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INTRODUCTION
The thermochemical decomposition of 2,4,6-trinitrotoluene (TNT) and

related nitroaromatics in the liquid phase has been studied by a variety

of techniques for many years . Janzen first observed radical formation
during the thermochemical decomposition of nitroaromatics with electron

paramagnetic resonance (EPR) techniqueslg. We have studied the thermal

decomposition kinetics of TNT by EPR17. This paper compares EPR studies

of the initial TNT radicals with MNDO molecular orbital c:alculationsw-22
on TNT and model systems to identify the initial radicals produced and
propose plausible first steps in the thermal decomposition of TNT.
EXPERIMENTAL
EPR spectra were recorded on a Varian E-~109 spectrometer operating in

the X-band using a standard TE rectangular cavity as previously describedze.

102

A custom-built variable temperature apparatus utilizing a Scanlon Co. heater

maintained temperatures in the cafity to + 1°C as measured by a Doric

trendicator. TNT24 and trinitrobenzene (TNB)25 were synthesized using pre-~

viously described procedures. Hexamethylbenzene (HMB) was purchased from
the Aldrich Chemical Co. All compounds were purified by recrystallization
from ethanol prior to use. Mixtures of compounds were prepared for EPR

analysis by mixing the components in the molten state in quartz EPR tubes ]

at temperatures below 170°C.

Simulation of EPR spectra for comparison with the experimental spectra
was accomplished with a program written and gencrously provided by Dr. Ira
Goldberg of rockwell Science Center. This program is capable of simulating

overlapping spectra from multiple radicals.

-~ -
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The MNDO and MINDO/3 molecular orbital programs were used to calculate
heats of formation and geometries of all suspected intermediates and tran-
sition states for mechanisms tested. A related force constant program,
also developed by M. J. S. Dewar, et. al, was used to examine suspected
transition states and provide vibrational frequencies in order to calculute
thermodynamic quantities. Deuterium kinetic isotope effects for some steps
also were calculated using these thermodynamic quantities.

RESULTS AND DISCUSSION

RADICAL IDENTIFICATION:
Previously we observed at least two radicals from the thermochemical i
¥ . decomposition of pure molten TNT17. The final, or product, radical has :
been tentatively identified as a polymeric radical whose number of radical
sites grows at an exponential rate throughout the decomposition. The initial
‘ radical, whose spectrum is composed of at least twenty lines, has eluded
identification until now. By careful comparison in the wings of the spectrum
of pure TNT with spectra generated by doping the TNT with a small amount ol

HMB, we find that the TNT spectrum is consistent with the radical structure

below:
CHj
2()" ’l()z

Figure 1 shows a comparison of the spectra of the radical formed early
in the decomposition of pure TNT at 245°C and a mixture of TNT and HMB

(14:1 w:w) at 200°C. The spectrum cxhibited by the HMB-doped TNT sample
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exhibits a large coupling constant of 10.3 G with an overall intensitv
pattern of 1:2:3:2:1, indicative of two equivalent nitrogens. Within each
of these five groups, a six-line pattern is evident (coupling constant =
2.7 ¢) with intensity ratios of 1:5:10:10:5:1, indicative of five equ.sa-
lent hydrogens. The computer simulated spectrum in Figure 1 using the
measured couplings from the TNT/HMB spectrum shows a good match when two
equivalent nitrogens and 5 equivalent hvdrogens arc assumed. The spectrum
matches that of the initial radical from pure TNT decomposition in the wings.
The simplest interpretation is that the five original hvdrogens present in
the TNT molecule are preserved in the radical., and one nitre group has been
removed leaving two equivalent nitrogens. The apparent equivalence of the
ring and methyl hydrogens has been noted for other radicals formed trom TNT,
23
in particular the radical anion ~. It is also interesting to note that the
UMB=doped sample produces the initial radical spectra at much lower tempecra-
tures than pure TNT (~200°C instead of 245°C) and the spectrum remains
practically unchanged for over thirtv minutes at 200°C.

The center portion of the neat TNT radical spectrum is not identical with
the HMB-doped TNT spectrum, even though the wings are. Simulations which
include a single line polvmer radical spectrum with the HMB-doped TNT spec-
trum can be made identical with the neat TNT spectrum by varving the
relative amounts of the two radicals (polymer + TNT radical)., as shown in
Figure 2. The neat TNT spectrum is thus apparently the superposition of
the polymer radical spectrum or that of the TNT vradical identified in the
HMB-doped experiments.

