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Abstract

The detailed degradation mechanism of an insensitive explosive, 2,4-dinitroanisole (DNAN), in advanced oxidation processes
(AOPs) was investigated computationally at the M06-2X/6-311 + G(d,p)/SMD level of theory. Results obtained show that the
addition-elimination reaction is the dominant mechanism. The phenol products formed can continue to be oxidized to benzo-
quinone radicals that are often detected by experiments and may be the initial reactants of ring-opening reactions. The H-
abstraction reaction is an unavoidable competing mechanism; the intermediate generated can also undergo the process of
addition-elimination reaction. The nitro departure reaction involves not only hydroxyl radical (*OH), but also other active
substances (such as *H). More importantly, we found that AOP technology can easily degrade DNAN, similar to TNT and
DNT. Thus, this method is worth trying in experiments. The conclusions of this work provide theoretical support for such

experimental research.
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Introduction

The ecological problems of explosives are attracting more and
more attention in many countries [1]. On the other hand, the
search for, and use of, new explosives never ceases. For exam-
ple, to increase the safety of weapons, the development of
insensitive munitions (IM) has become a main driving force
of modern explosives research. One of the first IM ingredients
to be used on a large scale is 2,4-dinitroanisole (DNAN), which
offers promise as a replacement for 2,4,6-trinitrotoluene (TNT)
in melt-cast explosive formulations [2]. Unfortunately, the tox-
icity of DNAN almost matches that of TNT [3, 4]. Therefore,
the release of DNAN and its production wastewater poses a
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threat to the ecological environment and public health. Thus,
effective methods to remove this pollutant from the environ-
ment must be sought, especially considering that early tech-
niques such as incineration, detonation and ocean dumping
have been declared dangerous and illegal.

In recent years, advanced oxidative processes (AOPs) have
become one of the most promising methods for removing
explosives from contaminated soils, sediments and water
[5-9]. However, studies on removing DNAN by AOPs are
rare, although this method has been shown to be effective
for TNT, 2,4-dinitrotoluene (DNT), and so on. Several bio-
degradation works have evaluated DNAN biotransformation
under anaerobic, microaerophilic and aerobic conditions, and
some metabolites had also been elucidated [10—13].
Additionally, the alkaline hydrolysis of DNAN has also been
investigated by a combination of experimental and theoretical
technologies [14—16]. Obviously, as another significant alter-
native method, the potential of AOPs should not be ignored,
especially as they have shown good performance with other
explosives [5-9]. Understanding the detailed degradation
mechanism of DNAN by AOPs is a crucial precondition to
promoting the use of AOP technology for the effective remov-
al of DNAN.

Here, we first explored the reaction mechanism of DNAN
with the hydroxyl radical (*OH) in AOPs. Considering the
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challenge of capturing lively radicals and short-lived interme-
diates, we chose density functional theory (DFT) methods for
this study. Indeed, the lack of experimental data unavoidably
increases the difficulty of this work because of the existence of
numerous reaction channels. Fortunately, two previous studies
on AOP degradation of TNT and DNT [17, 18] and alkaline
hydrolysis of DNAN [14-16] were able to provide valuable
reference information. The latter mainly included three path-
ways for the initial steps: hydrogen abstraction, the formation
of Meisenheimer complexes, and direct substitution of the
nitro group. Thus, we carefully established an initial guess
as to the reaction channels of DNAN with *OH based on
previous studies [14—-18]. High-level DFT calculations were
then used to assess the validity of the proposed mechanism.
Although a number of assumptions were made with regard to
the mechanism, considering the good agreement with previ-
ous simulations and experiments, it is believed that the pro-
posed mechanism represents an acceptable hypothesis suit-
able as a thorough first attempt to theoretically investigate
the degradation of DNAN by *OH in AOPs. As in our previ-
ous works, we hope that the results obtained from this theo-
retical simulation can provide strong support for further ex-
perimental studies, and valuable help towards finding suitable
solutions for explosive pollution.

