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This paper presents our latest findings regarding the structure and reactivity of the nitroaromatics,
TNT and selected derivatives, within their environmental context. We also demonstrate the useful and
proactive role of combined computational chemistry and spectroscopy tools in studying competing trans-
formation mechanisms, particularly those with toxic potential.
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TNT and selected derivatives were reacted via alkaline hydrolysis as well as via free radical initiators
through monochromatic irradiation and through Fenton reactions in complex competing transformation
mechanisms. Only alkaline hydrolysis produced consistent and effective transformation intermediate and
final products in this research. However, irradiation of the product generated by alkaline hydrolysis at
450 nm (wavelength of maximum absorption) caused complete disappearance of the spectra.
xidative/reductive reactions
hotolysis

. Introduction

TNT is well known for its widespread presence and toxicity in
he environment. At documented concentrations, TNT is consid-
red highly toxic, mutagenic, and potentially carcinogenic [1–3].
nvironmental accumulation increases the chance of human con-
act. Problems ranging from high cost to incomplete and slow

ineralization, toxic intermediates, and unstable treatment cul-
ures have plagued physico-chemical, biological, and biochemical
ttempts at degradation of TNT and its derivatives [4–17]. However,
he ever-increasing and cost-effective use of computational chem-
stry (CC) to predict appropriate transformation mechanisms has
ielded potentially acceptable intermediate and final products [18].

n addition, CC methods are essential to the analysis of hazardous or
naccessible “parent” compounds and their transformations as well
s effective in the study of molecular interactions with the envi-
onment. Computational methods combined with spectroscopic
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techniques have proven useful in finding chemically feasible trans-
formation products [19–20,28,33]. Goals have been to discover
hypotheses, methodology and data to build a system of knowledge
useful to understanding the transformation mechanisms of com-
pounds of interest to the DoD and chemical industries. This research
is part of an ongoing investigation of nitroaromatic energetics and
focuses on TNT and selected transformation products.

Theoretical calculation plus selective spectroscopic verification
provided a valid approach to the premise that molecular struc-
ture determines transformation pathways. It is expected that this
combination of methods, based on computational simulation plus
selective spectroscopic verification, has the potential to provide
a powerful research tool for developing effective, in-situ cleanup
technologies for explosives and other contaminant materials.

Methodology for this study began with semiempirical CC predic-
tion of TNT and its derivatives being carried out to ascertain physical
structure and chemical properties. Second, much of our data was

then verified spectroscopically to ensure chemical feasibility of
the transformation products and mechanisms. This experimental
aspect included application of alkaline hydrolysis (Section 4.2) and
methods of producing free radicals (via monochromatic irradiation
and Fenton reagents (Section 4.5). Last, Density Functional Theory

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:qasimm@erdc.usace.army.mil
mailto:qasimm@wes.army.mil
dx.doi.org/10.1016/j.jhazmat.2008.12.105
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Table 1
Energies and other properties of TNT and other compounds.

Compound MM2 total steric energy (kcal/mol) Orbital level B3LYP AM1 minimal energy

HOMO/LUMO
energies (eV)

Heat of formation
(kcal/mol)

HOMO/LUMO
energies (eV)

Heat of formation
(kcal/mol)

Dipole charge
(debye)

Energies and some properties of TNT and related compounds

2,4,6-
Trinitrotoluene

6.4610
N = 43 LUMO −0.13410 17.112 LUMO −2.43 42.259 0.941
N = 42 HOMO −0.31784 HOMO −11.72

2-Amino-4,6-dinitrotoluene −0.8787
N = 38 LUMO −0.10816 11.106 LUMO −1.63 28.579 7.191
N = 37 HOMO −0.25269 HOMO −9.53

4-Amino-2,6-dinitrotoluene −0.2180
N = 38 LUMO −0.10493 14.878 LUMO −1.65 31.087 5.459
N = 37 HOMO −0.24772 HOMO −9.45