A reaction analogous to the HMB-doped TNT decompesition apparently

occurs during the thermal decompositicon of 1,3,3-trinitrobenzeac (TNB)
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doped with a small amount of HMB. TNB is thought to be very stable at
temperatures at which TNT decomposes rapidly (.250°C). However, the HMB-
doped TNB (TNB: HMB 82:78 w/w) produces a strong radical signal at 200°C
which is quite stable as shown in Figure 3. An overall tive-line pattern
(coupling constant = 10.7 G) with a 1:2:3:2:1 intensity pattern again indi-
cates two equivalent nitrogens. Within each of the five groups is a four-
line pattern (coupling constant = 2.6 G) with intensitv ratios of 1:3:3:1,
indicative of three equivalent hydrogens. A simulation based on these
values shows good agreement. Thus TNB doped with HMB appears to form a

radical analogous to the TNT radical with HMB:

H
:!()" h‘():!

MNDO CALCULATTIONS:
Molecular orbital calculations using the MNDO and MINDO/3 methods

-2
developed by Dewar, gt;ﬂn},lg 22

have been carried out in this laboratery
for the last several years. These methods have boeen shown to be useful

in a variety of systems in the determination of plausible reaction mech-
anisms and kinetic parameters. We have applied these methods to the study
of the initial steps of TNT and related nitroar-natics thermochemical
decomposition. Calculated results for the activation energies and

deuterium kinetic isotope effects of suspected mechanistic steps are com-

pared with these experimentally-determined quantities using IDSC and EPR
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techniques. Also, structures of possible intermediates are compared with

experimental spectra.

Because of the large amounts of computer time to completely optimize

the geometries of the TNT species involved in suspected decomposition steps,

we chose to use l-nitropropene as a model system:

TNT

CHz O
\ |

NOo

Previous experimental evidence

l-nitropropene

CHg (o]
(I: |
*'4” ‘\5 d"ht\~

Cc o
|
H

> had indicated involvement of a methyl group

hydrogen in the rate-determining step. Based on this, six potential rate-

determining steps were selected for calculations of AH® and Ea

CHo
(1) TNT ———> \@

Intramolecular H Transfer




CH,OH

(2) TNT —>

Intramolecular O Insertion

i X X X N
1 l \o.
A (}) 2 (INT) ———> +
X X
CH3
X X
or
N
X = NO HOZ NOe

Intermolecular H Transfer

9







(:":’ (:":3
(6) X X X X

NO, ONO

Step (5) is a removal of an NO, group {(either para or ortho). Step (6) is a

2
nitro group rearrangement to form a nitrite species.

In order to test the usefulness of the l-nitropropene model in simulat-
ing TNT behavior, AH®'s for all six steps were calculated for both TNT and
the 1-nitropropene model system, all geometries being optimized. The results

in Table I are MNDO results. MINDO/3 results gave the same agreement between

the two molecular systems that the MNDO results did.

Results of MNDO Calculations: Reaction AR®'s

AH® (TNT System) £H° (l-nitropropene system)
Step (Kcal/mole) (Kcal/mole)
(1) Intramolecular H Transfer +16.6 +14.5
(2) Intramolecular O Insertion -49.9 -49.3
(3) Intermolecular H Transfer +16.8 +19.5
(4) Intermolecular O Insertion -52.4 -48.5 i
&) NO, Removal +32.3 +26.9 (ortho-NOz)
§+32.5 (para-NOz)

(6) Nitro Rearrangement -38.4 -41.1 (para-NOz)




Thus it appears that the nitropropene system is at least a potential
model for simulating TNT decomposition steps. It is a good model if the
calculated activation energies are also similar.

We simulated the reaction pathway for each of the six steps by defining
a reaction coordinate, fixing it at various intermediate points aleng the
pathway, and then allowing all other geometric variables to optimize at
cach value of the reaction coordinate. TIf a maximum was located along the
pathwav, the transition state optimization program was run. Finallv, the
vibrational force constant program was employed on the transition state
peometry to support the existance of a transition state by the presence o!
one negative vibrational force constant, which is identificed as the reaction
coordinate.  EBEach of the six steps will be discussed in tnrn.

The intramolecular hydrogen transfer (1) calculations Yor l-nitropropenc
produced a species which proved to be a transition s=tate with an activation
cnerpy of 63.8 kcal/mole. The most recently measurcd value (FPR) for the
activation is 40.9 kcal/molel7. The optimized geometry from the calonlations
was intermediate between that of the reactant and product, with the O-H bond
order being 0.48 and the (-H bond order 0.39. The geometry Qs shown in
Fipure 4. A calculation of a deuterium kinetic isotope eftect utilizineg the
calculated Torce constants and moments of inertia viclded o k”/kh value of

2.2 at 227°C. The measured value of kW/k“ tor the rite-determining steop ot

. S . . ) .
TNT decompesition near this same temperature ia 1. . I the ealeala-

tions do not rule out this intramolecular hvdre o transfer as the rate-
determining step for TNT thermochemical decomposition, particularly sinee

MNDO usually overestimates activation energies tor hvdrogen transter reac-

tions.
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On the other hand, the intramolecular oxygen insertion (2) calculations
for l1-nitropropene gave very high energy barriers even though AH® for this
step is quite negative. In one case for which the methyl group was not
allowed to rotate while the oxygen was moved toward the carbon, the molecule
dissociated into acetylene and methyl nitrite with an activation enegy of
96 kcal/mole. 1If complete relaxation of the methyl group was allowed, no

; stable product was formed. Thus it appears that this step is not likely
during the thermochemical decomposition of TNT.