Computational methods

All stationary points in reaction pathways were fully opti-
mized at the M06-2X/6-311 + G(d,p) level [19, 20], followed
by vibrational frequency analysis. For all optimizations, sol-
vation effects was considered synchronously at the same level
of theory, using a self-consistent reaction field (SCRF) [21]
based on the SMD solvation model [22]. The function M06-
2X and the SMD solvation model have been used successfully
by Leszczynski’s group to study the alkaline hydrolysis of
TNT, DNT, DNAN and RDX [14, 16]. Therefore, we did
not retestify their reliabilities. Since AOPs are generally car-
ried out in water, we used the dielectric constant of water at
298.0 K, £ = 78.4. The default parameters of the program were
used in all computations. Stationary points were further char-
acterized as either local minima (intermediates, no imaginary
frequency) or saddle points [transition states (TSs), one and
only one imaginary frequency]. The intrinsic reaction coordi-
nates (IRC) [23] path was traced to check the energy profiles
connecting each TS to the two associated minima of the pro-
posed mechanism. Additionally, zero-point vibrational ener-
gies, and corrections to enthalpy, entropy and Gibbs free-
energy were also determined by calculation of the analytic
harmonic vibrational frequencies at the same theory level as
geometry optimization. The refined energies were corrected to
enthalpies and free energies at 298.15 K and 1 atm, using the
revised harmonic frequencies. Gibbs free energies of all
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considered species were calculated using standard expression,
AG = AH-T-AS, where AG is the activation Gibbs free en-
ergy, and AH and AS are the activation enthalpy and entropy,
respectively. 7 is the absolute temperature (298.15 K in this
study). All calculations were carried out with the Gaussian 09
suite of programs [24].

Results and discussion

The generation of *OH radicals plays a main role in AOPs,
because *OH with an unpaired electron on the oxygen atom is
the second strongest oxidant after fluorine. This radical has a
very effective standard potential [E°(*OH/H,0)=2.8 V vs.
normal hydrogen electrode (NHE) at pH = 0)], which is able
to readily steal hydrogen atoms from other molecules to form
water molecules, and add into unsaturated bonds [25]. The
reactions between *OH and target compounds in aqueous so-
lution are complex chemical processes that include a number
of oxidized radical intermediates. However, the two initial
reaction mechanisms—hydrogen abstraction and addition to
unsaturated bonds (double bond or aromatic ring)—remain
unequivocal [25].

Hydrogen abstraction reactions

Based on previous work [14—18], we designed the complete
hydrogen abstraction (H-abstraction) reaction pathways of
DNAN; the results are shown in Fig. 1. It is worth noting that
we focus mainly on reactions involving only *OH radicals and
do not consider other active reactants (such as O,). Next, we
gradually elucidated the details of the H-abstraction reactions
of DNAN shown in Fig. 1, including the intermediates and
TSs at the very early stage of the reactions and the data of
reaction (AGg¥) or activation (AG¥) Gibbs free energies.

In general, this route is composed of a series of H-
abstraction and dehydration reactions. In the first step, an
*OH radical abstracts an H atom from the CH; group of
DNAN, then produces radical intermediate 1 and a molecule
of H,O by TS1. From TS1 in Fig. 2, we see that the lengths of
the C—H breaking and H-O forming bonds are 1.16 A and
1.45 A, respectively, which implies that the H-abstraction is an
asynchronous atom-transfer reaction and the geometry of the
TS is closer to that of the reactant.

The data listed in Table 1 also show that the first H-
abstraction reaction need only overcome a low activation en-
ergy barrier of 10.8 kcal mol ' and has an exothermicity of
19.2 kecal mol . The radical intermediate 1 further reacts with
the second *OH without the barrier due to the combination of
two radicals, and generates the intermediate compound 2 with
a very high exothermicity of 88.5 kcal mol ', The next step
from 2 to 3 is a dehydration reaction with an abnormally high
barrier of AG*=80.8 kcal mol™ ! (see Table 1). The
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Fig. 1 Hydrogen abstraction
reaction mechanisms for

degradation reactions of 2,4- 0

dinitrotoluene (DNT) solely by
OHe radicals

corresponding TS2 is closer to the product (H,0), judging
from the length data labeled in Fig. 2. Generally, a reaction
with such a high barrier is impossible at room temperature.
However, the former two reactions (0 — 1 and 1 — 2) had
released enough heat (107.7 kcal mol ™) to support the prob-
able occurrence of this dehydration reaction (2 — 3). Of
course, it is more likely that radical 1 has another choice
and, for example, would react with O,, because radicals such
as 1 have relatively low energy barriers for reaction with O,
[25] and the concentration of *OH is much lower than that of
dissolved O, [26].

