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Possible decomposition mechanisms of C�nitro� and N�nitro�1,2,4�triazoles were simu�
lated. We showed that in addition to the experimentally detected thermolysis products includ�
ing N2, N2O, NO, CO2, HCN, HNCO, 1,2,4�triazole, 3(5)�nitroso�1,2,4�triazole, and
1,2,4�triazolone, some other decompositon products (H2O, CO, NO2, cyanamide, cyanuric
acid, and melamine) can be formed. Using the density functional approach (B3LYP/6�31G*
approximation), we assessed the most favorable thermal decomposition pathways of nitro�
triazoles and studied the relationships between the thermolysis pathways of these substances
and their molecular and electronic structures. We found a correlation between the energy gap
width (energy difference between the frontier molecular orbitals) and the stabilities of the
C�nitro�1,2,4�triazole tautomers to thermal decomposition.

Key words: thermal decomposition, nitro�1,2,4�triazoles, quantum chemical calculations,
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Thermal stability is an important operating character�
istic of energetic compounds, which is related to thermal
decomposition of substances.1 Thermal decomposition of
high�energy materials is a complex multistep process. In
most experimental studies, the processes occurring in the
course of thermal decomposition are described using the
simplest hypothetical schemes that do not go beyond the
analysis of the final products and/or the initial step of the
decomposition.1,2 These experiments are preceded by la�
bor�consuming synthesis of the target compounds. Nev�
ertheless, there is no assurance that a given substance will
possess the desired properties (in particular, thermal sta�
bility) that make it a promising energetic compound. In
this connection one intensively developing avenue of en�
ergetic materials design includes prediction of their prop�
erties. This allows one to choose the most promising com�
pounds prior to the synthetic stage, thus shortening the
time and reducing the expenditure for the synthesis and
subsequent investigations of the potentially promising sub�
stances.3—6 Using mathematical modeling of thermal de�
composition processes of hypothetical substances, it is

possible to assess the whole spectrum of corresponding
thermolysis pathways and to predict certain features of
the thermal stability of the compounds. Additionally,
mathematical modeling can help in interpreting the ex�
perimental data on the ignition, combustion, or explosive
decomposition of the substances synthesized.

Often, energetic compounds for various applica�
tions7—11 are synthesized based on a combination of the
nitro groups with polynitro heterocycles (in particular,
1,2,4�triazole). However, there are only a few experimen�
tal studies10,12—16 of the thermolysis of N�nitro�1,2,4�
triazoles, in which the initial stage of the decomposition
was considered. Thermal decomposition of C�nitro�1,2,4�
triazoles10,17—22 and 3�nitro�1,2,4�triazolone�5 (NTO,
a promising compound for various applications)23 was
studied in more detail both experimentally and theoreti�
cally. However, these studies also report only on the most
probable initial stage of decomposition and on the final
products of the thermal decomposition, leaving alterna�
tive decomposition pathways out of consideration. In this
work we theoretically studied a whole spectrum of the
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reactions that can occur in the course of thermal decom�
position of two regioisomeric nitrotriazoles, namely,
N�nitro�1,2,4�triazole (1) and C�nitro�1,2,4�triazole (2).

Experimental data on the compositions of the thermal
decomposition products of compounds 1 and 2 as well as
the kinetic parameters and a possible mechanism of the
initial stage of thermolysis are available.13,18,20 This al�
lows the substances in question to be considered as model
objects for a theoretical study.

Thermolysis of compounds: methods of modeling

In order to describe multistage thermal decomposition pro�
cesses, we developed a methodology24—31 that allows one to
study and assess possible pathways of thermal decomposition of
aliphatic and alicyclic nitro derivatives. Here, this approach was
used for modeling the mechanisms of thermolysis of hetero�
aromatic nitro compounds 1 and 2.

Our methodology is based on the assumption that any inter�
mediate formed in the course of thermolysis can react with all
other species and their combinations that are formed in different
stages of thermolysis.25 The decomposition reactions of the ini�
tial compound and the interactions between intermediates are
described by the expert rules (reaction generators) formulated
based on empirical data and operating following the "if—then"
principle. The reaction generators can describe both general
(e.g., radical recombination) and particular (e.g., nitro�nitrite
rearrangement) reactions, i.e., be both general or particular in
character.1,32 Each expert rule is related to a particular molecu�
lar graph and corresponding transformation rules.

The chemical reaction generators were defined as follows.
A chemical compound S can be represented by a set of N atoms
(subsets A) and M chemical bonds (subsets B):

S = {A1, ..., AN, B1, ..., BM}.

Any atom Ai is characterized by its parameters X, e.g.,
X = {chemical element, valence, hybridization, etc.}. Therefore,
the bonds B are characterized by their own set of properties Y,
e.g., Y = {bond energy, bond length, identificators of the atoms
connected by this bond, etc.}.

