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Abstract

Dicyanofuroxan is a new and interesting high explosive that can be used instead of some
classical explosives. The present density functional treatment considers dicyanofuroxan
and its ring opened dinitroso isomer. The treatment has been based on density functional
theory at the level of UB3LYP/6-311++G(d,p). Within the constraints of the theory and
the basis set employed the results indicated that the ring form of dicyanofuroxan is
electronically more stable and thermodynamically more favored compared to its ring-
opened dinitroso isomer. Transition state geometry and energy have been obtained for
the ring opening reaction of dicyanofuroxan. Furthermore its charged forms are the
focus of interest. Its monoanionic and dicationic forms decompose but mono cation
form undergoes some bond elongations tending to decompose. Additionally some
quantum chemical properties are presented and discussed.

1. Introduction

Among a variety of energetic structural patterns considered in order to design high
density energetic materials with thermal stability and moderate sensitivity to external
stimuli in the same molecular moiety is a tricky issue. The 1,2,5-oxadiazole-2-oxide
(often referred to as furoxan or furoxane) ring is indeed prominent due to its desirable
oxygen balance, high density of energetic derivatives, and high positive enthalpy of
formation [1-9].

Simple nitro derivatives of furoxan have not attracted much interest for use as
practical energetic materials due to their poor thermal stability and the reactivity of the

nitro groups to nucleophilic displacement reactions [10].
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Dicyanofuroxan (3,4-dicyano-1,2,5-oxadiazole-2-oxide, DCFO) is a new and
interesting high explosive that can be used instead of TNT, NG or PETN. It possesses
remarkable stability and thermally stable up to 200°C. It forms white to flocculated
slightly yellow crystals with a mean mp. of 40°C. The crystals are readily insoluble in
water but soluble in CH,Cl,. It has remarkable resistance to shock, friction, percussion
and impact [11]. It is readily detonated by any standard blasting caps and can be used for
making booster charges in place of tetryl. DCFO can be readily melted and casted into
any desired shape [11]. Homewood et al., have patented a safe explosive containing
dicyanofuroxan [12]. Johnson et al., described another method for its synthesis [13].
They claimed that when detonated in a liquid and/or solid form by the addition of
energy, such as heat, through an electrical resistance means, or preferably, by means of
conventional blasting caps, DCFO exhibits considerable explosive force [12]. It can be
alloyed with TNT, RDX, HMX or any other explosive having mp., in the range of 40-
180°C to form melt cast explosive charges and for military applications such as artillery

shells and missile warheads [11].

NC f DCFO

Gumanov and Korsunskii studied the thermal decomposition mechanism of
dicyanofuroxan [14]. Homewood et al., has patented a safe explosive containing
dicyanofuroxan [12]. Larin et al., reported various nitro-, cyano-, and methylfuroxans
[15].

2. Method of Calculation

Initially all the structures were subjected to MM2 geometry optimizations leading to
energy minima followed by semi-empirical PM3 self-consistent fields molecular orbital
(SCF MO) method [16,17] at the restricted level [18]. Then, the structure optimizations
have been achieved within the framework of Hartree-Fock (HF) and finally by using
density functional theory (DFT) at the level of UB3LYP/6-311++G(d,p) [19,20]. 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 [21]. It is worth
mentioning that the correlation term of B3LYP consists of the Vosko, Wilk, Nusair
(VWN3) local correlation functional [22] and Lee, Yang, Parr (LYP) correlation
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correction functional [23]. The normal mode analysis for each structure presently
considered yielded no imaginary frequencies for the 3N-6 vibrational degrees of
freedom. Note that NV is the number of atoms in the system and the present normal mode
analysis indicates that the structure of each molecule corresponds to at least a local
minimum on the potential energy surface. Furthermore, all the bond lengths were
thoroughly searched in order to find out whether any bond cleavage occurred or not
during the geometry optimization process. A rather high-level basis set has been
employed in order to minimize the effect of basis set superposition error (BSSE) which
accompanies in the case of open-shell systems. All these computations were performed
by using SPARTAN 06 [24].

3. Results and Discussion

It is known that replacement of nitro groups by furaxano groups on aromatic ring
can increase density, detonation velocity and energy of explosives. However, nitro
derivatives of furoxan have not been favored for use as practical energetic materials due
to their some unlikable properties as mentioned above [10]. Cyano groups act similar to
nitro groups in many respects. Furoxan ring system in dicyanofuroxan (DCFO) is under
the influence of electron withdrawing cyano groups which make the ring more electron
deficient as compared to furoxan itself. It is to be mentioned that furoxans until 1960s
were assumed to be o-dinitroso compounds [25].

