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Abstract

Triacetonetriperoxide (TATP) is a very sensitive organic peroxide type explosive which
attracts the attention of terrorist groups due to its easy synthesis. The present density
functional treatment considers the interaction of TATP molecule with certain group II
metals at the level of B3LYP/6-311+G(d,p). Composite systems of TATP and Be, 2Be,
Mg and Ca have been considered. Although, in the case of beryllium composites TATP
molecule remains intact, in its Mg and Ca composites the rupture of the ring (even in 1:1
composite) occurs. Certain structural, electronic, quantum chemical and some spectral

properties of the composites have been obtained and discussed.

1. Introduction

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]. His intention was to oxidize Coniin
with hydrogen peroxide and used acetone as solvent. The white precipitate formed
exhibited to have explosive properties. Detailed investigations concerning the
composition of the product were performed later and it was found that the main fraction
is a trimeric molecule (triacetone tri peroxide, TATP, 3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-
hexoxonane). The trimer is accompanied by a dimer (diacetone di peroxide, DADP) [2].
The ratio of the two possible products are formed depends on the reaction conditions
(mostly the concentration of the acid) used during the reaction. Generally concentrated

and strong acids favor the formation of DADP whereas lower acid concentrations or acid
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free conditions lead to the formation of TATP. Under the catalysis of tin (IV), a

tetrameric form can be isolated [3].

Triacetone triperoxide (TATP), diacetone diperoxide (DADP) and hexamethylene
triperoxide diamine (HMTD) (which are sensitive and powerful organic peroxide
explosives) have been used by terrorists in the past. They are attractive to terrorists
because their syntheses are straightforward, requiring only a few easily obtainable
ingredients.

For most peroxides, the general decomposition mechanism is not investigated in
detail until now [4]. Only for acetone peroxide deeper studies have been performed. In
this case, the main reaction products are carbon dioxide, methane, ethane, ethylene and
acetone and no significant amount of heat is released [5]. Under a nitrogen atmosphere,
no flame can be observed [5] (entropic detonation).

Mo
7< 7<

Bali et. al., have noted that research to counter the threat of organic peroxides such as

DADP TATP

triacetone triperoxide (TATP) is at times hampered by their inherent extreme
sensitiveness and volatility [6].

Thermal decomposition and thermochemistry of TATP and some other organic
peroxides have been investigated by various researchers [7-12]. The thermal
decomposition of two peroxides, triacetone triperoxide (TATP) and hexamethylene
triperoxide diamine (HMTD), was investigated as a function of pressure, temperature and
atmosphere by using T-jump/FT-IR spectroscopy [7]. In an argon atmosphere at fast
heating rates, the dominant decomposition product of TATP was found to be methane
rather than acetone which dominates at slow heating rates. The products of TATP were
different in argon and in air which implies that decomposition occurs primarily in the gas
phase.

Oxley et.al., discussed methods to degrade peroxide explosives, DADP, TATP, and
HMTD, chemically, at room temperature. A number of mixtures containing metals (e.g.,
zinc, copper) and metal salts (e.g., zinc sulfate, copper chloride) were found to be
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effective, so that some capable of destroying TATP solutions in a few hours. Strong acids
proved useful against solid peroxide materials [9].

In the present computational study, interaction of TATP with some group II metals
has been investigated in the realm of density functional theory (DFT).

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 [13,14] at the restricted level [15]. 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 B3LYP/6-311++G(d,p) [16,17]. 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 [18]. The
correlation term of B3LYP consists of the Vosko, Wilk, Nusair (VWN?3) local correlation
functional [19] and Lee, Yang, Parr (LYP) correlation correction functional [20]. 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 which
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
[21].

3. Results and Discussion

Highly dangerous materials (explosives or toxic chemicals) sometimes need new
technologies or agents in order to destroy them harmlessly. Therefore, some research
continuously is devoted to that direction. Since TATP molecule possesses peroxide
linkages its oxidative character is dominating so that some reducing agents are required
while destroying TATP. However, the redox reaction supposed to take place has to be not
so vigorous to cause any danger.

The ground state electronic configurations of the metals of present interest Be, Mg
and Ca are 1s22s2, [Ne]3s? and [Ar]4s?, respectively. Their first ionization energies are
900, 736 and 590 kJ/mol., whereas the second ionization energies are 1760, 1450 and
1150 in the same sequence [22].
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Figure 1 shows the top and side views of the structure optimized composites or their
decomposed forms presently considered. As seen in the figure TATP+Be composite is
stable and undergoes no bond cleavage during the optimization process. As seen in
Figure 2, TATP+ 2Be composite also keeps its integrity.

