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Abstract

Diacetone diperoxide (DADP) and triacetone triperoxide (TATP) are very sensitive
organic-peroxide type explosives which are easily synthesized. The present density
functional treatment considers oxidative powers of DADP and TATP molecules based on
comparison of their interactions with certain group II-metals at the level of B3LYP/6-
311++G(d,p). Composite systems of DADP and TATP with Be, Mg and Ca have been
considered. Although, in the case of beryllium composites, DADP and TATP and in the
magnesium composite of DADP the organic component remains intact, Ca composites of
DADP and TATP undergo ring rapture. Certain structural, electronic, quantum chemical

and some spectral properties of the composites have been obtained and discussed.

1. Introduction

Generally, organic peroxides are a relatively unexplored class of substances. The
most prominent example is acetone peroxide which was synthesized for the first time by
the German chemist Richard Wolffenstein in 1895 [1]. It was found that the main fraction
is a trimeric molecule (triacetone triperoxide, TATP, 3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-
hexoxonane). The trimer is accompanied by a dimer, known as DADP, diacetone
diperoxide [2]. It has been found that the ratio of the two possible products are formed
depends on the reaction conditions (mainly the concentration of the acid used) employed
during the reaction. Generally, concentrated and strong acids favor the formation of
DADP whereas lower acid concentrations or acid free conditions lead to the formation of

TATP. It has been reported that in the presence of catalysis of tin (IV), a tetrameric form
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can be isolated [3]. Triacetone triperoxide (TATP), diacetone diperoxide (DADP) and
hexamethylene triperoxide diamine (HMTD) are sensitive and powerful organic peroxide

explosives [4].

Some methods to degrade peroxide explosives (DADP, TATP, and HMTD)
chemically, at room temperature have been described. Investigations indicated that a
number of mixtures containing metals (e.g., zinc, copper) and metal salts (e.g., zinc
sulfate, copper chloride) were effective, so that some capable of destroying TATP
solutions in a few hours. Strong acids proved useful against solid peroxide materials [5].

Diacetone diperoxide (DADP) is the thermodynamically-favored one, as opposed to
the more commonly formed and kinetically-favored triacetone triperoxide (TATP).
Research by Matyas et al. has shown friction sensitivity differences between DADP,
HMTD and TATP [6]. Another research has indicated that conversion of TATP to DADP
can occur spontaneously if conditions are favorable [7]. It is to be noted that vapor
pressures of both acetone peroxides are significant to be detected by the human olfactory

sense [8].

On the other hand, pathway(s) through which acetone and hydrogen peroxide follow
to form TATP is/are still debatable whether DADP forms directly, or TATP forms first
followed by rearrangement to DADP in solution [9]. The synthesis of TATP occurs
slowly over time when hydrogen peroxide (HP) and acetone are combined for a
sufficiently long period, whereas the addition of an acid catalyst accelerates the process
significantly [1,10]. Although, addition of low to moderate levels of acid catalyst, results
in a mixture of TATP and DADP, high levels of added acid forms DADP as the sole
product. Some recent studies have indicated interesting behavior of DADP when co-
crystallized with other explosive materials [11]. Bowden et al., have managed to
characterize diacetone diperoxide [12]. On the other hand, Kahnooji et al., using density
functional theory calculations have investigated relationships between the structures and
performance of a series of highly energetic diacetone diperoxides [13]. Recently TATP
and some of its composites have been the focus of a computational study [14].

2. Method of Calculation

All the structures were subjected to MM2 initial geometry optimizations leading to
energy minima followed by semi-empirical PM3 self-consistent fields molecular orbital
(SCF MO) method [15,16] at the restricted level [17]. Then, the structure optimizations
have been achieved within the framework of Hartree-Fock (HF) and finally by using

http://www.earthlinepublishers.com



Comparison of Oxidative Powers of DADP and TATP - A DFT Treatise 69

density functional theory (DFT) at the level of B3LYP/6-311++G(d,p) [18,19]. 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 [20]. It is worth
mentioning that the correlation term of B3LYP consists of the Vosko, Wilk, Nusair
(VWN3) local correlation functional [21] and Lee, Yang, Parr (LYP) correlation
correction functional [22]. The normal mode analysis for each structure presently
considered yielded no imaginary frequencies for the 3N-6 vibrational degrees of freedom.
Note that N 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. All these computations were performed by using SPARTAN 06
[23].