An analogous furoxan compound, 4,6-dinitrobenzofuroxan were studied extensively
for its ring opening reaction to its dinitroso isomer [26-28]. Note that one of the striking
features of benzofuroxan (BFO) is its intramolecular isomerization to 1,2-dinitroso

benzene intermediate to yield the starting compound eventually [29].

Optimized structures of the presently considered DCFO isomers and direction of
dipole moment vectors of them are shown in Figure 1.

+

Figure 1. Optimized structures of DCFO isomers considered.
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Table 1 shows some properties of the DCFO isomers considered. As seen in the
table, isomer-I has a greater dipole moment value but owes slightly less polarizability
compared to isomer-II, most probably due to its highly symmetrical structure.

Table 1. Some properties of the DCFO isomers considered.

Structure Dipole moment Polarizability LogP
I 1.82 49.23 3.38
II 1.57 50.10 -0.54

Dipole moment in debye units.

Table 2 includes some thermo chemical properties of DCFO isomers considered.
According to the data presented, structure-I possesses more favorable H° and G°
compared to isomer-II but due to its cyclic structure it has less favorable entropy value.

Table 2. Some thermo chemical properties of DCFO isomers.

Structure H° S° (J/mol°) G°
I -1369876.949 358.22 -1369983.753
II -1369767.822 382.03 -1369881.725

Energies in kJ/mol.

Table 3 lists some energies of the DCFO isomers and the transition state considered.
where E, ZPE and E stand for the total electronic energy, zero point vibrational energy
and the corrected total electronic energy, respectively.

Table 3. Some energies of the DCFO isomers and the transition state considered.

Structure E ZPE Ec
I -1370006.48 120.62 -1369885.86
I -1369888.46 108.64 -1369779.82
TR -1369824.80 110.21 -1369714.59

Energies in kJ/mol.

The electronic stability order follows the sequence of TR<II<I. Based on the
corrected total electronic energies considered, the activation energy for the ring opening
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reaction of DCFO is 171.27 kJ/mol., whereas the dinitroso isomer requires only -65.23
kJ/mol., of energy to pass through the same activation state for the ring closure process.

As seen in Table 3, the cyclic isomer is more stable than the nitroso form albeit the
fact that former one is entropically less favored.

Figure 2 shows bond lengths/distances in structure-1 and the transition state for the
ring-opening of DCFO during the isomerization of structure-I to II.

Figure 2. Bond lengths/distances in structure-1 and the transition state for the ring-
opening of DCFO (Bond lengths/distances in A).

Figure 3 shows the electrostatic potential (ESP) charges on the atoms of the systems
presently considered. Note that the ESP charges are obtained by the program based on a
numerical method that generates charges that reproduce the electrostatic potential field
from the entire wavefunction [24].

-0.302
.
0.280 0.280
A -0.319 o 0303 e
0.217 A’ W \g0178 gtine
A r .‘_ }.J-
\ 0. ) 0.256
”.o_;:' 4.175 2
0.1 \ ¥ -0.036
. o606 Mﬁ-o.ns .—.0._1;5
T 0344 +
| TR 11

Figure 3. The ESP charges on the atoms of structures-I and II and the transition state
considered.
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Figure 4 shows the electrostatic potential maps of the systems considered. Note that
blue and orange to green regions stand for electro positive and negative potential fields,
respectively. In structures-I and II positive potential field spreads over the furoxan ring
while in the transition state structure it is somewhat shifted one side. The direction of the

dipole moment vectors changes accordingly.

Figure 4. Electrostatic potential maps of the systems considered.

Figure 5 displays some molecular orbital energy levels of the systems considered.
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Figure 5. Some molecular orbital energy levels of the systems considered.
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As seen in the figure, in the transition state the HOMO energy level raises up but the
LUMO Ilevel decreases with respect to the corresponding orbital energies of structure-I
(see also Table 4).

Table 4 lists some energies of structures-I and II and the transition state considered

where Ag = & ymo-Enomo-

Table 4. Some energies of structures I and II and the transition state considered.

Structure HOMO LUMO Ag
I -836.72 -374.20 462.52
I -765.00 -543.71 221.29
TR -736.41 -552.63 183.78

Energies in kJ/mol.

