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Abstract

Alkaline hydrolysis is an effective method to destroy such the pollutant as 2,4,6-trinitrotoluene (TNT) in solution and
in well-mixed soil. The mechanism of hydrolytic transformation of polynegative complex, which is one of the products
of early stages of TNT hydrolysis, was theoretically investigated at the SMD(Pauling) /M06-2X/6-31+G(d,p) level under
alkali condition. The studied process consists of more than twenty steps and includes a six-membered cycle cleavage
and sequenced [1,3]-hydrogen migration and C-C bond rupture. The highest energy barrier is observed for interaction
of nitromethanide with hydroxide. The most exothermic steps are C-C bonds breaking. As a result final products such
as formate, acetate, ammonium, and nitrogen are formed.

Key words: trinitrotoluene; DFT; hydrolysis; mechanism.

TEOPETHUYHE JOC/JIJXXEHHA JYXKHOTIO I'IZIPOJII3Y TPUHITPOTOJIYOJIY:
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3Texniuna cayxc6a Badzep, 4815 Bpeddopd, Xanmcsinna, Anabama, 35805, CLIA

AHoTalis

JlyKHUH rizpois - epeKTUBHUNA MeTO/, 3HHILEHHS TAaKOro 3a6pyAHI0BaYa HaBKOJIMIIHbOIO cepeAoBUIIa, AK 2,4,6-
TpuHiTpoTosiyoa (THT) y po3umHi i rpyHTi. MexaHi3M riipojiTU4HOro nepeTBOpPeHHs MOJi3apsAAHOI0 KOMILIEKCY,
AKUA € OAHMM i3 mNpoAyKTiB paHHiX craaiil rigposaisy THT, TeopeTuyHOo JociifKeHuil y HaG/IMKeHHi
SMD(Pauling) /M06-2X/6-31+G(d,p) 3a 1y:kHUX yMOB. BUBYeHMI1 nponec nepea6adac 6iblie HiXK ABaJAUATb KPOKIB i
BKJ/IOYA€E pO3LIEeN/IEeHHS IIeCTU4/IEHHOro LuK/y i mocaigoBHi [1,3]-mirpaniio TigporeHy i po3spuB C-C 3B’A3KiB.
HaiiBuIumii eHepreTM4YHMH Gap’ep cmocTepiraerbca 3a B3aeMoAii HiTpomeTraHigy 3 rigpokcugom. HaiGiabm
eK30TepMiyHi KpoKu peakuii - ne po3pus C-C 3B’43KiB. Y pe3yabTaTi peakuii rizpoJisy yrBopoioThcs Taki KiHLeBi
NpPOAYKTH, IK popMiaT, aleTaT, aMoOHiaK i a30T.

Karuosi cnosa: TpuliTpotoayos; TOT; rifponis; MmexaHi3M.
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AHHOTauAa

llesioyHOi rUApoN3 sABJIAeTcs 3PpPeKTHUBHBIM METOJOM HEHTpaM3alid TaKoro 3arpsa3HHUTe/Id OKpYyXKamwiei
cpeabl, Kak 2,4,6-TpuHutporosayosa (THT) B pacrBope M rpyHTe. MexaHHW3M TMAPOJIMTHYECKOro NpeBpalieHUs

NMOJIN3apAAHOro KOMIIJIEKCA,

KOTOpBIii fABJAETCS OJAHUM W3 MNPOJYKTOB DPaHHMX CcTajguii rujgposmsa THT,

TeopeTHU4YeCKH UcCIeA0BaH B npu6amkeHun SMD(Pauling) /M06-2X/6-31+G(d,p) B Iie/109HBIX yC/10BUAX. U3y4yeHHbIH
Nponecc COCTOMT U3 G6Gojiee 4YeM /JABaJLaTH IIaroB M BK/IKWYaeT paciienjieHHe NeCTU4YIeHHOTo LHKJIa H
nocjejoBaTresbHble [1,3]-Murpanuio Bogoposa u paspsiB C-C cBsa3eil. CaMblii BBICOKMU 3HepreTudeckuii 6apbep
Ha6J/1104aeTcs Py B3aUMOAeiiCTBUM HUTPOMeTaHUAA ¢ rTuApokcuaoM. HanGosiee sk3oTepMuyecKye Maru peakiuu -
3T0 pa3psiB C-C cBa3eil. B pe3yabTaTe peaknyu rupoJinsa o6pa3yloTca Takie KOHeYHble IPOAYKTHI, Kak ¢popmuar,

amneTraT, aMMOHMIA U a30T.