2,6-Diamino-4-nitrotoluene −4.9658
N = 33 LUMO −0.08143 10.370 LUMO −0.66 18.968 7.116
N = 32 HOMO −0.21899 HOMO −8.58

2,4-Diamino-6-nitrotoluene −4.8493
N = 33 LUMO −0.07746 13.676 LUMO −0.62 20.823 6.766
N = 32 HOMO −0.21269 HOMO −8.41

2,4,6-Triaminotoluene −9.0304
N = 28 LUMO 0.02846 17.562 LUMO 1.31 15.490 0.094
N = 27 HOMO −0.18403 HOMO −7.66

2,4,6-Trinitrophenol
3.9152

N = 43 LUMO −0.14893 −23.797 LUMO −2.53 0.939 1.53
N = 42 HOMO −0.30900 HOMO −11.41

2-Amino-4,6-dinitrophenol
2.5323

N = 38 LUMO −0.12048 −33.552 LUMO −1.73 −12.485 6.017
N = 37 HOMO −0.24461 HOMO −9.38

4-Amino-2,6-dinitrophenol −5.6038
N = 38 LUMO −0.12335 −23.599 LUMO −1.87 −8.378 6.142
N = 37 HOMO −0.24039 HOMO −9.31

2-Hydroxy-4,6-dinitrotoluene −3.1551
N = 38 LUMO −0.11512 −31.936 LUMO −1.95 −13.646 5.397
N = 37 HOMO −0.27606 HOMO −10.47

4-Hydroxy-2,6-dinitrotoluene −8.1751
N = 38 LUMO −0.11212 −27.052 LUMO −1.86 −11.786 3.539
N = 37 HOMO −0.27248 HOMO −10.37

2,6-Dihydroxy-6-nitrotoluene −4.9939
N = 33 LUMO −0.09423 −78.082 LUMO −1.20 −66.280 7.223
N = 32 HOMO −0.24887 HOMO −9.69

2,4-Di hydroxy-6-nitrotoluene −2.1985
N = 33 LUMO −0.08960 −73.676 LUMO −1.19 −65.168 4.836
N = 32 HOMO −0.24033 HOMO −9.56

1,3,5-Trinitrobenzene
3.2040

N = 40 LUMO −0.14149 19.386 LUMO −2.68 44.662 0.002
N = 39 HOMO −0.33665 HOMO −12.75

5-Amino-1,3-dinitrobenzene −6.3134
N = 35 LUMO −0.11424 15.581 LUMO −1.71 32.294 6.748
N = 34 HOMO −0.25560 HOMO −9.67
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(DFT) calculations were performed at the B3LYP (Beck 3 Parameter,
Lee, Yang, Parr) level to support and expand our investigation of
TNT and selected species (Table 1 and [20,33]).

Since molecular structure determines transformation pathways, a
section on TNT molecular structure (Section 3) was added to facil-
itate understanding of this study’s results and conclusions.

2. Theoretical and spectroscopic approaches

2.1. Computational methods

Computational chemistry is based on simulation. Our study uti-
lized various levels of CC, including semiempirical and DFT methods
for prediction of molecular structures; modes and sites of reactivity;
as well as rates of transition state formation, fast-forming interme-
diate and final products—all of which contributed to revealing the
reaction mechanisms of the competing transformation pathways of
TNT and seventeen analogues.

Molecular Orbital PACkage (MOPAC) is fast and uses com-
paratively less memory than most CC tools. Since TNT and its
analogues have similar structures/similar entropies, MOPAC pro-
vided data sufficiently accurate to compare the important physical
and chemical properties: structure; electronic distribution; dipole
moments; and thermodynamics (heats of formation). Utilizing clas-
sical mechanics, MOPAC Molecular Mechanics (MM2 and MM3)
predicted such properties as steric hindrance (used for geometrical
optimization and distinguishing stabilities of molecular conform-
ers), while quantum mechanical semiempirical methods calculated
bond lengths and angles, molecular orbitals, dihedral angles, for-
mation and steric energies, partial charges, electrostatic potentials,
dipole charges/dipole moments, cosmo solvation, solvent accessi-
bility surfaces, and HOMO/LUMO energy values. Definite trends
were revealed (and are discussed in Section 5) corresponding to
substituent nature, position, and number of amino and hydroxyl
groups ([19–20,33] and Table 1). HOMO/LUMO energies reveal
aspects of molecular structure and can thereby indicate potential
toxicity and recalcitrance (Section 5).