3. Results and Discussion

Since DADP and TATP molecules possess peroxide linkages their oxidative
character is dominating in their reactions with other agents. However, it would be
scientific curiosity to scale up their oxidative powers at least qualitatively. Their
calculated electron affinity and hardness values are 377.735, 334.72 (electron affinities)
and 335.795, 313.84 (hardnesses), respectively. The above mentioned properties are
defined as [24],

Electronegativity = -(HOMO+LUMO)/2
Hardness = -(HOMO-LUMO)/2

See below for their HOMO and LUMO energies. The chemical hardnesses of Be, Mg
and Ca are 4.5, 3.9 and 4.0, respectively [24]. Note that hard-hard or soft-soft interactions

are more favored than the mixed types [25].

Figure 1 shows the optimized structures, direction of dipole moment vectors and
electrostatic charges on DADP and TATP molecules. As seen in the figure the charges on
oxygen atoms in DADP are almost equal to each other whereas this is not the case in
TATP, especially in one of the peroxide bonds, charges on the oxygens are highly
different. This should be the consequences of its conformational form which is highly
puckered relative to the DADP case which is relatively a stiff molecule.

Earthline J. Chem. Sci. Vol. 7 No. 1 (2022), 67-80



70 Lemi Tiirker

-0.859 ¢ 0885
. 20.272_-0.300
| o-0.859 o 0881 0.33’—“ 0717 -0.987
0837 ~S0.954
DADP ‘3548 ~_-0.256 f
-0.299 TATP
-0.2
‘ -0.256 -0:295
W 0852
[\, -0.895
0881

Figure 1. Optimized structures and electrostatic charges of DADP and TATP molecules
(Hydrogens omitted).

Figure 2 displays the optimized structures as well as direction of the dipole moment
vectors of DADP composites of beryllium, magnesium and calcium and the electrostatic
charges on atoms of those composites. As seen in the figure the metals, Be, Mg and Ca
all possess positive charges in the order of Be<Mg<Ca. It is worth mentioning that the
calcium composite has a decomposed DADP structure and the charge of calcium is
greater that unity in contrast to Be and Mg cases which have charges of less than unity.
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Figure 2. Optimized structures and electrostatic charges of DADP composites considered
(Hydrogens omitted).

Figure 3 shows the optimized structures, direction of the dipole moment vectors and
the electrostatic charges of TATP composites considered. Note that this time both the
magnesium and calcium composites have the decomposed TATP structure in contrast to
DADP+Mg case. As seen in Figure 3 the order of positive charge on the metals employed
is Be<Mg<Ca. Note that the Mg and Ca metals have some charge greater than unity.
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Figure 3. Optimized structures and electrostatic charges of TATP composites considered
(Hydrogens omitted).

Figure 4 shows the electrostatic potential maps of DADP composites considered.
Note the beryllium case in which potential field for Be remains not fused with the field of
organic part whereas partially overlapped in the case of Mg and effectively fused in the
calcium case. This fact should arise from interaction of atomic orbitals of the metals and
molecular orbitals of the organic moiety accompanied by polarization effects.

DADP+Be DADP+Mg DADP+Ca

Figure 4. Electrostatic potential maps of DADP composites considered.
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The order of positive charge developed on the metals of DADP and TATP
composites (see Figures 2 and 3) are TATP+Be < DADP+Be < DADP+Mg <
TATP+Mg < DADP+Ca < TATP+Ca. As indicated in the order, DADP causes more
positive charge development on the beryllium atom compared to TATP but TATP is
more effective than DADP on the positive charge development in the case of magnesium
and calcium. Note that both the Mg and Ca cause decomposition of TATP structure. In
other words these metals are easily oxidized by TATP acquiring themselves some
positive charge. Thus, it reversely follows the ionization potentials of those metals (see
Table 1) [26]. However, DADP cannot oxidize Mg although its LUMO energy is much
lower than TATP (see Table 2), thus it is expected to be more effective on the oxidation
of Mg than TATP is.

Table 1. Ionization potentials of the metals considered.

Ionization type Be Mg Ca

I 9.28 7.61 6.09
11 18.12 14.96 11.82
Total 27.42 22.58 17.91

In eV. Excerpted from ref. [26].

Table 2. The HOMO, LUMO energies and Ae values of the structures

considered.

Structure HOMO LUMO Ag

DADP -713.53 -41.94 671.59
TATP -648.56 -20.88 627.68
DADP+Be -591.76 -124.63 467.13
TATP+Be -608.56 -136.93 471.63
DADP+Mg -481.48 -76.79 404.69
TATP+Mg -658.12 -87.46 570.66
DADP+Ca -612.12 -160.76 451.36
TATP+Ca -576.47 -164.29 412.18

Energies in kJ/mol. Ae=¢ ypmo-€nomo-
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Figure 5 shows the electrostatic potential maps of TATP composites considered. In
electrostatic potential maps positive and negative potential regions are blue/bluish and
red/reddish in color, respectively.