* TATP 2

. TATP+Be

TATP+Mg

TATP+Ca é

Figure 1. Optimized structures of the systems (top and side views) presently considered.
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TATP+2Be

Figure 2. Optimized structures of TATP+2Be system (top and side views).

On the other hand, TATP+Mg and TATP+Ca systems undergo bond rupture(s). In
the magnesium case, one of the O-O linkages is broken (3.55 A) whereas in the calcium
composite one of the peroxide bonds (4.17 A) as well as one of the C-O bonds (2.82 A)
are cleaved. Figure 3 shows the bond lengths/distances in the composites considered. One
of the C-O bonds in the magnesium composite is somewhat elongated (1.63 A) as
compared to similar types of bonds in the system.

TATP+Be TATP+2Be

TATP+Ca

TATP+Mg

Figure 3. Bond lengths/distances (A) of the systems considered (Hydrogens not shown).
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Table 1 lists some properties of the systems considered. As seen in the table, the area
and volume increase in the beryllium composites as compared to TATP but the dipole
moment values are the same.

Table 1. Some properties of the systems considered.

System Area (A2  Volume Dipole  Ovality  Polarizability

(A3 moment
TATP 250.18 222.42 0.11 1.41 57.88
TATP+Be 269.37 230.32 0.11 1.48 58.90
TATP+2Be 288.53 238.19 0.11 1.55 59.55
TATP+Mg 270.23 235.48 3.95 1.47 59.08
TATP+Ca 288.17 246.05 4.69 1.52 60.32

Dipole moments in debye units.

Table 2 shows some energies of the systems presently considered.

Table 2. Some energies of the systems of consideration.

System E ZPE Ec
TATP+Be -2152384.56 715.49 -2151669.07
TATP+2Be -2190903.90 714.94 -2190188.96
TATP+Mg -2639776.59 707.32 -2639069.27
TATP+Ca -3893547.49 700.02 -3892847.47

Energies in kJ/mol.

Figure 4 displays the electrostatic potential charges (ESP) and electrostatic potential
maps of the present concern.
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Figure 4. ESP charges and potential maps of the systems considered (Hydrogens not

shown).
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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 [21].

The charges possessed by the metallic elements considered are all positive. They are
1.91 and 1.61-1.63 for TATP+Be and TATP+2Be systems, respectively. Whereas the
charges of metals in the other cases are 1.33 (TATP+Mg) and 1.42 (TATP+ Ca). Note
that the first ionization energies of Be, Mg and Ca are 900, 736 and 590 kJ/mol. [22],
respectively. Namely calcium donates some electron population more favorably than
magnesium and magnesium better than beryllium. Note that all the peroxide oxygens
have unequal partial negative charges.

Figure 5 displays some of the molecular orbital energy levels of the systems
considered. Table 5 includes the HOMO, LUMO (frontier molecular orbitals) energies
and the interfrontier molecular orbital energy gap (Ag) values.
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Figure 5. Some of the molecular orbital energies of the systems considered (Hydrogens

not shown).

As seen in Figure 5 and Table 3, the presence of beryllium or calcium raises up
whereas magnesium lowers the HOMO of the composite as compared to TATP case.

http://www.earthlinepublishers.com



Interaction of TATP with Some Group Il Metals - A DFT Treatment 9

However, note that in the Mg and Ca cases the values stand for the decomposed

composites.
Table 3. The HOMO, LUMO energies and Ae values.
System HOMO LUMO Ag
TATP -648.56 -20.88 627.68
TATP+Be -608.56 -136.93 471.63
TATP+2Be -607.72 -141.11 466.61
TATP+Mg -658.12 -87.46 570.66
TATP+Ca -576.47 -164.29 412.18

Energies in kJ/mol.