DFT calculations were run at the B3LYP/6-311G(d,p) level via the
use of homodesmotic reactions. Although DFT B3LYP level 3 values
are higher than those obtained through MOPAC methods, the DFT
predictions from the study corroborate similar trends (Section 4.2)
to those obtained via AM1 (Table 1).

2.2. Spectroscopic approach/instrumentation

Theoretical results as to fast-forming states, intermediate and
final products were supported and verified via UV Vis, and Stopped
Flow (SF) spectroscopy. A Genesys 2 UV Vis Spectrophotometer was
used in conjunction with 10 mm pathlength quartz cuvettes. Mea-
surements were taken from 200 to 700 nm. UV Vis (Figs. 1 and 2A–C)
was used to measure concentrations and to follow courses of chem-
ical reactions through changes in shape and wavelength (Section
4.2). Concentration measurements of parent, intermediate and final
compounds were observed through changes in height of their spec-
tra where maximum absorption occurs. Changes in spectral shape
(appearance/disappearance of shoulders; site of wavelengths of
maximum absorption) indicated the appearance and disappear-
ance of intermediate and final transformations.

A Hi-Tech SF-61 Stopped Flow Spectrophotometer was used to
measure rate constants and to follow rates of fast-forming interme-

diates (Fig. 3A–F), indicating steps of the reactions through changes
in slope (Section 4.2). This technique is theoretically capable of
following rates as small as a thousandth of a second.

A monochromatic irradiation system designed for performing
photochemical reactions was constructed and used to carry out
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hotochemically induced free radical reactions at wavelengths of
aximum absorption. This system uses a 200 W Hg (Xe) lamp

oused in a compartment with mirrors and focusing lenses. It is
quipped with a sample holder which accommodates standard
mL quartz cuvettes, a beam splitter, and three monochroma-

ors. One monochromator is placed perpendicular to the incident
ight; one is a scanning monochromator that detects absorbed light
assed through the sample; and the third, perpendicular to the
ample, measures emissions. These monochromators can be set
anually for samples to be irradiated at their wavelength of maxi-
um absorbance. The amount of energy is read directly with mul-

ifunctional meters with phototube detection systems. This irradi-
tion system is also capable of measuring absorbance and emission
uantum yields, revealing changes in excited states and, thereby,
ompeting mechanisms. Section 4.5 discusses TNT and product irra-
iation. A study of quantum yields of photochemical reactions of
itroaromatic energetics will be carried out in the future.

.3. Spectroscopic approach/procedure

Serial dilutions of varied concentrations of reagent grade sodium
ydroxide (NaOH) were added to fixed concentrations of TNT.
NT with no NaOH was used as a standard for comparison. Fen-
on reagents of hydrogen peroxide (H2O2) and ferrous perchlorate
Fe(ClO4)2 at appropriate concentrations were made immediately
rior to obtaining spectra. These concentrations and accompany-

ng reactions are discussed in Sections 4.2 and 4.5 and are shown in
ig. 7. All experiments were repeated three times under the same
xperimental conditions to verify reproducibility.

. TNT molecular structure

TNT exists in two known crystallographic forms: monoclinic and
rthorhombic in which the TNT nitro groups adopt a non-planar
onfiguration due to crystal packing forces, extensive inter- and
ntramolecular van der Waals interactions, and to steric effects of
he methyl group [33]. Recent ab initio Hartree-Fock and DFT calcu-
ations appear to account for the steric effects of the methyl group,

ith the 2- and 6-nitro groups predicted to be non-planar and the
-nitro group planar to the phenyl ring [19–20]. TNT carbon rings
re planar and aromatic with equal angles of 120◦ [19–20,23–27].
he aromaticity of TNT is due to its planar � system distribution,
ncluding that of its nitro groups.