The chemical compound has at least one reaction center
C(A,B) that can be described by a particular set (more exactly,
by corresponding characteristics) of the atoms and/or bonds:

C(A,B) = {A1...An,B1...Bm} =

= {X1
1...Xk

1,...,X1
n...Xk

n,Y1
1...Yl

1,...,Y1
m...Yl

m},

where n and m are respectively the numbers of atoms and chemi�
cal bonds in the reaction center and Xi

j and Yi
j are the ith char�

acteristics of the jth atom or chemical bond, respectively. For

the same reaction center the sets of the properties analyzed can
be different for the constituent atoms or bonds. Then, the chemi�
cal compound can be treated as a set of r reaction centers

S = {C1(A,B), ..., Cr(A,B)}.

The applicability of a reaction generator to a chemical sys�
tem is determined by the intersection C0(A,B)∩S of two sets,
namely, the reaction�center set C0(A,B) incorporated into the
generator and the set S corresponding to the chemical structure
under consideration. In terms of the molecular graphs this means
that the total graph of the chemical system includes a subgraph
of the reaction center.

Using combinatorial enumeration, the non�repeated reac�
tion systems are designed from the whole set of the chemical
structures generated (at the first step, they are generated from
the initial compound). A reaction system can comprise one or
more (at most three) molecules of the same compound or differ�
ent compounds. Then, the chemical reaction R can be treated as
an operation which describes the mechanism of transformation
of a set of the reaction centers that meet the specified structural
conditions C0(A,B) to reaction products by changing the neces�
sary characteristics of atoms and chemical bonds, e.g., redistri�
bution of electrons, change in bond orders, etc. (for more detail,
see Table 1):

A´ = Ra(A|C0(A,B)), B´ = Rb(B|C0(A,B))

or, generally,

S´ = R(S|C0(A,B)),

where Ra and Rb are respectively the operations on the atoms A
and chemical bonds B allowed when the conditions C0(A,B) are
met; A´ and B´ are the subsets of the atoms and chemical bonds
possessing new properties and involved in the reaction; and S´ is
the new chemical system formed as a result of the reaction.

Once tested for correctness of the operation using model
compounds, the generators designed can be applied to objects
that were not studied at all or were poorly studied.

The basis sets of rules for the generators of hypotheses of the
chemical reactions for modeling thermal decomposition path�
ways of nitroalkanes, nitroamines, and nitroethers were reported
earlier.25,33,34 Our analysis showed that the decomposition of
heterocyclic compounds can involve a number of processes that
were not taken into account in the early studies. In order to
describe them, we formulated some additional expert rules based
on the experimental data on thermolysis of different classes of
chemical compounds.1,35 They are listed in Table 1. The reac�
tions conditions imply that most reactions proceed by a ho�
molytic mechanism.

Rule (1) represents the nitro�nitrite rearrangement1,32:

R—NO2
    R—ONO.

Rules (2) and (3) describe free�radical reactions. The initial
set of rules34 describing the propagation of a free�radical chain
included severe restrictions. In this work, in order to construct a
generalized model, we introduced additional rules. The first rule
accounts for chain propagation by proton transfer involving cy�
clic radicals (e.g., 1,2,4�triazolyl radical). The second rule rep�
resents a restriction describing the recombination with a cyclic
radical.
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Table 1. Expert rules for generation of thermal decomposition pathways of heterocyclic compounds

Rule Graph Descriptiona Settingsb

Atom Propertyc Relation Value Operationd

(1) Nitro—nitrite 1 Atom type = N, C No
rearrange� UE = 0 No
ment Charge = 0 No

↓ 2 Atom type = N No
1—3—2=4 Charge = 1 Set equal to 0

3 Atom type = O No
Charge = –1 Set equal to 0

4 Atom type = O No
(2) 1 + 2 Chain 1 Atom type = С, N, O No

propagation Valence = 3 BD
UE > 1 Change to –1
Charge = 0 No

2 Atom type = С,N,O No
Heteroatoms > 1 BD
H atoms > 1 BD
UE = 0 Set equal to 1
Charge = 0 No

(3) 1 + 2—3 Radical 1 Atom type = N No
↓ recombi� Heteroatoms = 0 No

1—2—3 nation Hybridization = sp3 BD
UE > 1 Change to –1

2 Atom type <> C No
Heteroatoms > 1 BD
Valence < 2 BD
UE > 1 Change to –1
Charge = 0 No

3 Atom type <> C No
Heteroatoms = 2 BD
Hybridization < sp3 BD
Heteroatoms = 0 BD
Valence = 3 BD
UE ≥ 1 Change to –1
Charge = 0 No