The HOMO order is TATP+Mg < TATP < TATP+Be < TATP+2Be < TATP+Ca. It
seems calcium raises up the HOMO much better than magnesium and beryllium. Since
the first ionization energies of Be, Mg and Ca are 900, 736 and 590 kJ/mol. [22],
respectively. The Be atom cannot donate any electron population so easily. The position
of Ca composite in the order seems to be odd at the first sight. However, note that in the
cases of Ca and Mg, the HOMO and LUMO energies are for the decomposed systems not
for the composites having an intact TATP molecule. Also note that in the Mg case
although the electrostatic charges on the oxygen atoms at the termini of ruptured O-O
bond are very comparable in magnitude (suggesting a homolytic cleavage), in the case of
Ca composite the respective charges on the broken peroxide bond is not comparable in
magnitude in spite of the fact that both are negative in sign. The LUMO order within the
frame of what have been said above is TATP+Ca < TATP+2Be < TATP+Be <
TATP+Mg < TATP. That means the metal partners lower the LUMO energy of TATP at
different extends.

Figure 6 shows the time-dependent density functional (TDDFT) UV-VIS spectra of
the systems presently considered. As expected TATP absorbs in the UV region of the
spectrum because it does not have any conjugated paths to absorb at wavelengths for less
energy requiring excitations [23,24]. So do the beryllium composites of it. However for
the decomposed composites of TATP the situation is different. Although, the
decomposed TATP+Mg absorbs in the UV region, the decomposed TATP+Ca spectrum

Earthline J. Chem. Sci. Vol. 7 No. 1 (2022), 1-16
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exhibits a bathochromic effect [24,25] to longer wavelengths in the UV and partly in the
VIS regions. Note that in the case of TATP+Ca two bonds, O-O and C-O bonds, have
been broken which may have different type interactions to shift the absorption to longer
Amax Values.

Figure 7 displays the HOMO and LUMO patterns of the systems of present concern.
In TATP molecule the HOMO orbital has n-type symmetry in between the oxygen atoms
but they all have antibonding interaction. In the LUMO orbital the interaction between
the oxygen atoms is again antibonding but this time o-type. In the beryllium composite,
the organic component does not contribute to the HOMO and LUMO. A similar situation
occurs in the case of TATP+2Be. The contributions to the frontier molecular orbitals are
only from the Be atom. In the decomposed magnesium composite Mg atom does
contribute neither to the HOMO nor the LUMO. In the case of decomposed calcium
composite, the metal atom has some small contribution to both the HOMO and LUMO.

Figure 8 shows the calculated IR spectra of the systems considered. The calculated
IR spectrums of both beryllium composites are similar to the spectrum of TATP. The
magnesium case differing from the spectra of both TATP and beryllium composites
indicates that how great structural perturbations have occurred. In the series considered
the extreme situation is associated with TATP+Ca case. The strong peak at 1693 cm™!
belongs to C-O vibration. The corresponding bond length is 1.23 A (suggesting a C=0
bond) which is shorter than the C-O bond at the other side of the broken O-O bond (1.33
A). All the other C-O bond lengths vary in between 1.43-1.58 A. Note that cleavage of O-
O bond is accompanied by the cleavage of C-O bond at the same carbon atom. All these
suggest that a redox reaction should have occurred to liberate a formaldehyde molecule

(or alike specie) by the action of Ca atom.
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Figure 6. UV-Vis spectra of the systems considered.
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Figure 7. The HOMO and LUMO patterns of the systems of present concern.
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Figure 8. The calculated IR spectra of the systems considered.
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Figure 9 shows the local ionization potential maps of the systems considered. In the

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
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ionization is relatively difficult. Thus the figure indicates that Be atom is the relatively
suitable site for electrophilic attack while itself being oxidized. Whereas, Mg and Ca
atoms in the decomposed composites are potential sites for nucleophilic attack because
they are already in the oxidized state.

TATP TATP+Be TATP+2Be

0’ ¢
e

TATP+Mg TATP+Ca

Figure 9. Local ionization potential maps of the systems considered.

4. Conclusion

The present density functional investigation (within the constraints of the theory and
basis set applied) of TATP composites with some group II metals (Be, Mg and Ca) has
revealed that the organic component remains intact in the presence of beryllium, even the
presence of two Be atoms, whereas in the cases of Mg and Ca composites, one of the O-
O bonds is ruptured. In the 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. The spectral and
bond length calculations have revealed that that particular carbon atom turns into
formaldehyde (or alike specie). These decompositions involve transfer of some electron
population from the metal atom to TATP molecule. In the case of calcium composite
after the main redox reaction some further reaction(s) occur to produce a formaldehyde

like specie to be eliminated.
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