The �-system of TNT is electron-deficient due to its planar aro-
atic structure, where �-electrons are drawn away from the ring

nd towards the electron-withdrawing nitro groups via resonance.
NT electron deficiency and planarity facilitate complexation with
he non-bonding (n) electrons of a donating group, such as the
xygen atoms in a co-planar medium [28–29]. These TNT proper-
ies lessen its dissolution and, therefore, its mobility and transport
n the environment. However, substitution at TNT ortho posi-
ions by such electron-donating groups as methyl, amino, and
ydroxide ions (OH−) can lessen the electron deficiency of the �
ystem and prevent co-planarity with electron-donating groups
rom the media—minimizing complexation and increasing disso-
ution [19–20,23–27], thereby, affecting risk to the environment.
ncreased solubility escalates dispersal, including that of such toxic
ubstances as TNT.

. TNT reactivity
.1. Four effects and general reactivity

Four major effects govern chemical reactivity of nitro groups
n TNT and related molecules: resonance, inductive, steric hin-
Materials 167 (2009) 154–163 157

drance, and intramolecular electrostatic interaction between the
nitro group oxygen atoms and atoms of the methyl group (or
in TNT derivatives, such electron-donating substituents as amine
or hydroxyl groups). TNT nitro groups 2 and 6 are adjacent to
the methyl group and are most subject to these four effects
[19–20,23–27]. These nitro groups are most sterically hindered by
the methyl group, which inductively provides them with electrons.

Data from this study, obtained via semiempirical and DFT B3LYP
methods, confirmed that the position of the nitro groups is sensi-
tive to the influence of substituents placed in the ortho position;
selected molecular configurations obtained via DFT further illus-
trate this point [19–20]. This importance of substituent position on
the aromatic ring to its reactivities was supported spectroscopically
as shown in Table 1.

Due to resonance stabilization by which the �-electrons are
drawn away by resonance from all positions toward the nitro group
outside the ring, nitro groups in nitroaromatic compounds deac-
tivated all positions on the ring, with carbons ortho and para to
the carbon having the nitro groups becoming the most deacti-
vated [23–27,30]. Deactivation of the carbons ortho and para to the
nitro group rendered them susceptible to nucleophilic attack by
OH−. This mechanism competes with the Meisenheimer complex
in which the OH− attacks the carbon having the nitro group, causing
brief formation of a transition state in which both nucleophile and
nitro group are still attached to the same carbon before elimination
of the nitro group [4–5,19–20].

According to the results of our calculations and textbook
chemistry, nitro groups are theoretically good leaving groups in
nucleophilic reactions [19–20,23–27]. The presence of an OH−

instead of the methyl group lowered steric hindrance sufficiently
to facilitate nitro group removal. These electrostatic interactions
between the hydrogen atoms of the methyl group and the oxy-
gen atoms of the ortho 2- and 6-nitro groups prevented effective
chemical transformations of TNT to DNT by electrophilic attack
on the carbon bonded to the electron-withdrawing nitro groups.
Thus, nucleophilic rather than electrophilic substitutions are pre-
ferred for TNT chemical transformation [4–5,19–20]. In addition,
nucleophilic transformations result in formation of more easily
biodegraded hydroxylated nitro compounds, particularly when the
two hydroxyl groups are ortho or para to each other [19–20].

4.2. Alkaline hydrolysis

Sodium hydroxide (NaOH) acted as a hydrolyzing agent in sep-
arate sets of experiments [4–5,19–20] with the expectation that
complete degradation would result from the loss of aromaticity.
TNT was chemically transformed into TNP and other competing
products with high biodegradability via nucleophilic reactions,
thereby initiating complex competing reactions in which time and
nucleophilic concentration influenced production of mono- and di-
hydroxylated aromatic intermediates [4–5,19–20].