After generating compound 3, basically there are no reac-
tions with the extra high barrier. First, the formed intermediate
3 with unpaired electrons is indeed unstable, and converts eas-
ily into isomer 4, which is more stable and has higher energy of
71.3 kecal mol™! (see Table 1). The details of just this

NO,
7

isomerization reaction (3 — 4) are given in Fig. 3. It is clear
that there is a relatively short distance of 2.78 A between the C
atom with unpaired electrons and the O atom of the nitro group
at the ortho position in 3. Due to the surplus electrons of the C
atom and the high electronegativity of the O atom, the C atom
is easily dragged to the O atom, and the last distance is 1.31 A,
which illustrates the formation of a covalent bond. This prog-
ress can release heat energy of 31.2 kcal mol ™. In Fig. 3, the
generated isomer 3 is also a temporary intermediate, because it
just needs to cross a low barrier of AG* =7.7 keal mol ™" (cor-
responding to TS;,,), and arrive at a more stable product 4 (2,6-
dinitrobenzaldehyde) with an exothermicity of 40.1 kcal mol .
Similar structures, including benzaldehyde, are also found in
the AOPs of TNT [17] and DNT [18].

From Fig. 1, we can see that the next reaction is as same as
that of DNT, i.e., intermediate 4 would be further robbed of a

Fig. 2 Optimized geometries of
TS1, TS2, TS3, TS4 and TS5 for 1.45 J:16¢
hydrogen abstraction reactions of
2,4-dinitroanisole (DNAN), with
the selected distance given in A.
The activation energy is given in
keal mol ™!

AG*=10.8

N
‘ (3 Ry 9’

)\ [
TS3 TS4 TSS
AG*=11.1 AG*=14.0 AG#=5.7

@ Springer



44 Page 4 of 9

J Mol Model (2018) 24: 44

Table 1 Reaction (AGg¥) and

activation (AG¥) Gibbs free Reaction step AGg AGH Reaction step AGR? AGH
energies at 298.15 K for all
reactions in Flg 1 (kcal molil). 0+°+OH— TS1 —1+H,0 -19.2 10.8 4++0H— TS3 —-5+H,0 —40.5 11.1
The compounds represented by 1+OH—>2 —88.5 ~ 5+OH— 6 —84.1 ~
notations are TS1-TSS are 25 TS2—3+H,0 57.8 80.8 6+ +OH — TS4 — 7+ H,0 3.1 14.0
illustrated in Figs. 1 and 2 . o

3 — 4 (isomerization) =713 7.7 7—TS5—8+CO, —16.8 5.7

hydrogen by the third attack of *OH. The corresponding TS3,
which is closer to the reactant like TS1 based on the labeled
length, has a barrier of 11.1 kcal mol ! and leads to radical
intermediate 5. Then, 5 would continue to combine with a
*OH radical to generate 2,4-dinitrobenzoic acid (6) with the
large heat output of AGr* =—84.1 kcal mol . Then, again
through an H-abstraction, compound 6 is transformed into
radical intermediate 7 by TS4. The low barrier (AG* =
14.0 keal mol ") indicates that this H-abstraction reaction also
occurs easily at room temperature. As a TS of the H-
abstraction reaction, TS4 is slightly different to the previous
two, i.e., TS1 and TS3. For the geometry of TS4 shown in
Fig. 2, the C-H bond of the carboxyl group is stretched to
1.21 A, which is equal to the O-H bond length of the hydroxyl
radical. Crossing a very low barrier of 5.7 kcal mol ', radical 7
removes carbon dioxide by TS5 and finally produces the other
radical intermediate, 8. Due to the conjugative effect of the
benzene ring, radical 8 is relatively stable, and easily captures
an H-atom to form 1,3-dinitrobenzene. A similar process in-
volving a series of H-abstraction reactions can also be called
methyl oxidation in AOPs of TNT [17] and DNT [18], with
the final product generally being 1,3,5-trinitrobenzene and
1,3-dinitrobenzene, respectively. By comparison, DNAN has
an extra oxygen atom between the methyl group and the ben-
zene ring, which results in only one additional isomerization
reaction. Furthermore, the isomerization reaction is a highly