(4) Decompo� 1 Atom type = N No
sition H atoms > 2 BD
H2N—NO2 UE = 0 No

↓ Charge = 0 Set equal to –1
1=2=3 + 4 2 Atom type = N No

Charge = 1 No
3 Atom type = О No
4 Atom type = О No

Charge = –1 Set equal to 0
(5) Rearrange� 1 Atom type = N No

ment to Charge = 1 No
aci�form 2 Atom type = N, С No

↓ UE = 0 No
Charge = 0 No

3 Atom type = С No
UE = 0 No
Charge = 0 No

4 Atom type = C No
Heteroatoms = 1 BD

(to be continued)
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Table 1 (continued)

Rule Graph Descriptiona Settingsb

Atom Propertyc Relation Value Operationd

5 Atom type = О No
Charge = 0 No

6 Atom type = О No
Charge = –1 No
Valence = 4 BD
UE = 0 Set equal to 1
Charge = 0 No

(6) 1=2—3 Formation 1, 5 Atom type = O No
+ of CO2 UE = 0 No

4=5 Charge = 0 No
↓ 2 Atom type = N No

1=2 UE = 0 No
+ Charge = 0 No

3=4=5 3 Atom type = O No
UE = 1 Set equal to 0

4 Atom type = С No
H atoms = 1 BD
UE = 1 Set equal to 0
Charge = 0 No

(7) 5=4—3 HCN + HNO2 1, 4 Atom type = N No
+ UE = 0 No

1≡2 Charge = 0 No
↓ 2 Atom type = С No

H atoms = 1 BD
UE = 0 No
Charge = 0 No

3 Atom type = О No
H atoms = 1 BD
UE = 0 No
Charge = 0 No

5 Atom type = О No
UE = 0 No
Charge = 0 No

(8) 1—2=3—4 Formation 1 Atom type = C No
↓ of nitrogen UE = 0 No

2≡3 + 1+4 Charge = 0 No
2, 3 Atom type = N No

UE = 0 No
Charge = 0 No

4 Atom type = С, N, O No
H atoms = 1 BD
UE = 0 No
Charge = 0 No

(9) 1—2≡3 Isomeri� 1 Atom type = О No
↓ zation UE = 0 No

1=2=3 Charge = 0 No
2 Atom type = С No

UE = 0 No
Charge = 0 No

3 Atom type = N No
UE = 0 No
Charge = 0 No

(to be continued)
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Table 1 (continued)

Rule Graph Descriptiona Settingsb

Atom Propertyc Relation Value Operationd

(10) Trimeri� 1, 3, 5 Atom type = N No
zation Heteroatoms = 0 BD

UE = 0 No
Charge = 0 No

2 Atom type = С No
Heteroatoms = 2 BD
UE = 0 No
Charge = 0 No

4, 6 Atom type = С No
UE = 0 No
Charge = 0 No

7, 8, 9 Atom type = С, N, O No
Valence < 2 BD

(11) 1 + 3=2—4 Interaction 1 Atom type = N No
↓ of ammonia H atoms > 3 BD

1≡2 + 3 + 4 with nitrous UE = 0 No
acid Charge = 0 No

2 Atom type = N No
UE = 0 No
Charge = 0 No

3 Atom type = О No
4 Atom type = O No

H atoms = 1 BD
(12) 4=5 + 1=2=3 Decomposi� 1 Atom type = N No

↓ tion of N2O Charge = –1 Set equal to 0
4≡5 + 1≡2 + 3 2 Atom type = N No

Charge = 1 Set equal to 0
3 Atom type = О No
4 Atom type = С No

H atoms = 2 BD
Charge = 0 Set equal to –1

5 Atom type = О No
Charge = 0 Set equal to 1

(13) 1=2=3 High�tempe� 1 Atom type = N No
↓ rature de� UE = 0 No

1≡2 + 3 composition Charge = –1 Set equal to 0
of N2O 2 Atom type = N No

UE = 0 No
Charge = 1 Set equal to 0

3 Atom type = О No
Charge = 0 No

(14) 1=2=3 + 4=5 Formation 1 Atom type = N No
↓ of dinitrogen UE = 0 No

1≡2 + 3—4=5 Charge = –1 Set equal to 0
2 Atom type = N No

UE = 0 No
Charge = 1 Set equal to 0

3 Atom type = О No
UE = 0 Set equal to 1
Charge = 0 No

4 Atom type = N No
UE = 1 Set equal to 0
Charge = 0 No

(to be continued)
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The decomposition of nitramide to nitrous oxide and wa�
ter36,37 is included by rule (4):

NH2NO2
    N2O + H2O.

Rule (5) describes the rearrangement of nitro compounds to
the aci�form1,32:

.

Rule (6) describes the formation of carbon dioxide in the
oxidation of formaldehyde1:

2 NO2 + CH2O    2 NO + CO2 + H2O.

Rule (7) takes into account the interaction of nitrous acid
with hydrogen cyanide by analogy with Ref. 38:

HONO + HCN    HO—N=N—CH=O.