Electron donor–acceptor interactions result in TNT reacting with
soil and other natural organic materials in the environment, thus
influencing its mobility, bioavailability, and reactivity—all of which
have potential to impinge on toxicity levels [31]. Experimental
data for alkaline hydrolysis of TNT in aqueous solutions, suggesting
that alkali transformation of TNT takes place through formation
of color-producing intermediates that are further transformed to
non-aromatic compounds, were reported at pH 12 [4–5]. Fig. 2
presents UV Vis spectra of 50 ppm TNT + 0.05N NaOH (A); 50 ppm
TNT + 0.5N NaOH (B); and 50 ppm TNT + 1.0N NaOH (C). The UV Vis

spectra showed a rapid decrease in the 235 nm band (absmax) and
also development of absorbance bands at 250 and 450 nm with
increasing OH− concentrations. This reaction at pH 12 was quite fast
with 25 ppm TNT being transformed into non-aromatic compounds
within 6 h.
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ig. 1. TNT oxidation to TNP. TNT is the final oxidation step in the transformation of
lso formed in the alkaline hydrolysis of TNT.

Stopped Flow spectra were taken to measure rates of TNT
isappearance as well as the appearance of an intermediate prod-
ct, corroborating findings revealed by UV Vis spectra as to TNT
bsorbance/disappearance at the 235 nm band. The intermediate
roduct appearance at 450 nm basically mirrors this disappear-
nce in A–B and in C–D of Fig. 3. Fig. 3 compares SF spectra
f 50 mg/L TNT at 235 nm (A and C), to SF spectra at 450 nm
B and D). The K constant scale for A–B is 30 s and that for
–D is log based to 1000 s. Upon increases in NaOH concen-
ration between 0.05N and 1.0N of NaOH, SF spectra clearly
emonstrate increasingly rapid disappearance of TNT absorbance
t 235 nm. At 1.0N, high concentration, a different mechanism
ppeared to be operative during only the initial three seconds
f reaction time. This might possibly indicate a product result-
ng from dimerization and remains to be investigated (Section
.4).

Significant amounts of nitrite were released, indicating that the
esultant compounds from TNT alkaline hydrolysis are not only
on-aromatic, but also less nitrated [4]. However, the presence of

itro groups in these non-aromatic compounds is not considered
drawback in light of the easy-leaving character of nitro groups.

hus, oxidative attack on the exposed carbon backbone may even be
nhanced by the electron-withdrawing nature of the nitro groups
19–20].

ig. 2. UV Vis spectra of TNT after treatment with sodium hydroxide. 50 ppm TNT is treate
ollected at intervals over a 24 h time period. A through C shows the progression of a high
hen reacted with hydroxide ion. The methyl group is oxidized. Other products are

4.3. Reduction

Although this was not bioenvironmental research, reductive
principles are necessary to understanding TNT transformation.
Effective reductive transformations of TNT occur through biore-
ductive systems that generate amine derivatives. Transformation
can also occur chemically via hydride ions [5,17]. Fig. 4 shows
the TNT reductive transformation mechanisms to nitroaromatic
amines of both bio- and hydride reduction. The three steps
depicted are the formation of nitroso derivatives, followed by
hydroxyl amines and, finally, by the formation of amine deriva-
tives.

4.4. Polymerization

Polymerization was not studied per se. However, stoichiometric
explanations do not account for the amount of TNT after reactions
have taken place. In addition, polymerization reactions constitute
another competing mechanism that can occur at high alkaline

concentrations on various sites on the TNT molecule. For exam-
ple, upon loss of a proton from the methyl group carbon (proton
abstraction resulting from high concentration of base), one TNT
molecule can act as a nucleophile for another TNT molecule by
attacking its positively charged atoms, thus forming a dimer [32].

d with (A) 0.05N NaOH; (B) 0.5N NaOH; and (C) 1N NaOH; and UV Vis spectra were
er rate of transformation dependent on increased concentration and length of time.
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ig. 3. Stopped Flow of TNT after treatment with sodium hydroxide. Stopped Flow
50 nm (B and D). Data were taken after 30 s for (A) and (B). (C and D) data were lo
f this peak was followed via SF after reaction with NaOH. New peak formation occ

imerization can also occur at different TNT molecular sites, such
s between nitrogen atoms of two molecules or between one
itrogen atom from one molecule and a carbon from another
23–26,32].