exothermic process (AGg*=-71.2 keal mol "), and needs
only to overcome a small energy barrier (AG¥=
7.7 kcal molfl). Therefore, as for TNT and DNT, the H-
abstraction reaction details described in this work should be
one of the important degradation mechanisms of DNAN by
AOPs.

Addition reactions to aromatic rings

Generally, the addition reaction is one of the main processes
involving *OH in the presence of aromatic compounds, and
this reaction can be very fast, and is sometimes controlled by
diffusion [27]. In subsequent investigations, we focused main-
ly on the addition reactions of *OH radical to aromatic rings.
The six carbon atoms in the benzene ring are numbered I-VI
in sequence, as shown in the bottom right corner of Fig. 4. If
we consider only the addition of a single *OH radical, the total
molecular energies and geometries of six isomeric intermedi-
ates (9—14) are given in Fig. 4. We found that, when C atoms
(L, I, IV, and VI) with a substituent (nitro- or methyl ether
group) are added by *OH, the energy of the radical adducts
generated is relatively lower than that from a C atom (III and
V) without the substituent. For example, based on the total
molecular energy, radical 10 (AG =—17.0 kcal mol ™) should
be the most stable additive product. We selected the first two

Fig. 3 Free-energy profiles and ZLeoc = 117.0
transitions state (TS) geometries <> o ¢ =102.6 T
. . . NN OCH . g 1.4
for the isomerization reaction of i p \2/“ 8
the intermediate 3 from H- Al S Jd’." 2
abstraction reaction. Distances are =N :L\. N
in A; activation energies are in \/\ \?
kcal mol ! ‘ \ l
P o ¥ s ~ : . J i
00 .:‘. //
7,
AGRI=_31 2 TSiso 74
[ 2 AGETT =
AGg+=-40.1 \
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Fig. 4 Difference in free energy

(AG) for six addition products H;CO, PH  H,CO o OCH; OCH; OCH; - OCH;
(9-14). Reference energy NG, “NO, N0, NO; N - NG,
(0.0 kcal mol ) is the sum of that . (')'“ H-.
of DNAN and the *OH radical NO, NO, NO, O,N OHI i NO, NO,
0.0l 9 10 11 12 13 14
D
S
X
S
Q
< -7.9
& . -8.4
N1-109 45
-11.9
OCH3
w At NO,
"
R 1
-17.0 NO,

additive products, i.e., 9 and 10, as examples to explore the
following reactions (see Fig. 5).

Based on our previous work [17, 18] and a reported work
on toluene [28], we know that the direct substitution pathway
(addition-elimination mechanism) has an advantage in terms
of thermodynamics. For the first addition product 9 in Fig. 5,
we find that the addition-elimination reaction (departure of a
single CH;O» radical) occurs easily with a barrier of AG¥=
18.0 kcal mol™', which is slightly higher than that of the

H3;CO, OH OH

NO;, NO,
+'OCH;3
NO, X NO,
0.0 R ——
c\./' AGgi=-2.3

HyCO /T/\\ oCH;
2 on
“NO, +NO,
NO, NO,

0 187, e
0.0 BOR
AG*=0.1
AGg¥=-21.0

Fig. 5 Free-energy profiles and TS geometries of the addition-
elimination reaction (one *OH radical) for products 9 and 10. Distances
in A, activation energies in kcal mol ™'

previous H-abstraction reaction (AG*=10.8 keal mol ™).
Energy (—10.9 kcal mol ') released by the addition process
of the *OH radical to the aromatic ring can easily make up the
gap. Theoretically, this should represent the competitive reac-
tion of the H-abstraction, if the effect of energy dissipation and
steric hindrance is not considered. As for the second addition
product 10, its elimination process of *NO, radical is almost
no barrier (AGi =0.1 kcal molfl) and, however, gives out
heat of 21.0 kcal mol .

