composite systems considered.
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Table 3

Some properties of FOX-7+Mg composites.
Structure Dipole moment  Polarizability =~ Area Volume

|Debye A3 |A? A3

FOX-7+Mg (B- type)  10.81 50.61 152.89  120.15
FOX-7+Mg (C-type) 2.65 50.37 148.63  118.56
cisoid-FOX-7+Mg 3.84 50.89 155.78  120.55
transoid-FOX-7+Mg 3.22 50.81 152,55 118.56

Energies in kJ/mol. B3LYP/6—311+-+G(d,p) level of calculation.

Table 4

Some energies of FOX-7+Mg composites.
No Structure E ZPE Ec
4 FOX-7+Mg (B-type) —2096683.08 239.81 —2096443.26
5 FOX-7+Mg (C-type) —2096889.59 238.36 —2096651.23
6 cisoid-FOX-7-+Mg —2096647.91 239.01 —2096408.90
7 transoid-FOX-7+Mg —2096670.29 238.64 —2096431.65

Energies in kJ/mol. B3LYP/6—311++G(d,p) level of calculation.

partial reduction of nitro group is to be mentioned. The charge of
Mg in each case is about 1.3 esu. In B- and C-types the carbon atom
linked to amino group have negative and positive charges,
respectively. When the over all charges of the nitro groups are
considered, they are positive (0.058 and 0.056 esu) for FOX-7
whereas they are negative for B-type (—0.139 and —0.520 esu)
and C-type (—1.032 and —0.356 esu) composites, namely certain
amount of electron population has been transferred to nitro groups
in the composites. This effect seems to be less in the composites of
the tautomers that is why Mg atom has been charged less than unit
of charge. Note that in the tautomers one of the nitro groups is in
the aci-form and less electron demanding. Of course this type of
reduction of NO, group(s) affects the ballistic properties of the
composites compared to FOX-7 although some desirable heat
contribution occurs by the presence of Mg atom. However, one
might conjecture that the heat effect of already partially oxidized
Mg should not be as high as the neutral Mg atom.

Table 3 shows some properties of the Mg composites of FOX-7.
B-type composite is characterized with comparatively high dipole
moment than the other isomeric composites.

Table 4 includes some energies of the composites. The stability
orderis 5 > 4>7 > 6. The sequence indicates that Mg atom prefers to
C-type orientation where it interacts with geminal nitro groups.
Magnesium atom transfers some electron population to NO,
group(s) whereas such a transfer process is unlikely for NH; groups.
Note that amino nitrogen has negative oxidative valance [54]. Note
that magnesium atom can form complexes with oxygens of alco-
hols and ethers (e.g., Grignards). Complexation with oxygen(s) of
the nitro groups might arise due to the pull-push character of FOX-7
molecule. As a result of this effect oxygen atoms of the nitro group
should have rather high electron density to act as ligands. As for the
composites of the tautomers, Mg atom prefers to be nearby the
imino nitrogen atom.

Fig. 7 shows the IR spectra of FOX-7 and its Mg composites. The
asymmetric and symmetric N-H stretchings of FOX-7 occur at
3675 cm~! and 3468 cm~), respectively which are almost dis-
appeared (very weak) in B-type composite. Whereas in C-type, they
appear at 3689 cm~! (medium, asym) and 3643 cm~! (medium,
sym). In the region of 1500—1600 cm~' C=C and N=O stretchings
coupled with some bendings occur for FOX-7 and its B-and C-type
composites as well.

In the cisoid type composite O-H stretching occurs at 3743 cm ™!
(weak) whereas in the transoid type it is at 3116 cm~! (weak). In
both types composites (cisoid and transoid) all sorts of N-H

IR spectrum/(1/cm)

4000 3500 3000 2500 2000 1500 1000 500
g | 'V
s
E FOX-7+Mg %
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IR spectrum
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A T T T ¥ "l LLL
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&
IR spectrum/(1/cm)
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|
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Fig. 7. Calculated IR spectra of the composite structures considered.

Calculated

stretchings are weak and at 3400-3600 cm ™. Obviously in the case
of tautomer composites C=C stretching disappeared. Instead
various C=N stretchings should appear but they are superimposed
with bendings occurring below 1600 cm ™!