Polymerization can result in the creation of toxic compounds.
ome di-azo polymers of TNT can be expected to be highly toxic,
imilar to the toxicity of azo dyes. Also, in regard to toxicity,
H− groups render molecules to which they are attached more
ater soluble, thereby facilitating metabolism. For example, adding

wo adjacent OH− to benzene causes benzene to become suf-
ciently soluble to be metabolized by humans. Under certain
onditions, the two adjacent OH− lose a water molecule and form
n epoxy, which is the cause of benzene’s carcinogenicity. Due
o its molecular structure, the same principles regarding OH−
ontributing to solubility and to the occasional formation of an
poxy (due to loss of a water molecule) are applicable to TNT
13,32].

ig. 4. TNT reductive transformations to nitroaromatic amines. The above pathway exem
resence of an acid.
a of 50 ppm TNT were taken at 235 nm (A and C) and compared to SF data taken at
extrapolated to 1000 s. Initially, TNT has a maximum peak at 235 nm. Degradation

at 450 nm and was also followed via SF.

4.5. Free radical reactions via photolysis and Fenton reagents

TNT was introduced into a specially designed and constructed
monochromatic irradiation system, which oxidized TNT via the OH
radical (Fig. 5). Results of irradiation showed the formation of 1,3,5-
trinitrobenzene (TNB) due to an oxidation mechanism, which is
more light dependent than the reduction mechanism responsi-
ble for the formation of the other nitroaromatic amines. UV Vis
data suggest that photolysis did not provide a means of degrada-
tion for TNT at its maximum absorption wavelength, 235 nm; this
lack of transformation is reflected by UV Vis spectra of 50 ppm
TNT after irradiation at 235 nm (Fig. 6). TNB is the only possible
product that absorbs near this wavelength [26]. Fig. 7 shows SF
spectra of 50 ppm TNT after reaction with Fenton reagent. Neither

the dark Fenton free radical initiator, whose spectra is shown in
Fig. 7, nor did irradiated Fenton reagent generate any TNT transfor-
mation.

plifies the conversion of one of the nitro groups of TNT to an amino group in the
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Fig. 5. Chemical oxidation of TNT by OH radical. Formation of 1,3,5-trinitro-benzene (T
reduction mechanism responsible for the formation of nitroaromatic amines.

F
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t

In an attempt to discover relationships between structure, reac-

F
t

ig. 6. UV Vis spectra of TNT after Irradiation at 235 nm. 50 ppm TNT was irradiated
ith light at 235 nm. UV Vis spectra were collected at intervals over a 24 h time
eriod. No reaction occurs.

TNT, itself was not transformed through free radicals gener-
ted through either monochromatic irradiation or Fenton reagents.
owever, after alkaline hydrolysis, irradiation of the TNT prod-
cts, TNB and TNP, which absorbed at 450 nm, was shown to be

ffective. UV Vis spectra of TNT irradiation at 235 nm of 50 ppm
NT and (A) 0.05N NaOH; (B) 0.5N NaOH; and (C) 1.0N NaOH is
hown in Fig. 8 and is compared with Fig. 9 spectra of irradia-
ion of the same concentrations at 450 nm. Spectral data suggested

ig. 7. Stopped flow of TNT after treatment with Fenton’s reagent. 50 ppm TNT was treat
he two solutions. No reaction occurs.
NB) is due to an oxidation mechanism, which is more light dependent than the