Structures containing the —N=N— fragment decompose
with elimination of nitrogen molecule.39 This is described by
rule (8). Rule (9) describes the isomerization of cyanic acid into
isocyanic acid.40 Rule (10) describes trimerization of isocyanic
acid and cyanamide.41 Rule (11) corresponds to the interaction
of ammonia with nitrous acid with elimination of nitrogen mol�
ecule and water42:

HONO + NH3
    N2 + 2 H2O.

Rule (12) describes the reaction of nitrous oxide with form�
aldehyde43:

N2O + H2CO    N2 + H2O + CO.

Rule (13) illustrates high�temperature decomposition of ni�
trous oxide44:

N2O    N2 + O.

Rule (14) describes the formation of molecular nitrogen
upon disproportionation of nitrogen oxides45:

N2O + NO    N2 + NO2.

Rule (15) describes the disproportionation of nitrogen mon�
oxide45:

3 NO    N2O + NO2.

The use of combinatorial calculus elements for generating
hypothetical schemes of thermal decomposition of compounds
imposes particular requirements on the computational resources
and limitations on the analysis of the results obtained. The com�
plexity of the combinatorial approach to modeling of chemical
processes and methods of limitation of the growth of chains
generated in the model were assessed and discussed earlier.34 In
this work we present an improved approach to the determina�
tion of the most probable pathways of thermal decomposition. It
is based on assessment of thermochemical preferableness of a
particular pathway in the initial stage of decomposition of a
given compound. The preferableness is determined based on the
results of activation energy1 (Ea) calculations for the initial stage
of thermal decomposition for each generated pathway of ho�
molytic decomposition.

To this end, we calculated the geometric, electronic, and
energy characteristics of the initial compounds in the gas phase,
as well as those of the transition states and final products of the
reactions using the density functional theory (DFT) with the
B3LYP hybrid functional46 and a conventional split�valence ba�
sis set 6�31G*.47 Calculations of the characteristics of particular
compounds using extended basis sets (6�31G** and 6�311G**)

Table 1 (continued)

Rule Graph Descriptiona Settingsb

Atom Propertyc Relation Value Operationd

5 Atom type = 0 No
UE = 0 No
Charge = 0 No

(15) 1=2 + 3=4 + 5=6 Decomposi� 1 Atom type = N No
↓ tion of NO2 UE = 1 Set equal to 0

1=2=3 + 4—5=6 Charge = 0 Set equal to 1
2, 6 Atom type = О No

3 Atom type = N No
UE = 1 Set equal to 0
Charge = 0 Set equal to –1

4 Atom type = О No
UE = 0 Set equal to 1

5 Atom type = N No
UE = 1 Set equal to 0

a Reaction name.
b Description of atomic characteristics in the system of chemical procedures that should be done for each atom.
c UE stands for "Unpaired Electrons".
d BD stands for "By�Default" operation.
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gave similar results; because of this, the 6�31G* basis set was
used. Additionally, the enthalpies of activation of monomolecu�
lar decomposition of nitro compounds calculated48 by the
B3LYP/6�31G* method are similar to the experimental activa�
tion energies for the gas�phase decomposition (differences were
at most 2.4 kcal mol–1, which is comparable with the experi�
mental error). Positions of all stationary points were confirmed
by analysis of the Hesse matrices. Check for transition states was
done by calculating the intrinsic reaction coordinates. Biradical
structures were assumed to be in the triplet spin states. All calcu�
lations were carried out using the GAUSSIAN�98 program pack�
age49 at the Computational Center of the N. D. Zelinsky Insti�
tute of Organic Chemistry, Russian Academy of Sciences.

Results and Discussion

Six possible pathways of decomposition of compound 1
revealed upon generation of thermolysis pathways
(Scheme 1) are as follows: radical elimination of the nitro
group (pathway I), homolytic cleavage of bonds in the
heterocycle (N—N, pathway II, and C—N, pathways III
and IV), nitro�nitrite rearrangement (pathway V), and
1,5�sigmatropic shift of the nitro group with the forma�
tion of 5�nitro�1,2,4�triazole (2c) (pathway VI).

Scheme 1

The results of calculations of the geometric param�
eters and bond orders according to Wiberg for compound 1
are shown in Fig. 1. It follows that the introduction of the
nitro group at the ring nitrogen atom causes the delocal�
ization in the ring to weaken to some extent due to
the partial interaction of the lone electron pair of the
N(1) atom with the nitro group. The exocyclic bond
N(1)—N(6) is longer than that in conventional nitr�

amines;50 its calculated length is in good agreement with
the data obtained by X�ray analysis (1.445 Å).51 Analysis
of the bond orders shows that this bond is weaker than the
transannular bonds N—N. This favors cleavage of the
N(1)—N(6) bond, which is accompanied by either elimi�
nation or migration of the nitro group to the other nucleo�
philic center, namely, the neighboring carbon atom in
compound 1. The transannular bonds C(3)—N(4) and
C(5)—N(1), which are dissociated in the initial stage of
the decomposition of compound 1 (see Scheme 1), are
characterized by lower orders compared to the non�
cleaved bonds C(3)—N(2) and C(5)—N(4).