The HOMO order is I<TR<II while the LUMO energies follow the order of
TR<II<I. Consequently, the interfrontier molecular orbital energy gap (Ae) values
follow the order of TR<II<I. All these indicate that some extended conjugation occurs

g PR,
. de 3%

Figure 6. The HOMO and LUMO patterns of the systems considered.
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better in the transition state and structure-II compared to the cyclic structure. Because
the extended conjugation raises up the HOMO but lowers the LUMO energy levels
causing narrowing of interfrontier molecular orbital gap [30]. On the other hand, the
impact sensitivity increases more and more as Ag value gets smaller and smaller [31,32].
Thus, structure-II is expected to be more sensitive to impact stimulus than isomer-I is.

Figure 7 shows the local ionization maps of DCFO isomers. In a local ionization
potential map, conventionally red regions on the density surface indicate areas from
which electron removal is relatively easy, meaning that they are subject to electrophilic
attack. On the other hand, regions having blue color represent areas where ionization is
relatively difficult.

Figure 7. The local ionization maps of DCFO isomers.

Figure 8 displays the LUMO maps of DCFO isomers. A LUMO map displays the
absolute value of the LUMO on the electron density surface. In a LUMO map, the blue
colored region stands for the maximum value of the LUMO and the color red, the

minimum value.

Figure 8. The LUMO maps of DCFO isomers.
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The charged forms

Electric spark sensitivity of an energetic material is very important for safety during
the storage and/or handling purposes. lonized forms of an energetic material put some
light on the stability of it against the static electric charge accumulation. Figure 9 shows
the optimized structures of some ions of DCFO.

P

X

Monoanion Monocation Dication

Figure 9. Optimized structures of some ions of DCFO.

Figure 10 displays the bond lengths/distances (in A) of some ions of DCFO. Since
the monoanion is the decomposed form of structure-I, its dianion form is not considered.
As evident from the figure, the positive or negative ionization causes the cleavage of
ring N-O bond by the exocyclic N-O moiety. Note that the length of the respective N-O
bond in structure-I is just 1.48 A (see Figure 2).

Monoanion
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Dication

Monocation

Figure 10. Bond lengths/distances (in A) of some ions of DCFO.

Figure 11 shows the ESP charges on atoms of DCFO ions. As seen in the figure, in
the case of monoanion opposite charges accumulate on the atoms of the broken N-O
bond whereas similar charges appear in the case of cations considered. Thus, the anion
formation possibly occurs via heterolytic whereas cation formation via homolytic
cleavage of the N-O bond.
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Figure 11. The ESP charges on DCFO ions.

Figure 12 shows some molecular orbital energy levels of the ions considered. Note
that the mono anion and cation forms are open-shell systems, thus unrestricted
calculations yield a- and B-type orbitals which are represented in the figure by a- and b-
types. Also note that inner lying orbitals of structure-I are more dense compared to the
others which reflect thermal stability of structure-1.
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Figure 12. Some molecular orbital energy levels of the ions considered.

Table 5 lists some energies of the ions considered. The data in the table indicates
that the monoanion formation raises up both the HOMO and LUMO energy levels of the
parent structure while decreasing the Ag value. On the other hand, cation formation
progressively lowers both the HOMO and LUMO levels compared to the levels of
structure-I, meanwhile Ag value decreases.
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138

Lemi Tiirker

Table 5. Some energies (in kJ/mol) of the ions considered.

Ion HOMO LUMO Ag
Structure-1 -836.72 -374.20 462.52
Monoanion -240.99 141.05 382.04
Monocation -1429.65 -996.45 433.2
Dication -1915.54 -1728.65 186.89

The effects of charging on the HOMO and LUMO patterns are shown in Figure 13.

Monoanion
a-LUMO %# b-LUMO
a-HOMO b-HOMO
Monocation
a-LUNIO b-LUNIO
a-HOMNO b-HOMO
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Dication

LUNO

HOMO

Figure 13. The HOMO and LUMO patters of the charged DCFO species.

As seen in the figure the cation forms possess n-type symmetry in both the HOMO and
LUMO.

Figure 14 displays the spin density maps of the open-shell ions considered. Note that
in the monoanion case only one of the cyano groups has some spin density on the carbon
atom while in the monocation both of them possess almost equivalent spin density on

the nitrogen atoms.