The same products (15 and 16) can also be obtained from
the addition of two *OH radicals followed by an elimination
reaction, as shown in Fig. 6. For the addition products of two
*OH, 17 and 18, their total energies decline by 58.6 kcal mol ™!
and 59.9 kcal molfl, respectively, which seems to favor this
pathway. However, the subsequent elimination reaction re-
quires a very high energy barrier. In detail, the elimination of
formic acid (CH;COOH) by TS8 needs to overcome a barrier
0f 104.2 kcal mol !, and the elimination of nitric acid (HNOs)
by TS9 also has a barrier of 70.6 kcal mol'. The previous
reactions do not release enough heat to overcome the high
barrier of the elimination reactions. It is very clear that these
hydroxyl substituted products (like 15 and 16) are generated
mainly from the addition-elimination reaction mechanism
based on the reaction barriers. It is worth emphasizing that
the so-called addition process is the addition of a single hy-
droxyl radical.

Denitration reactions

In AOPs of TNT [29] and DNT [8], denitration products, such
as dinitrotoluene, mononitrotoluene, and dinitrobenzene, are
often detected. Our previous studies on TNT and DNT did not
conduct an in-depth investigation of this reaction. Here, we
take DNAN as an example to explore the possible mechanism
of denitration reactions. Early studies on the nitromethane
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AG#=104.2

TS9

H;CO  No,
f.oH
-OH

) AG*=70.6
NO,H NO,
0.0 [
Fig. 6 Free-energy profiles and TS geometries of the addition-
elimination reaction (two *OH radicals) for products 17 and 18.
Distances are in A; activation energies are in kcal mol ™!

AGg#=-1.0

decomposition reaction stated that isomerization of the nitro
group is a possible channel [30]. Therefore, we first explored
the isomerization reaction of the nitro group at the I'V position
for DNAN, as shown in Fig. 7. Compared with DNAN (0),
there is no obvious change in the energy of the isomerization
product 19 (AGRI =1.8 kcal molfl). However, TS11 has an
activation energy barrier of AG* = 67.9 kcal mol ', which is
relatively high. Because of this high barrier, Zeman et al. [31]
believed that the initial reaction of nitromethane was C—-N
bond cleavage, rather than isomerization of the nitro group.
In addition, from Fig. 7, we can see that product 19 has an
elongated N-O bond that is 1.41 A more than the other N-O
bond (1.16 A). When the ONO group of 19 is further attacked
by an *OH radical, this reaction overcomes only a relatively

Fig. 7 Free-energy profiles and
TS geometries of the
isomerization reaction of the nitro

low barrier (AG* = 14.3 kcal mol ') to form a benzoquinone
radical 20 by leaving a nitrous acid (HNO,). This is an exo-
thermic reaction (AGRI =34.9 kcal molfl). It is interesting
that a similar benzoquinone intermediate (20’) is also found
in the next step of the direct substitution product (16) of the
*OH radical (that is, from the addition-elimination mecha-
nism). The corresponding results are given in Fig. 8.