Activation energy calculations for the reactions oc�
curring in the initial stage of decomposition of com�
pound 1 showed that the energy expenditure for radical
elimination of the nitro group (see Scheme 1, pathway I)
is 39.4 kcal mol–1 and the energies of the N(1)—N(2)
(pathway II), C(5)—N(1) (pathway III), and C(3)—N(4)
(pathway IV) ring bond rupture processes are 62.2, 84.6,
and 71.1 kcal mol–1, respectively. We failed to locate the

Fig. 1. Geometric parameters of molecules (a) and bond orders
according to Wiberg (b) for 1�nitro�1,2,4�triazole (1) and
unsubstituted 1,2,4�triazole (3).
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transition state of nitro�nitrite rearrangement (pathway V),
but according to published data1 for N�nitro derivatives,
this rearrangement is thermochemically less favorable
than homolytic elimination of the nitro group. The rear�
rangement 1 → 2c (pathway VI)7,12 involves two stages
(Scheme 2).

Scheme 2

The initial stage represents a sigmatropic shift of the
nitro group with the formation of intermediate 1a. Ac�
cording to calculations, the geometric parameters of pla�
nar initial molecule 1 are strongly changed in transition
state TS1 (Fig. 2), namely, the nitro group is above the
plane of the heterocycle, the N—NO2 bond is stretched to
2.054 Å, and the distance between the nitrogen atom of
the nitro group and the carbon atom C(5) is shortened to
2.154 Å (cf. 1.439 and 4.748 Å, respectively, for com�
pound 1). In TS1, the H—C(5) bond length remains al�
most unchanged compared to the corresponding bond in
compound 1 (1.083 vs. 1.079 Å, respectively). The
C(5)—N(1)—NO2 bond angle decreases from 127.0° (1)
to 74.0° (TS1). The calculated activation energy for this
process is 31.8 kcal mol–1. Experimental data on the en�
ergies Ea of thermal rearrangements of N�nitro�1,2,4�
triazoles to C�nitro isomers are unavailable. The activa�
tion energies for a similar process in pyrazole derivatives
lie between 30 and 36 kcal mol–1 depending on the sub�
stituents.52 Migration of the nitro group results in an in�
termediate product (1a), which, by analogy with the
pyrazole nitro derivatives,52 undergoes a rapid re�aroma�
tization to a thermodynamically more stable compound
2c with a release of an energy of 30.9 kcal mol–1. The
calculated activation energy for hypothetical proton shift
to the N(1) nitrogen atom occuring via the transition
state TS2 (see Fig. 2) is 29.7 kcal mol–1. The H(10)—C(5)
bond in TS2 elongates to 1.289 Å and the distance be�
tween the hydrogen atom and the N(1) nitrogen atom is
shortened to 1.317 Å. The C(5)—NO2 bond length in
TS2 is 1.480 Å. Thus, the activation barrier to proton
transfer from the C(5) carbon atom to the N(1) nitrogen
atom is 1.9 kcal mol–1 lower than the energy expenditure
for the sigmatropic shift of the nitro group from the N(1)

to the C(5) atom. The C(5)—NO2 bond length in the
final product 2c is 1.449 Å, which is in agreement with the
X�ray analysis data53 for 3�nitro�1.2.4�triazole (2)). In
molecule 2c, the nitro group and the heterocycle lie in the
same plane, which favors conjugation between them and
stabilization of the whole system. The geometric param�
eters of the initial compound (1), intermediate (1a), final
product (2c), and transition states TS1 and TS2 are shown
in Fig. 2.

The activation energy calculations suggest that sigma�
tropic shift of the nitro group (Ea = 31.8 kcal mol–1,
pathway VI) is 7.6 kcal mol–1 energetically more favor�
able than homolytic elimination of this species (Ea =
39.4 kcal mol–1). This is consistent with the data13 on
thermolysis of compound 1 in benzonitrile, where the
C�nitro product 2c was isolated in more than 50% yield.
At the same time, NO2 radical elimination (pathway I)
should be considered as a competing reaction. This is
indicated by the experimental detection13 of unsubstituted
1,2,4�triazole (3) among the thermolysis products of com�
pound 1.

The propagation of further transformations of the in�
termediates generated in the course of the decomposition
of compound 1 following pathways I and VI was studied
in more detail. Scheme 3 presents the generated chains of
intermediates and possible routes of their transformations
in the course of thermolysis of compound 1 following
pathway I.

One of the primary decomposition products (see
Schemes 1 and 3) is 1,2,4�triazole (3), which can undergo
further decomposition. Earlier,37 a simple scheme of con�
certed decomposition of compound 3 was proposed
(Scheme 4).

Comparison of Schemes 3 and 4 suggests that our
modeling makes it possible to obtain a complete picture
of processes occurring in the course of decomposition.