that alkaline hydrolysis, by itself, of TNT, induced a decrease
with time at the 235 nm peak in an irradiated system with all
three concentrations of NaOH, even though photolysis, by itself,
at the 235 nm wavelength of maximum absorption showed no
significant change (Fig. 8). The 450 nm absorbance band (Fig. 9)
also formed upon reaction of TNT and OH−. However, the inten-
sity of this absorbance band decreased with time and eventually
disappeared. At 0.05N NaOH concentration, both TNT and its inter-
mediate peak persisted beyond 3 h. Little change can be expected
at this low NaOH concentration since effective TNT transfor-
mation takes place at higher concentrations as seen with the
0.5N and 1.0N NaOH concentrations. This data suggests that the
TNT analogues formed by NaOH remediation are susceptible to
OH radical oxidative reactions at 450 nm. Alkaline hydrolysis of
TNT, TNB and TNP form in the same absorption visible region
(430–460 nm) suggesting a common intermediate with additional
hydroxylation substituting for nitro groups and consequent loss of
aromaticity—thus resulting in degradation of the parent compound
[13,20,32].

5. Comparison of TNT analogues
tivity and toxicity, TNT and seventeen of its possible analogues
were compared computationally, as seen in Table 1. Amino and
hydroxyl groups were substituted at the 2,6- and 2,4-positions
of the TNT molecule to produce the 17 analogues. In addition,

ed with Fenton’s reagent. SF spectra were immediately taken upon combination of
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ig. 8. UV Vis spectra of TNT after treatments with sodium hydroxide and irradiati
C) 1N NaOH followed by irradiation at 235 nm were collected at intervals over a 24
35 nm.

,6- and 2,4-dinitrotoluenes were included in the comparison of
ipole moments and of formation, steric, and HOMO/LUMO ener-
ies. Significant correlations relating structural changes to energy

ariations were obtained using both semiempirical and DFT com-
utational approaches [19–20].

Data in Table 1 suggest that TNB has a slightly higher heat of
ormation and lower steric energy (MM2) than TNT due to induc-
ive, steric, and electrostatic effects of the methyl group of TNT.

ig. 9. UV Vis spectra of TNT after treatments with sodium hydroxide and irradiation at 4
C) 1N NaOH followed by irradiation at 450 nm were collected at intervals over a 24 h t
lkaline hydrolysis appeared and disappeared.
35 nm. UV Vis spectra of 50 ppm TNT treated with (A) 0.05N NaO; (B) 0.5N NaOH;
e period. Progression of product transformation was not affected by irradiation at

The same trend for heat of formation was obtained through DFT
calculations where replacing the methyl group with an OH− con-
siderably lowered the heat of formation. For example, addition

of OH− to form picric acid (TNP) drives the heat of formation
drastically lower than in either TNT or TNB. Compared to TNT
and TNP, TNB has the highest heat of formation but the lowest
steric, as well as the lowest HOMO/LUMO energies, as expected.
The heat of formation decreased with higher concentrations of

50 nm. UV Vis spectra of 50 ppm TNT treated with (A) 0.05N NaOH; (B) 0.5N NaOH;
ime period. Irradiation speeded the transformation at 450 nm where product via
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H−. Also, heat of formation is consistent with HOMO/LUMO ratios
19–20].

In our research, AM1 and DFT B3LYP consistently showed that
ubstituting an amine for the TNT nitro group results in the fol-
owing: (i) HOMO energy values are always lower when the amine
s substituted on the ortho C2 rather than on the para C4 position

ith respect to the methyl group, because amines add electrons
o the aromatic ring, thereby activating them. This lowering of
nergy to the methyl group ortho position is due to both induc-
ive and steric effects of the methyl group. (The resonance effect is
he same for both ortho and para positions.). (ii) For both mono-
nd di-substituted amino and hydroxyl groups, HOMO and for-
ation energies are always lowest when the substitution is on

he ortho rather than the para position. For example, 2-amino
s lower than 4-amino and 2-hydroxy is always lower than 4-
ydroxy. (iii) The same trend pertains to diamino and dihydroxy
ubstitutions on TNT. That is, 2,6-diamino and 2,6-dihydroxy are
lways lower than 2,4-diamino and 2,4-dihydroxy substitutions.
iv) The opposite effect is observed for the nitro groups due to their
lectron-withdrawing nature. For example, 2,6-dinitrotoluene has
igher steric energy, heat of formation, and HOMO energy than
,4-dinitrotoluene [19–20].