The intermolecular hydrogen transfer (3) transition state has not yet
been located, but approximations point to an activation cnergy of 82 kcal/
mole. This step also appears to have too high an activation energy to be
a viable candidate for the first step of TNT decompeosition.

The intermolecular oxygen insertion reaction (4) produced a transition
state with an an activation energy of 110 kcal/mole. The geometry of this
transition state is shown in Figure 5.

We also investigated rearrangement of an NO, group and removal of an
.

N()2 group from the molecule, even though these steps would not produce a

primary deuterium kinetic isotope effect as indicated by the previous

. . 15 ) ! . ‘e
experimental evidence 7. We found that the calculuted Jdissociation energy
for 1-nitropropene of 32.3 kcal/mole agreed well with the experimental
vilue for the activation energy, particularly since MNDO tvpically under-
cstimates C-NO2 bond energies. In addition, the calculated deuterium
kinetic isotope effect at 227°C for NO, removal was 1.7, even though it is
a secondary kinetic isotope effect. This, too., agrees well with the experi-

mental value of approximately 1.7. The nitro group rearrangement to nitrite

for l-nitropropene had a calculated activation energy of 52.4 kcal/mole,
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slightly more than the experimental number for TNT. The geometry of the
transition state is shown in Figure 6. This step cannot be ruled out as a
potential first step. In addition. if NO then dissociates from the molecule,
the resulting radical, with an oxygen on the para position, could give
qualitatively the experimentally observed EPR spectrum.

Table [l summarizes activation energies and deuterium kinetic isotope
effects for both l-nitropropene and TNT. The activation energy given for
TNT for the intramolecular hydrogen transfer step is a lower bound, and
the one for the intermolecular hydrogen transfer is an upper bound.

TABLE 1T
RESULTS OF MNDO CALCULATIONS:

ACTIVATION ENFRGTES (KCAL/MOLE) AND DEUTERIUM 1SOTOPE EFFECTS

| rrocess PRGN Y il
(1) Intramolecular H Transfer 63.8 >55 2.2
(2) 1Intramolecular 0O Insertion 96 L o
(3)  NO, Removal 32.3 (26.9(0-N0,) 1.7
{32.5(p—N02)
(4) Nitro Rearrangement 52.% o
(5) TIntermolecular H Transfer -82 <122 o
(6) Intermolecular O Insertion 110 o .
L CONCLUSTONS

An initial radical in the thermochemical deccomposition of TNT and
related nitroaromatics is one in which a nitro group or an NO group has

been removed from the TNT molecule. MQ calculations for removal of a

nitro group from the molecule are consistent with experimental evidence
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it

both for the activation energy and the deuterium kinetic isotope effect.
The enhancement of radical production upon addition of HMB indicates that
the interaction of a second species results in much easier NO2 removal.
Two likely mechanisms arise:

(1) The donor species (HMB) transfers a hydrogen atom to the acceptor
specices (TNT or TNB). The removal of HONO can then be possibly accomplished
more easily than the original nitro group.

(2) A charge-transfer complex (HMB/TNT or HMB/TNB) is formed which
weakens in some manner the C-nitro group bond. Thus NO2 can be removed
more easily.

The calculations indicate that oxygen atom insertions are unlikely due
to the high energies of the transition states involved. Also, the activa-
tion energy for intermolecular hydrogen transfer has a value which is
probably inconsistent with the experimental value. Intramolecular hydrogen
transfer or nitro group rearrangement to the nitrite cannot be ruled out as

the initial step, although thev appear to be less likely than simple nitroe

ggroup removal.
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ABBREVIATIONS , ACRONYMS, AND SYMBOLS

TNT - 2,4,6 Trinitrotoluene

FPR -~ Flectron Paramagnetic Resonance

MNDO - Modified Neglect of Diatomic Overlap

MINDO/3 - Modified Intermediate Neglect of Ditferential overlap/3}
THIOZ - Transverse Flectric Mode 107

TNB -~ 1,3,5 Trinitrobenzene

HMB -~ Hexamethylbenzene

¢ - Gauss

w:w — Weight to Weight Ratio

°(. - Degrees Centigrade

AH° - Change of enthalpy for the reaction
Hn - Activation energy for the reaction

IDSC - Isothermal Differential Scanning Calorimeten

X - Nitro group

KH/KD - Deuterium Kinctic isotope oitect







