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Abstract: We have tested a new and general approach for the theoretical study of unimolecular decomposition.
By combining the power of the ab initio molecular dynamics (MD) and ab initio molecular orbital (MO)
methods, our approach requires no prior experimental knowledge or intuitive assumptions about the
decomposition. Instead, the reaction channels are first sampled theoretically by simulating a molecule at high
temperature in a number of trajectories, using the density functional theory (DFT) based ab initio MD method
with a planewave basis set and pseudopotentials. Each type of these channels is then further examined by
well-established ab initio MO method to locate the energy barrier and transition structure and to verify the ab
initio MD results. The power of such an approach is demonstrated in a case study for the complicated
unimolecular thermal decomposition of NTO (5-nitro-2,4-dihydi-B2,4-triazol-3-one), with several
interesting new features uncovered. TheNlO, homolysis is indeed the dominant channel at high temperature,
while the departing N@could captue a H atom from the NTO ring to form HONO, by either a concerted
bond breaking mechanism or by a bimolecular reaction between theghdOp and the triazol ring. At lower
temperature, the dissociation channels initiated by hydrogen migrations should be activated first. The channel
with hydrogen migration followed by ring opening and then by HONO loss has an energy barrier of 38.0
kcal/mol at the rate-determining step, being the lowest among all the investigated dissociation paths and much
lower than previously thought. The energy barrier for nitmtrite rearrangement is lower than that for the
C—NO; homolysis but makes only a minor contribution due to the entropy factor. And the NTO ring could
rupture in the two &N bonds connected to the carbonyl carbon, and the energy barriers for such processes
are only 2-4 kcal/mol higher than that for the-NO, homolysis.

Introduction
The decomposition of NTO (5-nitro-2,4-dihydrdd3L,2,4-

triazol-3-one, Figure 1) is a good example of the challenges
that one has to face to unravel the reaction mechanism for the
thermal dissociation of a not very big molecule. Developed as

a potential high-performance energetic materfaNTO was

found to have high energy release on decomposition. Yet at
the same time, it was relatively insensitive to mechanical shock
and showed good thermal stability, which are desirable proper-
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ties from a practical point of view. The decomposition of NTO  Figure 1. 5-Nitro-2,4-dihydro-Bi-1,2,4-triazol-3-one (NTO) structure.

has attracted much attention from both experimentafitiand
theoreticiang’~2?
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Figure 2. Previously proposed mechanism, with reaction barrier
indicated with an asterisk: (a)-€NO, homolysis from ref 19; (b)
hydrogen migration followed by HONO loss from ref 19; (c) the two
reaction paths with the lowest energy barrier from ref 20.

CO23 The dominant species could either be R®0,,57 Ny,8
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tions1718 Harris and Lammertsma obtained the energy and
structure for seven such tautoméfdn a recent study, Wang,
Chen, and Lif° extended the calculation to the transition barriers
for tautomerization, which ranged from 30 to 50 kcal/mol,
considerably lower than that for the scission ofIO,. In
addition, these authors performed a detailed and systematic study
on the subsequent step to break the-G&% bond for various
combination of the tautomerization paths. The result was a
collection of 39 decomposition paths among 18 intermediates
and 14 transition structures, an illustration of the complexity
of the decomposition procedsThe two reaction paths with
the lowest energy barriers are shown in Figure 2c. Meredith,
Russell, Mowrey, and McDonald considered a few other
possible dissociation mechanisms, including the ring rupture at
C3—N2 and the exchange of position between N&did H8,

and found that they were energetically unfavordBIEinally,

a nitro—nitrite rearrangement channel has long been suspected
in the decomposition of nitroaromatic explosi#snd suggested

for the decomposition of NT®! although it had not been
followed up by any calculation’s.

The development of the Hartre€ock ab initio method and
DFT method has now made it possible to calculate the energy
barrier and transition structure in a chemical reaction to a high
degree of accuraci#:2>However, such calculations require the
prior identification of the elementary reactions and their
products, which is either based on experimental results or on
chemical intuition. For a molecule of the size of NTO, it
becomes difficult to identify the elementary reactions from the
large number of experimentally observed final products. At the
same time, chemical intuition is also unreliable because the
number of possible reaction channels increases dramatically with
the increasing molecular siZ&Thus the study on the decom-
position of NTO is an example of a very general problem.