HOMO/LUMO energies increased while the heat of formation
ecreased with subsequent nitro group replacement by amino
r hydroxyl groups. The greatest lowering of the heat of forma-
ion occurred with greatest hydroxyl group substitution. HOMO
nergy is lower when amines or hydroxyl groups are substituted
t the ortho (2,6-) rather than the para (4-) position. This is
rue for both mono- and di-substitutions. For example, 2-amino
nd 2-hydroxyl positions are always of lower HOMO energy than
-amino-dinitrotoluene and 4-hydroxyl-dinitrotoluene. Also 2,6-
iamino-nitrotoluene and 2,6-hydroxyl-nitrotoluene are always
f lower HOMO/LUMO energies than 2,4-dinitro-nitrotoluene
nd 2,4-dihyroxyl-nitrotoluene. On the other hand, due to the
lectron-withdrawing nitro groups, the trend is reversed in the
initrotoluenes with the 2,4-dinitrotoluene always having lower
OMO/LUMO and formation energies than 2,6-dinitrotoluene

19–20].
Two factors that may affect toxicity positively and negatively: (i)

rtho are generally more toxic than para substituted amines; and ii)
wo adjacent hydroxyl groups or two hydroxyl groups para to each
ther may cause the aromatic parent compound to decompose into
maller molecules less toxic than the parent [13,19–20].

. Summary and conclusion

In summary, TNT and selected derivatives were reacted with
lkali hydrolysis in competing transformation mechanisms. They
ere also reacted with free radical initiators via monochromatic

rradiation and via Fenton reactions. Effective TNT transforma-
ion intermediates and final products were produced, in our study,
nly by alkaline hydrolysis. However, after alkaline hydrolysis was
arried out, monochromatic irradiation at 450 nm enhanced TNT
ransformation.

Pertaining to substituent influence as to structure and reactivity
f TNT and its analogues: (i) Ortho are generally more toxic than
ara substituted amines; and (ii) two adjacent hydroxyl groups or
wo hydroxyl groups para to each other may cause the aromatic
arent compound to decompose into smaller molecules less toxic
han the parent [13,19–20].
Toxicity is one of the greatest and most obvious environmen-
al concerns. The following conclusions pertain to the potential
or toxic interactions of TNT and its derivatives and analogues in
he environment. Pertaining to addition of OH−: (i) It is a known
act that OH− groups render molecules they are attached to more

[

[
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water soluble, thereby facilitating metabolism [23–26]; (ii) under
certain conditions, two adjacent OH− can lose a water molecule and
form a carcinogenic apoxy [25]. This principle applies to TNT and
its derivatives, which can follow this pathway where, due to loss
of a water molecule, OH− can contribute to solubility and to the
occasional formation of an apoxy; (iii) polymerization can cause
creation of toxic compounds [32]. Azo dyes are formed through
polymerization (dimerization) of nitrogen–carbon, carbon–carbon,
or nitrogen–nitrogen bonds [32]. Therefore, in similar manner to
azo dyes, known to be highly toxic, certain di-azo polymers of TNT
can also be expected to be toxic.

In conclusion, semiempirical prediction and analysis coupled
with UV Vis and SF spectroscopic corroboration provided a valid
approach to our hypothesis that molecular structure determines
transformation pathways. By reducing time and cost of predicting,
identifying, screening, and prioritizing toxic transformations, the-
oretical calculation is both productive and proactive, particularly
when substantiated as needed by spectroscopy. As computational
methods, protocols, levels of complexity, and adaptability are
continuously derived/improved, and as scope and accuracy of spec-
troscopic techniques advance, their combined application provides
premier tools for predicting, characterizing, and analyzing trans-
formation products of nitro energetics and other compounds of
interest to the Department of Defense and chemical industries.
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