It should be noted that theoretically 1,2,4�triazole can
exist as a mixture of two tautomers (3a and 3b) that can be
in equilibrium (Scheme 5).

According to calculations, tautomer 3a is
6.3 kcal mol–1 energetically more stable than 3b. Simula�
tion of the thermal decomposition pathways of com�
pound 3a (see Scheme 3) revealed three possible pathways
involving dissociation of the C(3)—N(4), C(5)—N(1),
and N(1)—N(2) bonds. Calculations of the geometric
parameters and electronic characteristics of 1,2,4�triazole
(see Fig. 1) show that the broken bonds C(3)—N(4)
and C(5)—N(1) are 0.026—0.044 Å longer than the
C(5)—N(4) and C(3)—N(2) bonds retained in this
stage of thermal decomposition and have lower bond or�
ders according to Wiberg. The bond dissociation ener�
gies of C(3)—N(4) and C(5)—N(1) are 84.7 and
102.5 kcal mol–1, respectively. The homolytic bond dis�
sociation energy of N(1)—N(2) is the lowest, being equal
to 71.0 kcal mol–1; this is the most thermochemically
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Fig. 2. Structures and selected geometric parameters of molecules 1, 1a, 2c, and transition states TS1 and TS2.

preferable step of the decomposition of compound 3a.
Note that all pathways of the decomposition of com�
pound 3a lead to the same final products, namely, N2,
N2O, NO, H2O, CO2, HCN, HNCO, as well as cyana�
mide, cyanuric acid, and melamine. Modeling of the de�
composition of tautomer 3b also gave an identical set of
final products. The ratio of these components in the re�
sulting mixture of products is determined by the decom�
position pathways of the compound.

As mentioned above, thermal rearrangement of com�
pound 1 involves the formation of its regioisomer 2 (see
Scheme 1, pathway VI), which can exist in several tauto�
meric forms (Scheme 6).

From the 1H, 13C, and 15N NMR data (see Ref. 54)
and analysis of the dipole moments55,56 of 3(5)�nitro�
1,2,4�triazoles unsubstituted at nitrogen atom it follows
that in solution the hydrogen atom is localized at the ring
nitrogen atom that is distal relative to the nitro group.
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Scheme 3

X is condensed residue

From this point on M denotes a molecule and R denotes a radical.

Scheme 5Scheme 4

This corresponds to tautomer 2a. The presence of a cer�
tain tautomer of compound 2 will be determined by par�
ticular conditions. Since heating can cause interconver�
sion of tautomers, we simulated thermolysis of all tau�
tomers 2a—2e. The tautomerization energies of nitro�
1,2,4�triazoles were determined by analogy with the cal�

culations for nitro�1,2,3�triazoles.57 The calculations re�
vealed the highest stability of tautomer 2c (Table 2).

Now we will consider the results of simulation of the
thermolysis pathways of the tautomers. Scheme 7 illus�
trates the initial stage of the decomposition of 1H�3�ni�
tro�1,2,4�triazole (2a).
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Scheme 8 describes the initial stage of thermal de�
composition of 4H�3�nitro�1,2,4�triazole (2b).

Scheme 9 corresponds to the initial stage of decompo�
sition of 1H�5�nitro�1,2,4�triazole (2c).

Scheme 10 presents the results obtained by simulating
the initial stage of decomposition of 3�aci�nitro�1,2,4�
triazole (2d).

Scheme 11 corresponds to the initial stage of the de�
composition of 3�aci�nitro�1,2,4�triazole (2e).

Scheme 6 Table 2. Energy characteristics of tautomers 2a—e

Com� –(E + ZPE) Energy of tautomerization of 2c*
pound /au to corresponding tautomer

/kcal mol–1

2a 446.67369 0.8
2b 446.66551 5.9
2c 446.67490 0.0
2d 446.63714 22.9
2d´ 446.63057 27.8
2e 446.63636 24.2
2e´ 446.63048 27.9

* Calculated using the expression [(E + ZPE)x – (E + ZPE)y]•

•627.5 kcal mol–1 (see Ref. 57), where ZPE is the zero�point
vibrational energy correction, x denotes tautomer 2c, and y stands
for all other tautomers.

Scheme 7

Scheme 8

Our simulation revealed five decomposition pathways
of tautomers 2a—c, namely, homolytic elimination of the
nitro group (pathway I), cleavage of the N—N bond in
the heterocycle (pathway II), cleavage of the C—N bonds
(pathways III and V), and the nitro�nitrite rearrangement
(pathway IV). The probable pathways of thermal decom�
position of the thermodynamically less stable tautomers
(2d,e) include homolytic elimination of the hydroxyl radi�
cal (pathway I), opening of the 1,2,4�triazole ring with
release of nitrogen (pathway II), cleavage of C—N bond
(pathway III), and elimination of oxygen from the
aci�nitro fragment (pathway IV). The results of calcula�
tions of the geometric and electronic parameters of the
tautomers of compound 2 are shown in Fig. 3 and listed in
Table 3.