TATP+Be TATP+Mg TATP+Ca

Figure 5. Electrostatic potential maps of TATP composites considered.

Figure 6 shows some molecular orbital energy levels of DADP and TATP. Some of
the molecular orbital energy levels of the DADP and TATP composites (Mg and Ca) are
shown in Figure 7.
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Figure 6. Some molecular orbital energy levels of DADP and TATP.
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The HOMO, LUMO energies and the interfrontier molecular orbital energy gap
values (Ag) of the systems of interest are tabulated in Table 2. The HOMO order is
DADP < TATP+Mg < TATP < DADP+Ca < TATP+Be < DADP+Be < TATP+Ca <
DADP+Mg, The LUMO order is TATP+Ca < DADP+Ca < TATP+Be < DADP+Be <
TATP+Mg < DADP+Mg < DADP < TATP. As seen in the table the metals raise up the
HOMO energy level as compared to the HOMO of TATP and DADP. Note that in the Ca
case DADP structure decomposed. Whereas the LUMO level of DADP has been lowered
by the effect of those metals. However, it is to be mentioned that Mg is less effective than
the beryllium in lowering the LUMO level. In general electron donating substituents raise
the frontier molecular orbitals (HOMO and LUMO) but electron attracting ones lower
[25] whereas an extending conjugation narrows the interfrontier molecular orbital energy
gap (Aeg). In the present case the metals act as if they are donating and attracting electrons
at unequal extends. Namely, certain kind of donation and back donation process is

occurring.
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Figure 7. Some molecular orbital energy levels of Mg and Ca composites of DADP and
TATP.
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The order of Ae values is DADP+Mg < TATP+Ca < DADP+Ca < DADP+Be <
TATP+Be < TATP+Mg < TATP < DADP. Note that TATP possesses much narrower
interfrontier molecular orbital energy gap (Ag) than DADP. On the other hand, the impact
sensitivity has been reversely correlated with Ae value [27,28]. Thus TATP should be
more sensitive to impact stimulus than DADP is. Figure 8 shows the LUMOs of DADP
and TATP molecules.

TATP

DADP

Figure 8. The LUMOs of DADP and TATP molecules.

Figure 9 shows the LUMO maps of DADP and TATP. A LUMO map displays the
absolute value of the LUMO on the electron density surface. The blue color stands for the
maximum value of the LUMO and the color red, the minimum value. Thus, they are
correlated with the most and least susceptible sites for their potential reduced sites in a
redox reaction.

DADP

Figure 9. LUMO maps of DADP and TATP.

Figures 10-12 comparatively show the calculated (time-dependent DFT) UV-VIS
spectra of composites of DADP and TATP. As seen in the figures, the beryllium
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composites of DADP and TATP are very similar to each other but magnesium composite
of TATP exhibits hypsochromic effect [29] to lower wavelengths. Note that the order of
Ae values is DADP+Mg < TATP+Ca < DADP+Ca < DADP+Be < TATP+Be <
TATP+Mg < TATP < DADP (see Table 2). However, it is to be remembered that in
TATP+Mg composite one of the peroxide linkages has been broken. Whereas, the
spectrum of TATP+Ca, like TATP+Mg, spreads over the whole ultraviolet region. All
these subtle changes in the spectra of decomposed composites should arise from special

characteristics of the products of the decompositions.

UV/Vis Spectrum

Figure 10. Calculated UV-VIS spectra of beryllium composites of DADP and TATP.
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Figure 11. Calculated UV-VIS spectra of magnesium composites of DADP and TATP.
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Figure 12. Calculated UV-VIS spectra of calcium composites of DADP and TATP.

4. Conclusion

The present density functional investigation (within the constraints of the theory and
basis set applied) compares the oxidative powers of DADP and TATP via their effects on
composites with some group -II metals, Be, Mg and Ca. Investigation has revealed that
DADP component remains intact in the presence of beryllium, and magnesium whereas
in the cases of Mg and Ca composites, one of the peroxide bonds of TATP is ruptured.
DADP molecule also undergoes decomposition by the rupture of a peroxide bond in the
presence of calcium. In TATP+Ca composite, not only the peroxide bond but also one of

the C-O bonds incident to the same carbon atom has been broken. In all the decomposed

Earthline J. Chem. Sci. Vol. 7 No. 1 (2022), 67-80



78

Lemi Tiirker

DADP and TATP composites metal atoms possess some positive charge greater than

unity. DADP cannot oxidize magnesium. Comparing charges appeared on calcium atoms

in the decomposed composites, DADP produces slightly more positive charge than

TATP. These decompositions of the composites involve transfer of some electron

population from the metal atom to DADP or TATP molecule.
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