In this paper, we report a strategy to address this problem in
the case of NTO by combining ab initio molecular dynamics
(MD) method with the more traditional molecular orbital (MO)
method. First, the elementary reactions involved in the com-
plicated decomposition process are directly obtained from ab
initio MD simulation, rather than from the uncertain experi-

or CO,,3815depending on the experimental conditions. Several mental results or chemical intuition. A set of trajectories are
possible mechanisms have been suggested, including a bimocollected by simulating an NTO molecule at 3000 K, using ab

lecular mechanism that produced £0For the unimolecular
dissociation, the €NO; bond was identified as the weak link,
as it was typical among nitroaromatic explosiv€$he C-NO,

initio MD method26-30in which the potential energy and forces
are calculated at each MD step within the framework of DFT.
Such simulation not only samples the reaction channels but also

homolysis, as shown in Figure 2a, was proposed as an importantéveals the relative importance of these channels. Then each

decomposition channéf, especially at high temperatutd.he
bond strength of ENO, was found to be 61.1 kcal/mol at the
B3LYP/6-31H-G** level of density functional theory (DF T}
and 67 kcal/mol by a Hartreg~ock calculation with a doubl&-

type of reactions is further examined by the established MO
method to locate its transition structure and energy barrier, at a
higher accuracy level. In this way, the mechanisms of unimo-
lecular thermal decomposition of NTO are mapped out a priori.

plus polarization basis set and with single and double excitation Previously, we have tested this approach in a small scale (32

configuration interaction (CISDY¥ The production of HONO
was also attributed to the breaking of €86 bond, although
it is preceded by a hydrogen transfer, as shown in Figufe2h.

The migration of hydrogen atoms (bonded to N2 and N4) to

trajectories) for the thermal dissociation of acetic &ithe
mechanisms of which are well understo8d®* With the

(24) Schlegel, H. B. InAb Initio Methods in Quantum Chemistry |
Lawley, K. P., Ed.; John Wiley: New York, 1987; p 249.

other groups around the ring has been demonstrated by (25)ionova, I. V.; Carter, E. AJ. Chem. Phys1993 98, 6377.

deuterium kinetic isotope efféet® and by theoretical calcula-

(17) Harris, N. J.; Lammertsma, K. Am. Chem. Sod.996 118 8048.

(18) Ritchie, J. PJ. Org. Chem1989 54, 3553.

(19) Meredith, C.; Russell, T. R.; Mowrey, R. C.; McDonald, J.R.
Phys. Chem. A998 102, 471.

(20) Wang, Y. M.; Chen, C.; Lin, S. T. Mol. Struct. (THEOCHEM)
1999 460, 79.

(21) Sorescu, D. C.; Thompson, D.L.Phys. Chem. B997 101, 3605.

(22) Sorescu, D. C.; Sutton, T. R. L.; Thompson, D. L.; Beardall, D.;
Wight, C. A.J. Mol. Struct.1996 384, 87.

(23) Brill, T. B.; James, K. JChem. Re. 1993 93, 2667.

(26) Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 2471.

(27) Parrinello, M.Solid State Commuri997 102, 107.

(28) Remler, D. K.; Madden, P. AVol. Phys.199Q 70, 921.

(29) Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos,
J. D.Rev. Mod. Phys1992 64, 1045.

(30) Tuckerman, M. E.; Ungar, P. J.; Vonrosenvinge, T.; Klein, M. L.
J. Phys. Chem1996 100, 12878.

(31) Liu, Z. F,; Siu, C. K.; Tse, J. £hem. Phys. Letl999 314, 317.

(32) Longfellow, C. A.; Lee, Y. TJ. Phys. Chem1995 99, 15532.

(33) Nguyen, M. T.; Sengupta, D.; Raspoet, G.; Vanquickenborne, L.
G. J. Phys. Chem1995 99, 11883.

(34) Duan, X.; Page, MJ. Am. Chem. Sod.995 117, 5114.