The ring bonds C(3)—N(4) and C(5)—N(1) in mol�
ecule 2a, C(3)—N(4) and C(5)—N(4) in molecule 2b,
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and C(3)—N(2) and C(5)—N(4) in molecule 2c, which
are cleaved in the thermolysis of compounds 2a—c (see
Schemes 7—11), are 0.01—0.06 Å longer than the non�
dissociating ring bonds C—N (see Fig. 3) and their orders
are 0.14—0.42 lower than those of the ring bonds. At the
same time the N(1)—N(2) bonds in tautomers 2d,e are on
the average 0.05 Å shorter than the corresponding bonds
in tautomers 2a—c, their orders being 0.337 higher. The
adjacent bonds, C(3)—N(2) and C(5)—N(1), in com�
pounds 2d,e are longer than the other C—N bonds in the
ring. The exocyclic bonds C(3)—N(6) in molecules 2d,e
are on the average 0.09 Å shorter and the orders of these
bonds are 0.266 higher compared to the corresponding
bonds in tautomers 2a—c. The N—O bonds in compounds
2d,e are different, namely, the N—O(H) bond is on the

average 0.17 Å longer than the N→O bond. Therefore,
the order of the former bond is 0.56 lower. Tautomers 2d
and 2e are energetically more favorable than compounds
2d´ and 2e´ due to the formation of a hydrogen bond (this
was confirmed by analysis of the electron density distribu�
tion in the framework of the "Atoms in molecules"
theory58). Tautomers 2a—e have a planar molecular struc�
ture. Comparison of the geometric parameters and bond
orders according to Wiberg in the simulation of thermoly�
sis pathways of tautomers 2a—e indicates preferableness
of the dissociation of the longest same�type bonds char�
acterized by lower bond orders. From the data in Table 3
it follows that the energy gap between the frontier orbitals
successively decreases in the order 2a > 2b > 2c >
> 2d,e > 2d´—e´.

The results of activation energy calculations for the
reactions occurring in the initial stage of thermolysis of
tautomers 2a—e are listed in Table 4. Pathway IV is the
thermochemically most favorable for the decomposition of
compounds 2a—c (cf. pathway I for compounds 2d—2e´).
Comparison of the data listed in Tables 3 and 4 suggests

Scheme 9

Scheme 10

Scheme 11

Table 3. Electronic characteristics of molecules tautomers 2a—e

Com� Ionization ∆*
pound potential

eV

2а 10.301 9.068
2b 10.297 9.041
2с 10.275 9.017
2d 10.279 9.006
2d´ 10.265 8.993
2e 10.275 8.995
2e´ 10.265 8.994

* Energy gap between the frontier orbitals.
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Fig. 3. Geometric parameters of molecules (a) and bond orders according to Wiberg (b) for tautomers 2a—e.
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a correlation between the energy gap width (energy differ�
ence between the frontier orbitals) and the stability of the
C�nitro�1,2,4�triazole tautomers to thermal decomposi�
tion. From the results presented in Table 4 it also follows
that tautomers 2d´ and 2e´ are the thermochemically least
stable under the thermolysis conditions. For these com�
pounds, homolytic dissociation of the N—O bond (path�
way I) accompanied by elimination of the hydroxyl radi�
cal (48.2 and 46.4 kcal mol–1 for 2d´ and 2e´, respec�
tively) is most favorable in the initial stage. Dissociation
of the N→O bond (pathway IV) with elimination of the
oxygen atom (75.0 and 73.3 kcal mol–1 for 2d´ and 2e´,
respectively) is much less favorable. The energy expendi�
ture for the decomposition of tautomers 2d´ and 2e´ fol�
lowing pathway II (see Scheme 11, Table 4) is slightly
higher than that needed for the decomposition of these
compounds following pathway I; pathway III is the
thermochemically least favorable. The experimentally de�
termined activation energy for the initial stage of thermal

decomposition of 3�nitro�1,2,4�triazole in the solid phase
(including a pre�melting stage) is 38.28 kcal mol–1 at
180—200 °C,20 which is the closest value to the energy
expenditure for homolytic elimination of the hydroxyl
radical (pathway I). Similar values were also obtained for
the other two C�nitrotriazoles unsubstituted at the nitro�
gen atom, namely, 38.97 kcal mol–1 (bis(3�nitro�1,2,4�

Table 4. Activation energies (Ea) for reactions occurring in the
initial stage of the decomposition of tautomers 2a—e

Thermolysis Ea/kcal mol–1

pathway
2а 2b 2с 2d 2d´ 2e 2e´

I 67.2 68.2 67.4 51.5 48.2 50.2 46.4
II 71.3 66.7 67.8 59.7 55.4 59.2 55.4
III 105.6 90.4 93.3 95.4 91.1 94.9 91.0
IV 65.2 63.5 60.1 78.0 75.0 75.9 73.7
V 98.0 89.6 104.7 — — — —