Table 5 tabulates the highest occupied molecular orbital
(HOMO), lowest unoccupied molecular orbital (LUMO) energies
and the frontier molecular orbital (FMO) energy gaps (Ae) of the
structures considered. The data reveal that the tautomers have
lower HOMO and LUMO energies as compared to FOX-7. The un-
equal extent of energy lowering of HOMO and LUMO causes Ae
value of tautomers to be less than the respective value of the parent
compound, namely the Ae order is 1 > 3>2.

As for the composites, the presence of Mg atom raises up the
HOMO energy level compared to FOX-7 and its tautomers. The
HOMO energy order is 3 < 2<1 < 4<5 < 6<7, whereas the LUMO
energy order is 2 < 3<7 < 4<6 < 1<5. Consequently, the overall Ae

Table 5
The HOMO, LUMO energies and FMO energy gaps (Ae) of the structures considered.
No Structure HOMO LUMO Ae
1 FOX-7 ~724.89 —276.96 447.94
2 cisoid-FOX-7 (tautomer) -734.40 -410.19 324.22
3 transoid-FOX-7 (tautomer) —735.34 —407.09 328.24
4 FOX-7+Mg (B-type) —567.09 -357.36 209.73
5 FOX-7+Mg (C-type) —486.98 —231.62 255.36
6 cisoid-FOX-7+Mg —463.87 —354.99 108.88
7 transoid-FOX-7+Mg —461.82 —386.79 75.03

Energies in kJ/mol. B3LYP/6—311++G(d,p) level of calculation.
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sequence is 1 > 3>2 > 5>4 > 6>7. The data also reveal that the
tautomers have much narrow HOMO-LUMO energy gap as
compared to FOX-7. Moreover, Mg in the tautomer composites is
more influential on narrowing of the FMO energy gap as compared
to B-and C-type FOX-7 composites. It is known that as the HOMO-
LUMO energy separation decreases, the sensitivity to impact in-
creases [55—59]. Hence, composite 7 (transoid-FOX-7+Mg) in
Table 5 should have higher impact sensitivity than the others.

Fig. 8 shows the calculated UV-VIS spectra (time-dependent
DFT) of the systems considered. The presence of Mg causes not only
a bathochromic effect compared to FOX-7 spectrum but also
appearance of new peaks in the visible region. It is to be noticed
that some absorptions, especially in the case of composites of the
tautomers, shift beyond the visible region towards the near IR. All
these effects indicate that the HOMO- LUMO energy gap is nar-
rowed by the presence of Mg atom. It is known that narrowing of
the FMO energy gap acts as a positive contributor to increase the

=
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E é_? FOX-7
S
200 300 400 500 600 700
UV/vis spectrum
g B type
E
2
< ﬁ
8]
200 300 400 500 700
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Fig. 8. Calculated UV-VIS spectra of the structures considered.

FOX-7+Mg
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FOX-7+Mg
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Cisoid-FOX-7+Mg -

transoid-FOX-7+Mg l

Fig. 9. The HOMO and LUMO patterns of the composite structures considered.

impact and shock sensitivity [56—59].

Fig. 9 shows the HOMO and LUMO patterns of FOX-7 and the
composites presently considered. The w-symmetry of FOX-7 is
disturbed in the composites up to a certain extent. Although, in B-
type composite the NH, groups contribute to the HOMO there is
almost no contribution to the HOMO and LUMO in C-type. In the
case of composites of the tautomers the amino groups again have
some contribution to both the HOMO and LUMO. Generally, the
HOMOs and LUMOs are characterized with a large contributions
located around Mg atom. All is indicative of the electron donor role
of Mg in the system (see Fig. 6 for the electrostatic charges).

4. Conclusion

Presently, within the limitations of DFT, FOX-7 and its cisoid and
transoid 1,5- tautomers and all their Mg composites have been
investigated. The tautomers have comparable energies but less
stable than FOX-7. FOX-7 and its tautomers are endothermic
structures but the parent compound is less endothermic than its
tautomers. Of the Mg composites, C-type is the most and cisoid type
tautomer composite is the least stable ones. FMO energy gaps of the
tautomers are less than FOX-7. As for the composites, the transoid
tautomer composite has the smallest and C-type FOX-7 composite
has the greatest FMO energy gap. The presence of Mg affects the IR
and UV-VIS spectra. Thus, Mg (1:1 mol ratio) composite should be
highly different than FOX-7 alone in terms of various properties.
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