As shown in Fig. 8, when an *OH radical is close to the H-
atom of the phenol hydroxyl group, the H-abstraction reaction
would occur via TS13. It must be emphasized that this H-
abstraction reaction is almost no energy barrier. In fact, Fig.
8 gives the IRC path based on TS13 at the B3LYP/6-31 +
G** level. If the calculation level is raised to the M06-2X/6—
311 + G** level, the TS cannot be found. In Fig. 8, it is clear
that the pathway from 16 to TS13 is exceptionally flat.
Formation of the benzoquinone radical 20’ is a highly exo-
thermic process. On the other hand, the *OH radical can also
get another hydrogen atom from the anisole group, which has
a relatively high barrier of AG* = 13.0 kcal mol . Obviously,
the next pathway after the addition-elimination reaction
should have two competing choices. If other factors are not
considered, H-abstraction from the phenol hydroxyl group
should prevail. This may be the reason that intermediates of
the benzoquinone radical are often detected. It is also in agree-
ment with experimental results [29, 32], which detected sev-
eral benzoquinone radicals. The isomerization mechanism of
the nitro group resulting in formation of the benzoquinone
radical cannot be completely ruled out, because the nitro isom-
erization always occurs under conditions of illumination [33].
Moreover, the subsequent reaction with *OH can generate the
benzoquinone radical through a relatively low barrier.
Agreeing with the above point, Liou et al. [29] found the
benzoquinone radical under photo-Fenton conditions.
Regarding the subsequent reactions of benzoquinone radicals,
we will investigate them in the future due to their extreme
complexity.

At this point, the reaction mechanisms of nitro isomeriza-
tion that are originally designed for denitration have resulted
in the formation of benzoquinone radicals. Although benzo-
quinone radicals are often detected in several experiments,

group. Distances are in A; TS10 )\ \VV4 v
activation energies are in O [
keal mol ™ I N HC
H,C i -y 1.887 o
"o s i -8 NO,
NO, AG*=67.9 —
2 i ]'7 o
= TS11
NO . vaGi/‘—\_l 43 O
0.0 ¢ 4 R
AGr+=1.8 »»._____AGR1=-34.9
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& -702.51F + H,0
~ I
B L NO,
702.52( o
-702.53} o
50 5 10 15 20

Reaction Coordinate

Fig. 8 Free-energy profiles along with the intrinsic reaction coordinates
(IRC) reaction path for the reaction from 16 to 20" by TS12

they still might have come from other reactions. In fact, if
limited only to reactions related to *OH radicals, the
denitration reaction is almost impossible. Hence, we consider
the participation of other reactive substances. Among them,
the simplest mechanism is the direct substitution of hydrogen
radicals (H*+e — *H). The above mentioned study had indi-
cated that the addition product (10) of *OH to the II position is
most stable, because of the lowest energy of AGg¥=
—17.0 kcal mol ', Therefore, the addition intermediate (21)
of *H to the II position was considered first, and has a greater
energy drop than 10 (AGRr* =—25.9 kcal mol ™). Like 10,
addition product 21 may also induce a sustainable reaction
based on the addition-elimination mechanism, and finally
form denitration product 22 through TS14 (see Fig. 9). This
step of the reaction has only a very low barrier of 2.1 kcal mol '
but can emit heat of 21.4 kcal mol . Clearly, this mechanism
is also applicable to denitration reactions of other
nitroaromatic explosives such as TNT and DNT. Of course,

. . 2 OCH;

L e +NO,
R P
NO, TS13, NO,

0.0 AG*=2.1 ‘
AGg#=-21.4

Fig.9 Free-energy profiles and TS geometry for the addition-elimination
reaction of the nitro group and hydrogen radical (+H). Distance are in A;
activation energies are in kcal mol ™'

the probability of this reaction depends mainly on the concen-
tration of *H radicals (i.e., production speed and duration) in
the Fenton reaction.

Comparison

One of the primary concerns with explosives degradation by
AOQOPs is that the final products and intermediates may in some
cases still be toxic, possibly even more toxic than the parent
compound [1]. An in-depth and detailed understanding of the
degradation mechanisms can help us identify the final prod-
ucts and intermediates of AOPs. On the basis of the above
studies, the potential energy surfaces of the four possible re-
action pathways are summarized in Fig. 10, allowing us to
compare them as a whole. The first is the H-abstraction reac-
tion, which just needs to climb an energy barrier of AG* =
10.8 kcal mol ™" and then goes downhill. Such a low barrier
ensures that the reaction can take place at room temperature.
Notably, the subsequent dehydration reaction from 2 to 3 with
a high barrier (AG* = 80.8 kcal mol ') sets up an obstacle to
the whole H-abstraction pathway. However, the first two steps
of the reaction (0 — 1 and 1 — 2) release enough heat to sup-
port the sustained response. Additionally, under real condi-
tions, this step may be skipped by the participation of active
oxygen, like for TNT [34]. Compared with TNT [17] and
DNT [18], the H-abstraction reactions of DNAN increase
one-step isomerization (that is, 3 — 4 in Fig. 4). However,
they do not influence the whole progress.