Mechanism in Unimolecular Decomposition J. Am. Chem. Soc., Vol. 123, No. 10, 2005%

Table 1. C—NO, Homolysis Channets

Reaction Direct breaking of C-NO, bond mechanisms Max. barrier | Frequency
Channel height
(kcal/mol)
1 j])\ o o) 62.5 6
H. H 19.7* )k H
NN — H\N/U\N«H + NO, 5 N” 'N" 4 HONO
>—N 62.5 bn 12.8 CeNe
O,N -
1 2 3 4 5
ring opening

JoN p HONO
O\H*C—N 128 teNe T
o]
2 0 o 62.5 2
H. JL JH )L
N° N H. H 4 NO
_ > N™ N 2
>— 62.5 CeN
O,N
¢-2o.3
H H.
Ne=C=N + N=C=0 + N02
6 7
Total 28

aThe energy differences are in the unit of kcal/mol, and those values indicated with asterisks are reaction barriers. Frequencies are obtained by
ab initio MD trajectories, and all energy barriers/differences obtained from DFT B3LYP calculations

increased size and complexity of NTO, we have extended the calculations at the B3LYP/6-34g* level for structure optimization
number of trajectories to 200. The results indicate that our and at the B3LYP/6-31£G** level for single point energy calcula-
approach is general and powerful enough to be widely applied tion.r” They also compared the results with the MP2 calculations for

for the elucidation of unimolecular dissociation mechanisms. NTO and with the QCISD(T) calculations faci-nitromethane using
similar basis sets. They found the DFT results to be quite satisfactory.

In this study we use the DFT method as implemented in Gaussidn 98

with a slightly smaller basis set B3LYP/6-31g(d) for structure optimiza-
The principles of ab initio MD method have been documented in tion and a slightly larger basis set B3LYP/6-31d(2d,p) for single

the literaturé®3° and will not be reproduced here. We use the VASP  point calculations. Vibrational frequencies are calculated to take account

(Vienna ab initio simulation package), developed at the Institat fu  of the zero point energy and to identify the transition structures. The

Theoretische Physik of the Technische Univetsitaen >3 for our stationary structures are confirmed by all real frequencies, and the

trajectory studies. The NTO molecule is put in a cubic box with alength transition structures by the presence of one imaginary frequency. We

of 9 A to imitate gas-phase conditions. A planewave basis set with a have also tested the structure optimization with B3LYP/6-31g(d,p), with

cutoff energy of 349.4 eV is used for the electron wave function, which polarization functions on the hydrogen atoms, and the results are quite

is solved at each MD step by conjugate gradient minimization of the close to the B3LYP/6-31g(d).

total electronic energy. The PerdeWwang® gradient correction is

added to the exchange-correlation functioakor the core region, Results and Discussions

the optimized Vanderbilt ultrasoft pseudopotentiedsipplied with the . . .
VASFE’ ;)alczkag‘éi-“ are (Ijir;ctly use% fou; Hpc N angpol atc\)NrTI15. Out of the 200 trajectories, 68 leads to reactions, as sum-

For the trajectory study, an NTO molecule is first equilibrated at Marized in Tables 4447 They can be broadly divided into four

2000 K for 10 ps with a time step of 0.5 fs, starting from the equilibrium (35) Kresse, G.; Furthilier, J. Phys. Re. B 1996 54, 11169.
geometry. The starting geometry for each of the 200 trajectories is  (36) Kresse, G.; Hafner, Phys. Re. B 1993 47, 558.
randomly selected from this equilibration run and heated to 3000 K,  (37) Kresse, G.; Hafner, Phys. Re. B 1991, 49, 14251.

as controlled by a NdseHoover thermosta4e A trajectory is (38) Kresse, G.; Furthitiier, J. Comput. Mater. Scil996 6, 15.

terminated after 2000 steps if no reaction takes place. (39) Perdew, J. P. IrElectronic Structure of Solids’91Ziesche, P.,

The deficiencies for such a study are obvious. On the DFT part, a Esgzlé;gb:rafvssj ,IADc_a gﬁ?&ir\/%fg Egrlg,lggsil;zg &%48

larger box and higher cutoff energy for the planewave basis set would  (41) vanderbilt, D.Phys. Re. B 199Q 41, 7892.

improve the accuracy. On the MD trajectory part, longer simulation (42) Kresse, G.; Hafner, J. Phys. Condens. Mattdi994 6, 8245.

time, both for the sampling of starting geometries and for the duration  (43) Kresse, G.; Hafner, Phys. Re. B 1993 48, 13115.