Monocation

Monoanion

Figure 14. Spin density maps of the open-shell ions considered.

4. Conclusion

The present treatment, within the restrictions of the theory and the level of
calculations, reveals that isomer-I is preferred over isomer-II and the isomerization
process if occurs at all requires rather high activation energy compared to the ring
closure. On the other hand, dicyanofuroxan is more insensitive to impact stimulus than
its dinitroso isomer. However, dicyanofuroxan is sensitive to electrical charging and

even more sensitive to negative charging.

Earthline J. Chem. Sci. Vol. 7 No. 2 (2022), 127-142



140

Lemi Tiirker

References

[1]

[2]

[5]

(8]

[10]

[11]

Fershtat, L.L., & Makhova, N.N. (2020). 1,2,5-Oxadiazole-based high-energy-density
materials: Synthesis and performance. ChemPlusChem, 85, 13-42.
https://doi.org/10.1002/cplu.201900542

Xiong, H., Yang, H., Lei, C., Yang, P., Hu, W., & Cheng, G. (2019). Combinations of
furoxan and 1,2,4-oxadiazole for the generation of high performance energetic
materials. Dalton Trans., 48, 14705-14711. https://doi.org/10.1039/C9DT02684C

He, C., Gao, H., Imler, G.H., Parrish, D.A., & Shreeve, J.M. (2018). Boosting energetic
performance by trimerizing furoxan. J. Mater. Chem. A, 6, 9391-9396.
https://doi.org/10.1039/C8TA02274G

Klapotke, T.M., & Witkowski, T.G. (2015). Nitrogen-rich energetic 1,2,5-oxadiazole-
tetrazole-based energetic materials. Propellants Explos. Pyrotech., 40, 366-373.
https://doi.org/10.1002/prep.201400294

Wu, B, Yang, H., Lin, Q., Wang, Z., Lu, C., & Cheng, G. (2015). New thermally stable
energetic materials: synthesis and characterization of guanylhydrazone substituted
furoxan energetic derivatives. New J. Chem., 39, 179-186.
https://doi.org/10.1039/C4NJO1175A

Johnson, E.C., Sabatini, J.J., Chavez, D.E., Wells, L.A., Banning, J.E., Sausa, R.C,,
Byrd, E.F.C., & Orlicki, J.A. (2020). Bis(nitroxymethylisoxazolyl) furoxan: A
promising standalone melt-castable explosive. ChemPlusChem, 85, 237-239.
https://doi.org/10.1002/cplu.201900710

Stepanov, A.L., Dasko, D.V., & Astrat’ev, A.A. (2012). 3,4-Bis(40-nitrofurazan-30-
yDfuroxan: A melt cast powerful explosive and a valuable building block in 1,2,5-
oxadiazole chemistry. Cent. Eur. J. Energ. Mater., 9, 329-342.

He, C., Tang, Y., Mitchell, L.A., Parrish, D.A., & Shreeve, J.M. (2016). N-Oxides light
up energetic performances: Synthesis and characterization of dinitraminobisfuroxans
and their salts. J. Mater. Chem. A, 4, 8969-8973. https://doi.org/10.1039/C6TA03619H

Pepekin, V.I., Korsunskii, B.L., & Matyushin, Y.N. (2008). Explosive properties of
furoxanes. Combust. Explos. Shock Waves, 44, 110-114.
https://doi.org/10.1007/s10573-008-0015-z

Agrawal, J.P., & Hodgson, R.D. (2007). Organic chemistry of explosives. Chichester
West Sussex: Wiley. https://doi.org/10.1002/9780470059364

Ledgard, J. (2007). The preparatory manual of explosives (3rd ed.). Jared Ledgard.

http://www.earthlinepublishers.com



Dicyanofuroxan and Its Charged Forms - A DFT Study 141

[12]

[13]

[14]

[15]

[22]

[23]

Homewood, R.H., Krukonis, W.J., & Loszewski, R.C. (1974). Safe explosive containing
dicyano furoxane and method. US3,832,249.