Katouessle cnosa: TpunuTpoToayos; TOIL; ruaponns; MexaHU3M.

Introduction

The nitroaromatic compound 2,4,6-trinitro-
toluene(TNT) is a potential environmental
contaminant released into the water and soil
during manufacture, loading, and assembling. TNT

and its metabolites are mutagenic and
carcinogenic to a variety of organisms [1-4]. Thus
its transformation under a variety of

environmental conditions are consequently of
great interest. Alkaline hydrolysis is one of the
possible methods to safely remove this compound
from contaminated soils, sediments and water due
to its ability to transform TNT into water-soluble
non-explosive and more biodegradable products
[5]. Experimentally observed, or suggested on the
data of spectroscopy and chromatography,
products of TNT hydrolysis have included: nitrate,
nitrite, ammonia, formate, acetate, oxalate,
various nitroaromatics, and uncharacterized
polymers [6-14]. It should be mentioned that
alkaline hydrolysis of TNT is a very complicated
multisteps process with several pathways, which
is not well understood yet.

There are only a few theoretical studies of the
process [15-17]. Recently a mechanism of the
initial stages of this reaction was investigated [15;
16]. The results obtained were compared to
available experimental data on the alkaline
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hydrolysis of TNT and suggested that the
formation of Meisenheimer complexes and an
anion of TNT are potential first-step intermediates
in the reaction path. As the reaction proceeds,
computational results indicate that polynegative
complexes dominate the degradation pathway
(Scheme). Also, later on the products of direct
substitution of nitro-group by hydroxide arose. A
second possible pathway was identified that leads
to polymeric products through Janovsky complex
formation [15].

We continue a theoretical investigation of
alkaline hydrolysis of TNT. The purpose of the
present study is to predict a hydrolysis
mechanism that includes the structure of
intermediates and hydrolysis products of TNT at
later stages in the reaction pathway, starting from
the most stable polynegative complex (R) formed
at early stages of the hydrolysis.

Computational Methodology

All calculations were performed using the
Gaussian 09 code [18]. The relevant stationary

points (intermediates, transition states, and
products) were fully optimized at the
SMD(Pauling)/M06-2X/6-31+G(d,p) level [19;

20], due to this theoretical approach was
successfully tested for calculation of earlier
stages of TNT hydrolysis and was found to give

Scheme

2
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Tablel

SMD(Pauling) /M06-2X/6-31+G(d,p)calculated energetics for alkaline decomposition of complex R
Reaction AGactivation AGreaction Reaction AGactivation AGreaction
R—INT1 24.39 12.66 INT13—-INT14 24.73 11.12
INT1—-INT2 10.60 -11.31 INT14—INT15+INT8 5.51 -19.72
INT2+0H-—INT3 17.73 9.66 INT15+0H-—INT16 20.16 10.36
INT3—-INT4 23.57 19.75 INT16—INT17 20.16 11.19
INT4—INT5+HCOO- -4.18 -50.56 INT17—INT8+CH3C0O0- -0.47 -42.74
INT5—INT6 25.02 15.86 INT8+0H-—INT18 32.99 16.73
INT6—INT7+INT8 0.80 -20.55 INT18—INT19 -0.90 -4.23
INT7+0OH-—INT9 16.81 5.68 INT19—INT20+0H- 3.94 -19.58
INT9—INT10 24.90 20.72 INT20—INT21 11.32 -30.98
INT10—INT11+HCOO- -0.19 -49.54 INT21+0OH-—INT22 24.65 16.86
INT11+H.0—INT12+0H- - 11.49 INT22—INT23 22.48 0.28
INT12+0H-—INT13 - -12.33 INT23—NH20-+HCOO- 1.13 -22.59

computed results which are close to experimental
ones [16]. Stationary points were further
characterized as either local minima having all
real frequencies, or as transition states possessing
only one imaginary frequency, by calculation of
the analytic harmonic vibrational frequencies at
the same theory level as geometry optimization.

Results and Discussion

As have been mentioned earlier in the present
article we continue the study of alkaline hydrolysis
of TNT from the most stable poly-negative complex
(R) formed at early stages of the hydrolysis [15].
The transformation of complex R directs on six-
membered cycle opening and following C-C bond
breaking with formation of structures of smaller
molecular weight. The structures of intermediates
and products are shown in Fig. 1. The values of
Gibbs free barriers and Gibbs free energies of all
stages of the process are listed in Table 1. The
diagram of Gibbs free energy change for the whole
studied process is demonstrated in Fig. 2.