of each trajectory, would be essential if accurate branching ratio is Jor(]‘r‘]‘;)ogriEChé MI'? gngkaAsz gheVe\/éieggweglek kait'é] (_5|_'” PF;te'\ﬁls's\c/)\g; G
ngeded. For our purpose of understanding the decomposition mecha-A.; Monttl:;omer;}, 1. A.;Y Raghévachari, K. AI-Lahém, M.'A.;7Zakrzewski,
nism, these deficiencies are compensated by a separate set of calculay’ G.: Ortiz, J. V.. Foresman, J. B.: Cioslowski, J.: Stefanov, B. B.:
tions, using the conventional Gaussian-based molecular orbital methodnanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.: Chen, W.;
at an improved accuracy level to locate the reaction barrier and transitionWong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
structure for each type of the reaction channels observed in the trajectoryFox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
study. In essence, the trajectory study based on ab initio MD method Gordon, M.; Gonzalez, C.; Pople, J. AUSSIAN 94 Gaussian Inc.:
provides the leads from first principles for the elucidation of the reaction P'tt(jté‘)”ﬂggpé'Jlggﬁém Phys1984 81 511

mechanisms by ab initio MO method at a higher level. (46) Hooser: W. G.Ph.ys. I)‘\(e. A 198!'5 31, 1695,

Various levels of ab initio MO method have already been applied  (47) Trajectory files in ascii format are available to interested readers
to the study of NTG/ % Harris and Lammertsma performed DFT by e-mail, upon request sent to the corresponding author.

Computational Details
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Table 2. Hydrogen Transfer Initiated Channgls

Reaction Hydrogen transfer initiated mechanisms Max. barrier| Frequency
Channel height
(kcal/mol)
o 30.0 15
3 H JOL H 30.0 ot
N . 0* .
NONT 2D 0 ey
=N 77 O
O,N 0
8
4 o 0 H 38.0 8
o] Ve
\ N
H\NJJ\N,H 30.0* <N)LN’H 6.2* l\l II\‘J
i e X:NI P Y N\r
=N 277 Lt 44 I
N H N
O,N o \O/ \07
9
38.0
21.2
HONO + QuN-CENEN""
10
5 o 0 o 50.4 2
He A 30,00 N o
! e \=y  —> OH + =
=N 217 L 50.4 2
ot L 11 N\\o
12
6 o )oj\ O/H 443 2
H A
Hooy ™ 30,00 L NN 4430 NN
N N0 o el T S
=N 277 by 05 ot
O,N ) N,
2 (e} \O
13
l-10.1
H -H
X X
o=N" + NN =— NO + NOTN
16 N 137 44 >=N
o
17 15
7 o H-o - 1
H\ /lL /H )\ /H
N ,N —> N /N
b= Ba =
O,N O,N
18
8 o} O - 1
Ho S H AN
NN N
=N 187 =N
O,N ON H
19
Total 29

a Also see notes for Table 1.
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main categories, in the order of their relative importance: direct energy of 62.5 kcal/mol, close to previous DFT result of 61.1

breaking of C5-N6 bond; H8 to O11 hydrogen transfer; nitro
nitrite rearrangement; direct ring rupture. Each type of these

kcal/mol” but smaller than the CISPEQ result of 67 kcal/mot?
There is a very interesting variation of this mechanism (chan-

reactions has further variations. In the following discussion, our ne| 1, Table 1), in which the departing N@roup captures H8
focus will be on the initial steps of the decomposition, although to form HONO. This is in contrast to the previous expectation
the prOdUCtS from these steps would go further fragmentation. that HONO is produced SOlyth H migration to the N@group

C—NO;, Homolysis. The importance of the €NO, homoly-
sis for NTO decomposition has long been recognfzé&dOur

first and followed by the loss of HONO (Figure 2b). Two
transition structures are found to account for such a process of

ab initio MD simulation found 22 trajectories for this process, direct HONO elimination, as shown in Figure 3. TS2 is for a

more than any other reaction channels listed in Tabled.1
DFT B3LYP/6-311-g(2d,p) calculation found an activation

concerted breaking of the €6 and H8-N4 bonds through
a five member ring structure with N6 in the N@roup tilted
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Table 3. Nitro—Nitrite Rearrangement Chanfel

Reaction Nitro-nitrite rearrangement Max. barrier| Frequency
Channel height
(kcal/mol)
9 JO]\ 58.6 S
Q Ho A 9
H\ )k /H * N /N Ho J\ - H
NN 588 Y= ~ NN+ NO
<N 70 ¢ A7 =N
02N //N Qe
e}
20 21
Total S

a Also see notes for Table 1.