Johnson, E.C., Bukowski, E.J., Sausa, R.C., & Sabatini, J.J. (2019). Safer and
convenient synthesis of 3,4-dicyanofuroxan. Org. Process Res. Dev., 23, 1275-1279.
https://doi.org/10.1021/acs.oprd.9b00186

Gumanov, L.L., & Korsunskii, B.L. (1991). Thermal decomposition of
dicyanofuroxane. Bulletin of the Academy of Sciences of the USSR, Division of
Chemical Science, 40, 1702-1704. https://doi.org/10.1007/BF01172277

Larin, A.A., Bystrov, D.M., Fershtat, L.L., Konnov, A.A., Makhova, N.N., Monogarov,
K.A., Meerov, D.B., Melnikov, I.N., Pivkina, A.N., Kiselev, V.G., & Muravyev, N.V.
(2020). Nitro-, cyano-, and methylfuroxans, and their bis-derivatives: From green
primary to melt-cast explosives. Molecules, 25, 5836.
https://doi.org/10.3390/molecules25245836

Stewart, J.J.P. (1989). Optimization of parameters for semi empirical methods 1. J.
Comput. Chem., 10, 209-220. https://doi.org/10.1002/jcc.540100208

Stewart, J.J.P. (1989). Optimization of parameters for semi empirical methods II. J.
Comput. Chem., 10, 221-264. https://doi.org/10.1002/jcc.540100209

Leach, A.R. (1997). Molecular modeling. Essex: Longman.

Kohn, W., & Sham, L.J. (1965). Self-consistent equations including exchange and
correlation effects. Phys. Rev., 140, 1133-1138.
https://doi.org/10.1103/PhysRev.140.A1133

Parr, R.G., & Yang, W. (1989). Density functional theory of atoms and molecules.
London: Oxford University Press.

Becke, A.D. (1988). Density-functional exchange-energy approximation with correct
asymptotic behavior. Phys. Rev. 4, 38, 3098-3100.
https://doi.org/10.1103/PhysRevA.38.3098

Vosko, S.H., Vilk, L., & Nusair, M. (1980). Accurate spin-dependent electron liquid
correlation energies for local spin density calculations: a critical analysis. Can. J. Phys.,
58, 1200-1211. https://doi.org/10.1139/p80-159

Lee, C., Yang, W., & Parr, R.G. (1988). Development of the Colle-Salvetti correlation
energy formula into a functional of the electron density. Phys. Rev. B, 37, 785-789.
https://doi.org/10.1103/PhysRevB.37.785

SPARTAN 06 (2006). Wavefunction, Inc. Irvine, CA, USA.

Earthline J. Chem. Sci. Vol. 7 No. 2 (2022), 127-142



142

Lemi Tiirker

[25]

[26]

[27]

[28]

[30]

[31]

[32]

Matyas, R., & Pachman, J. (2013). Primary explosives. Heidelberg: Springer-Verlag.
https://doi.org/10.1007/978-3-642-28436-6

Tiirker, L. (2011). Isomerization of 4,6-dinitrobenzofuroxan-A DFT study. J. Energetic
Materials, 29, 127-149. https://doi.org/10.1080/07370652.2010.510496

Liu, Y-H., Wu, Y-H., Li, J-S., & Liu, M-H. (2020). Comparative modeling of improved
synthesis of energetic dinitrobenzofuroxan (DNBF) derivatives. J. Mol. Model., 26,
Article No. 240. https://doi.org/10.1007/s00894-020-04497-z

Naixing, W., Chen, B., & Ou, Y. (1994). Review on benzofuroxan system compounds.
Propellants, Explosives, Pyrotechnics, 19(3), 145-148.
https://doi.org/10.1002/prep.19940190306

Katritzky, A.R., & Gordeev, M.F. (1993). Heterocyclic rearrangements of
benzofuroxans and related compounds. A review about the chemistry of benzofuroxans.
Heterocycles, 35, 483-518. https://doi.org/10.3987/REV-92-SR2

Fleming, 1. (1973). Frontier orbitals and organic reactions. London: Wiley.
https://doi.org/10.1002/prac.19783200525

Anbu, V., Vijayalakshmi, K.A., Karunathan, R., Stephen, A.D., & Nidhin, P.V. (2019).
Explosives properties of high energetic trinitrophenyl nitramide molecules: A DFT and
AIM analysis. Arabian Journal of Chemistry, 12(5), 621-632.
https://doi.org/10.1016/j.arabjc.2016.09.023

Badders, N.R., Wei, C., Aldeeb, A.A., Rogers, W.J., & Mannan, M.S. (2006). Predicting
the impact sensitivities of polynitro compounds using quantum chemical descriptors.
Journal of Energetic Materials, 24, 17-33. https://doi.org/10.1080/07370650500374326

http://www.earthlinepublishers.com