The [1,3]-hydrogen shift in initial polynegative
complex R from hydroxyl group at C3 to C2 atom
led to formation of intermediate INT1 (Fig. 1).
Herewith C2-C3 bond becomes longer and easily
breaks with energy barrier of 10.60 kcal/mol.

[1,3]-Hydrogen shift is endothermic reaction
while as C-C bond rupture is exothermic one. Cycle-
opened intermediate INT2 can attach hydroxide
forming unstable intermediate INT3, which
undergoes a [1,3]-hydrogen shift and further
terminated C-C bond breaking with formation of
INT5 and release of formate. The hydroxide
attachment and hydrogen shift are both
endothermic reactions and have free energy
barriers of 17.73 kcal/mol and 23.57 kcal/mol,
respectively. Elimination of formate is a barrierless
process which results in release of more than

50 kcal/mol energy. Thus it is irreversible step.

The [1,3]-hydrogen shift in INT5 proceeds with
formation of wunstable INT6 which readily
undergoes C-C bond breaking with formation of
INT7 and INT8. Further transformation of INT7,
consisting of a  hydroxide attachment,
[1,3]-hydrogen shift, and formate release, leads to
INT11. The energetic of the INT7—INT11 process
is the same as one for INT2—INTS5 transformation.

Due to an attachment of a proton from a water
molecule, and a hydroxide INT11 transforms into
INT13 through unstable INT12. These two
processes do not have corresponding transition
states. INT13 is 0.8 kcal/mol more stable than
INT11. Further INT13 undergoes [1,3]-hydrogen
shift and C-C bond rupture leading to INT15 and
INT8. Using now a well-known scheme (hydroxide
attachment, hydrogen migration, and C-C bond
breaking) INT15 transforms into INT8 with
release of acetate. As always, C-C bond cleavage
here is a highly exothermic process.

Structure of INT8 (nitromethanide) is stable.
A hydroxide attachment to it requires of
33 kcal/mol energy and is a rate-limiting step for
whole the studied process. Through two unstable
intermediates (INT18 and INT19) nitromethanide
transforms to INT20, which undergoes a hydrogen
transfer with formation of highly stable INT21.
Further hydroxide attachment, a hydrogen
migration from carbon to nitrogen, and C-N bond
rupture lead to hydroxylamine anion and formate.
As can be seen from the Fig. 2the studied process
starting from the complex R and ending by
hydroxylamine anion and formate is approximately
120 kcal/mol exothermic. That suggests that six-
membered cycle cleavage and further C-C bond
rupture, with formation of structures of smaller
molecular weight, is irreversible process in
alkaline hydrolysis of TNT.
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Fig.1. The reaction pathway for later stages of alkaline hydrolysis of TNT
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Fig.2. The diagram of Gibbs free energy change for later stages of alkaline hydrolysis of TNT

We did not study the transformation of
hydroxylamine (NH20-) in the present work since
this compound is unstable in alkaline solution and
its decomposition mechanisms were proposed
earlier in literature [21]. The total reaction for
four-steps mechanism may be written as the
following:

3NH,O— N, + NH3 + 30H".

The B3P86/cc-pVDZ calculated enthalpy of
reaction is -192 k] /mol [21], that is approximately
-45.89 kcal/mol. Thus, hydroxylamine easily
transforms into nitrogen, ammonium, and
hydroxide under alkaline condition.

Based on obtained results and literature data,
one may conclude that the final products of TNT
decomposition through the polynegative
complexes are formate, acetate, ammonium, and
nitrogen. These products are less toxic and less
energetic than the parent TNT molecule. The first
three compounds were experimentally observed
in alkaline hydrolysis of TNT [11] that supports
the proposed above mechanism. It should be
noticed that studied pathway is one of several
directions of complicated TNT hydrolysis
process.

Conclusion

The first quantum-chemical study on later
stages of alkaline hydrolysis of TNT, starting with
polynegative six-membered cyclic complex and
leading to final products, was provided at the
SMD(Pauling)/M06-2X/6-31+G(d,p) level. The
process in more than twenty steps follows
through several [1,3]-hydrogen migrations and
C-C bond ruptures. The rate-limiting step is an
attachment of hydroxide to nitromethanide. The
main amount of energy releases during C-C bond
breaking. The observed final products (formate,
acetate, ammonium, and nitrogen) are
corresponding to experimental data.
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