Table 4. Direct Ring Rupture Channels

Reaction Direct ring rupture mechanisms Max. barrier| Frequency
Channel height
(kcal/mol)
10 0] 67.8 3
Ho o H 67.8° My N
N IN > CO + »_ U
=N 50.1 on N
O,N 22 2
23
} -361.8
CO + NO, + HNC + NNH
24 25
11 (0] 65.4 2
Ho A Ho654% M
N N bl N P
/ N c=0
=N 17.5 A=y
ON ON
26
l41.5
N -+ H H .
o? To F Thny=c=nNT T NE=C=0
27 28
12 (0] 67.5 1
O )L
Hoo oyl o675 P H
IS
ON 31.2 —N=N
O,N
29
Total 6

a Also see notes for Table 1.

out of the triazole plane. The same five member ring is also difference between TS1 and TS2 is 32.9 kcal/mol, and the
seen in TS3, another transition structure which accounts for theobserved direct HONO loss in gas-phase unimolecular dissocia-
H8 migration from N4 to O11 and will be discussed later. The tion should be attributed to the concerted bond breaking through
contrast between TS2 and TS3 is that for TS3 the, §@up TS2. However, for the dissociation process in the solid where
lies in the plane of the triazol ring and is 19.3 kcal/mol lower there are lots of free N&groups, the bimolecular process could
in energy than TS2. Nonetheless, the energy barrier at 49.3 kcal/play a significant role.
mol for such a direct HONO loss mechanism through TS2 is  Hydrogen Migration. Hydrogen (H8) migration from N4
lower than the &NO, homolysis energy of 62.5 kcal/mol, to O11 to form8 (channels 3-6, Table 2) was not considered
although direct HONO loss is observed only 6 times in our in Harris and Lammertsma’s extensive study on NTO tau-
trajectory study, compared to 22 times for-8O, homolysis, tomers!” Meredith and co-workers first studied this process
probably due to the entropy factor. theoretically and found an energy difference betwé&emnd8

TS1 represents a stepwise mechanism for HONO loss, into be around 45 kcal/méP. They argued thad was a biradical
which the C5-N6 bond is first broken through the-NO, and its stable state should be a triplet. Thus H8 to O11 migration
homolysis and the departing N@hen attacks H8 and capture was thought to be spin-forbidden and the barrier was estimated
it through TS1 as in a bimolecular process. This is similar to to be higher than 45 kcal/mol. More recently, in a systematic
the nitro—nitrite rearrangement reaction in nitromethane, which study on the hydrogen migration paths, Wang, Chen, and Lin
also goes through €NO, homolysis first and then forms the identified the energy barrier for H8 to O11 migration to be only
methyl nitrite#® The energy barrier relative to the dissociated 31.8 kcal/mol at the MP2/6-31G** levéf.Since these authors
triazole ring and free N@is 19.7 kcal/mol. The energy (48) McKee, M. L.J. Phys. Chem1989 93, 7365.
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7(C3,N4,C5,N6)=241.0°
7(N1,C5,N4,H8)=139.3°

7{N1,C5,N4,H8)=156.0°
7(N4,H8,010,N6)=6.9°

TS1(Cy)

7(N1,C5,N6,010)=94.2° B 7(C5,N1,N2,C3)=63.6°

TS7 (C1)

TS8(C1) " TS89 (Cy)

7(CS5,N1,N2,H7)=30.8°

TS10 (C1)

Figure 3. Transition structures (also see Tables4): TS1 for2 + 3 — 4 + 5 as a bimolecular process; TS2 for concerted HONO elimination
in channel 1; TS3 for channel 3; TS4 for the ring-opening fep 9; TS5 for loss of HONO fron®; TS6 for the formation ofL3; TS7 for
nitro—nitrite rearrangement in channel 9; TS8 for concerted ring rupture efN@Band C3-N2 bonds; TS9 for ring rupture through €84 bond,;
TS10 for ring rupture through G3N2 bond. The unit for bond lengths is A, and the unit for angles is deg.