As for addition-elimination mechanisms, the addition of
two *OH radicals to the benzene ring will decrease the energy
of the products more than that of one *OH radical. For exam-
ple, the energy of the double addition product 17 drops to
—58.6 kcal mol ', and the single addition product 10 is de-
creased by —17.0 kcal mol ', However, the subsequent elim-
ination reaction for 17 has a very high barrier of AG¥=
104.2 kcal molfl, which is far more than that for 10
(0.1 keal mol ). Excluding the heat from the previous step,
the remaining barrier of 45.6 kcal mol " is still difficult to
overcome. Obviously, the addition-elimination reaction medi-
ated by a single *OH radical is the dominate mechanism. The
corresponding phenol products are also easily robbed of an H
atom from the phenol group by other *OH radicals, which is
almost no barrier (see Fig. 8). The formed benzoquinone rad-
ical can destroy the conjugated benzene ring. Maybe this is
one of the ring opening reaction mechanisms. Another source
of the benzoquinone radical is the departure of nitrous acid
(HNO:,) after isomerization of the nitro group. This reaction is
more likely to occur under illumination conditions.

Judging from the present results, the denitration reaction
must include the participation of reactive reactants other than
*OH radicals. Here, we assume the participation of *H radi-
cals. Then, this reaction, which also uses the addition-
elimination mechanism, will obtain the denitration product
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Fig. 10 Relative AG potential
energy surfaces for the
degradation reaction pathways of
DNAN (kcal mol™"). The
compounds represented by the
notations can be seen in Figs. 1-9

AG (keal/mol)

-205.8 7
. -208.9

Reaction Coordinate

22 easily through a relative low barrier of AG*=

2.1 kcal mol ', The addition process may also be carried out
in two steps, i.e., a hydrogen proton (H") is first added to the
benzene ring, and then the cationic complex formed is com-
bined with an electron (e). H" and e are common products of
the Fenton process (or AOPs).

Conclusions

In summary, the detailed degradation reaction mechanism of a
typical insensitive explosive, DNAN, by hydroxyl radicals in
AOPs has been studied initially with DFT methods at the
M06-2X/6-311 + G(d,p)/SMD level. The main conclusion
of this work can be summarized as follows: for AOP degra-
dation of DNAN, the representative degradation mechanism is
mainly the H-abstraction reaction and the direct substitution
(or addition-elimination) of the nitro group. Due to the defi-
ciency of experimental data for DNAN, it is not possible to
complete a detailed comparison between computational and
experimental results. However, Leszczynski et al. [16] found
similar phenomena in the alkali hydrolysis of DNAN, i.e., the
predominant product came from the reaction of demethylation
and direct substitution of a nitro group by a hydroxide anion.
The mechanism of addition-elimination is more crucial in this
process due to the very low energy barrier. As for the H-
abstraction reaction, it is only one possible competing path-
way. The direct substitution product from the addition-
elimination mechanism can further produce a benzoquinone
radical through an H-abstraction process without the barrier.
Isomerization of the nitro group has a barrier of
67.9 kcal mol ™!, and can also bring a benzoquinone radical
intermediate. Comparing experimental data [32], we think that
this reaction may occur only under light conditions. The
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denitration reaction does not result from the participation of
only *OH radicals; other active reactants, such as *H radical,
may be involved. In addition, details of TSs, intermediate
radicals and free energy surfaces for all proposed reactions
are given and make up for a lack of experimental knowledge.
On the whole, the degradation mechanisms of DNAN by
AOPs are very similar to those of TNT and DNT, including
intermediates and thermodynamics information. As with dis-
posal of TNT and DNT, the removal of DNAN utilizing AOPs
seems a good choice.
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