did not mention spin states at all, it is most likely that their migration should be the dominant channel for tautomerization
results were based on singlet states. According to our calculationcaused by H migration. This is indeed bore out in our trajectory
at the B3LYP/6-31%g(2d,p) level, the energy difference calculation. A total of 29 trajectories were found to go through
between8 and NTO () is 38.4 kcal/mol for triple8 and 27.7 hydrogen migration, among which 27 had H8 to O11 migration
kcal/mol for singlet8. Thus the singlet state is more stable than as the initial step (channels-8, Table 2).
the triplet. The energy barrier for H8 to O11 migration in the Systematic as their work was, Wang, Chen, and Lin focused
singlet state is found to be 30.0 kcal/mol, in good agreement their attention on the breaking of €W6 bond as the next step
with Wang, Chen, and Lin’s result of 31.8 kcal/m8lGeometry of decompositiorf® Their extensive search turned up two paths
optimization for NTO finds the molecule to be almost planar, with the least energy barrier as shown in Figure 2, which had
and the same is true f@ The delocalizedr bonding among a barrier of 54.9 kcal/mol at the rate-determining step. These
the C, N, and O atoms makes the singlet a more stable statepaths are not observed in our trajectory calculations at all.
The transition structure (TS3 in Figure 3) is also planar. Channel 4 in Table 2 is the most frequently observed decom-
The significance of Wang, Chen, and Lin’s wétks that position channel after H migration, and it is a two-step process.
among the hydrogen migration channels H8 to O11 migration First the ring opens at the €N2 bond through TS4 (in Figure
at 31.8 kcal/mol has the lowest energy barrier. The energy 3) to form9. The C3-N2 distance in TS4 is at 2.09 A, compared
barrier for the next channel, H8 to O9 migration (Figure 1), is to the corresponding distance of 1.40 A for NTQ) and 1.48
20 kcal/mol higher at 51.8 kcal/m&l.lt means that H8 to O11 A for 8. The process is slightly endothermic, with an energy
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difference of 4.4 kcal/mol and a reaction barrier of 6.2 kcal/ CO,.1*1°Meredith and co-workers again limited themselves to
mol. The next decomposition step sees the breaking of the C5 the triplet state in their theoretical study on the rupture-Gi2
N6 bond and the loss of HONO, while the ring opened further. bond, the first step of channel 12. They found an energy barrier
The energy barrier at 38.0 kcal/mol is much lower than the 17 kcal/mol higher than €NO, homolysis, and the reaction
mechanisms shown in Figure 2c, and the transition structure iswas thus considered energetically unfavordbl®ur calcula-
shown in Figure 3 as TS5. tions of the reaction barriers for channels-1® are all done

The other observed decomposition channels involve the in the singlet state.
breakup of the HONO group in radical dissociation, as shown The frequency for various reaction channels obtained from
for channels 5 and 6. To our best knowledge, these channelsour trajectory studies does not always correspond to the channel
have not been considered before, as the attention is usuallywith the lowest energy barrier. In fact the frequency efXlO,
focused on the loss of HONO. The energy barriers for these homolysis is much higher than all the other reaction channels
two reaction paths are higher than that for channel 4 but lower although its energy barrier is substantially higher than that for
than those shown in Figure 2c. In addition, 17 trajectories as in the direct HONO loss or various H migration initiated channels.
channels 3, 7, and 8 only go through hydrogen migration with The energy barriers for nitrenitrite and direct ring rupture
no further dissociation, partly due to the fact that our simulation channels are also close to the barrier for theN©, homolysis
time is not long enough. These processes have been studied ithannel. This interesting observation can be attributed to the
great details in ref 20. The comparison between the Wang entropy factor. Using the nitrenitrite rearrangement channel
Chen-Lin results and our present results shows that for a as an example, it requires first a rotation of the Nffoup and
molecule as complex as NTO the ab initio MD-based trajectory then an oxygen atom tilting toward C5, according to the
calculation is superior to the extensive and systematic searchtransition structure (TS7). While for the-NO, homolysis, all
based on chemical intuition in the search for important it requires is the stretching vibration of €816 bond. During
decomposition channels. a 10 ps ab initio MD simulation of NTO at 2000 K, the €5

Nitro —Nitrite Rearrangement. Nitro—nitrite rearrangement N6 bond distance fluctuates an average of 10% of the equilib-
as an initial decomposition step was first suggested for NTO rium C5—-N6 distance due to the stretching vibration, the largest
by McMillen and co-workers! but to our knowledge it has  among all bonds in NTO. Our simulation is performed at a
not been followed up by any theoretical studies. In our study, temperature of 3000 K, and the entropy factor is expected to
this reaction is observed in five trajectories (channel 9, Table be important.
3). In the transition structure (TS7, Figure 3) for this reaction,
the NO; group is rotated along the €36 bond with the N@ Conclusion
plane being perpendicular to the NTO plane and an oxygen atom
on NG; inserting into the C5N6 bond. The energy barrier at
58.6 kcal/mol is 3.9 kcal/mol lower than that for-GlO;
homolysis. TS7 is similar to the transition structure obtained
by Turner and Davi¥ for the nitro—nitrite rearrangement in
1-nitropropene but rather different from that for nitromethéhe,
which goes through dissociation first in a two-step mechanism.
The difference may be due to the fact that, in NTO and
1-nitropropene, N@is bonded to a planar group withbond,
while, in nitromethane, N@is bonded to a methyl group which
makes the insertion of the oxygen atom inte i€ bond difficult
due to steric repulsion. After the rearrangement, further dis-
sociation of the NO group is barrierless.

Direct Ring Rupture. The three types of reactions discussed
so far all involved the N@group in the first decomposition

step (with the minor exception of channels 7 and 8). In this | . ; L
regard, channels 3012 as listed in Table 4 belong to a distinct high temperature should be the-BI0, homolysis, as indicated

group because the first step for these reactions is the directby .the.frequency of ENG, homolysis in our trajectory study, .
rupture of the NTO ring. The weak link in the NTO ring is the which is much higher than any other channels, even though its

two C—N bonds connected to the carbonyl group~G& and energy barrier at 62.5 kcal/mol is higher than the hydrogen
C3-N4. These two bonds could rupture individually as in Migration initiated channels and the direct HONO loss channel.

channels 11 and 12 (TS9 and TS10 in Figure 3). They could Qt lower t_{e_mperature, the HI?i kt)o t(hjli' T'gr‘?.t'o? d'n'tr']ated |
also rupture simultaneously as in channel 10, with the twdC ecomposition processes would be the first activated channels

bond breaking in a concerted way as shown in TS8, Figure 3, due to the l.OW gctivation barriers. A.monlg these processes,
and with an energy barrier only slightly higher than the barrier channel 4, with ring opening after H migration and subsequent

for channel 11 or 12. The observation frequencies for all three L?gsookf HI(/)N?’ h_as_;_he l?IW'TSt actlt\lgatlon ba_rrleri V\iE'Ch |ﬁtonly
channels are too low in our trajectory study to read much ~*° calimol, signincantly lower than préviously thought.

statistical significance and to judge their relative importance. ~ Our study demonstrates the power of the combined ab initio
However, in terms of reaction barrier, the activation energies MD and ab initio MO approach in elucidating the intricacy

for these channels are only-2 kcal/mol higher than the involved in unimolecular thermal decomposition. Such an
C—NO, homolysis, and as a result, they should be present during approach should be generally applicable to the theoretical studies

the decomposition process, especially at high temperature. None®f thérmal decomposition, without relying upon the prior
of these channels have been considered before, except foknowledge or assumption of reaction products.
channel 12, which was suggested to explain the production of

The combined ab initio MD and ab initio MO study has
revealed three new mechanisms for NTO dissociation. First is
the direct HONO loss mechanism either through a concerted
breaking of C5-N6 and H8-N4 bonds or a bimolecular reaction
between the departing N@roup and the triazole ring. Second
is a path initiated by the H8 to O11 migration, followed by
ring opening at C3N2 and HONO loss. Finally, the NTO ring
could rupture at the two €N bonds connected to the carbonyl
group, and the energy barriers for these channels are ey 2
kcal/mol higher than the barrier for the-®IO, homolysis.

In addition, the nitre-nitrite rearrangement followed by the
loss of NO group could also make a contribution to the NTO
dissociation. Its activation barrier is slightly lower than that for
the C-NO, homolysis.

Due to entropy factor, the dominant dissociation channel at
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