Scheme 12
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triazol�5�yl))20 and 39.57 kcal mol–1 (bis(3�nitro�1,2,4�
triazol�5�yl)methane).20 This is much lower than the ac�
tivation barriers to radical elimination of the nitro group
or to the nitro�nitrite rearrangement. At the same time
the activation energy for the gas�phase decomposition of
3�nitro�1�ethyl�1,2,4�triazole (here, formation of the
aci�nitro tautomeric form involving migration of the
NH proton is impossible) is 65.06 kcal mol–1.19 This is
characteristic of aromatic nitro compounds whose thermal
decomposition begins with dissociation of the C—NO2
bond (see Ref. 1). Therefore, the assumption of the possi�
bility of existence of energetically less favorable tautomers
2d and 2e among the intermediate products of thermoly�
sis seems to be true.

Scheme 12 presents a possible mechanism of deep
decomposition of 3�aci�nitro�1,2,4�triazole (2e), which
was obtained using the expert rules developed; it illus�
trates the generated chains of intermediates and probable
sequences of their transformations.

The energetically most favorable pathway of thermoly�
sis of tautomers 2d,e, which is accompanied by elimina�
tion of the OH group (pathway I), leads to the corre�
sponding nitroxyl radicals 6d,e (see Schemes 10—12).
Here, further transformations can follow three pathways
(see Scheme 12), namely, the formation of nitroso�1,2,4�
triazoles 7a—c (see below), formation of 3�hydroxyimino�
1,2,4�triazoles 7d,e, and decomposition with elimination
of nitrogen molecule and formation of the oxynitrile radi�
cal 8.

According to the published data,20 the mass spectrum
of the decomposition products of C�nitro�1,2,4�tri�

azole (2) exhibits a peak of a fragment ion with m/z = 98
corresponding to radical cation 7. Our calculations showed
that the formation of corresponding nitroso derivatives is
thermochemically most favorable. For instance, the for�
mation of compound 7a upon attack of the nitroxyl radi�
cal 6e on the HNO2 molecule is accompanied by energy
release (Ea = –10.6 kcal mol–1). The formation of the
hydroxyimino derivative 7d from the same nitroxyl radi�
cal (6e) requires absorption of an energy of 0.7 kcal mol–1

and the energy expenditure for this process is
11.3 kcal mol–1 lower than that for the former process.
Decomposition of the nitroxyl radical 6e (see Scheme 12)
with elimination of nitrogen molecule is even less favor�
able (Ea = 17.1 kcal mol–1).

In order to obtain a complete picture of the mecha�
nisms of thermal decomposition of the intermediate 7
and to assess the thermochemical preferableness or par�
ticular decomposition pathways, we generated the ther�
molysis pathways of compounds 7a—e (Schemes 13—17).

The decomposition of each of the isomers 7a—c can
follow three pathways. These are the homolytic elimina�
tion of the nitroso group (pathway I), cleavage of the
N—N bond in the heterocycle (pathway II), and cleavage

Scheme 13

Scheme 14
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of the ring bond C—N (pathway III). Possible decompo�
sition pathways of oximes 7d,e (see Schemes 16 and 17)
include elimination of the hydroxyl radical (pathway I),
opening of the heterocycle with elimination of the nitro�
gen molecule (pathway II), and opening of the 1,2,4�tri�

azole ring due to the cleavage of one C—N bond
(pathway III).

The results of the activation energy calculations for
the reactions occurring in the initial stage of thermolysis
of compounds 7a—e are listed in Table 5. Energetically,
the decomposition of hydroxyimines 7d,e with opening of
the triazole ring (pathway II) and elimination of nitrogen
is the most preferable; this requires an energy expenditure
of 37.7—40.7 kcal mol–1. Thermolysis following this path�
way results in N2, N2O, NO, CO2, HCN, HNCO, H2O,
and cyanuric acid as the final products. Elimination of
the hydroxyl radical (pathway I) and cleavage of the
C—N bond in the ring (pathway III) in compounds 7d,e
is less favorable compared to pathway II (by 28.1 and
29.2—33.9 kcal mol–1, respectively). In the nitroso de�
rivatives 7a—c (their formation is thermochemically
preferable compared to hydroxyimines 7d,e), homolytic
elimination of NO is accompanied by absorption of
53.6—57.8 kcal mol–1, which is 15.9—17.1 kcal mol–1

larger than in the decomposition of compounds 7d,e fol�
lowing pathway II. The energy expenditure for cleavage
of the ring bonds N—N (pathway II) and C—N (path�
way III) in the intermediates 7a—c is respectively
9.4—16.7 and 4.3—16.7 kcal mol–1 larger than for the
decomposition following pathway I. Radical 4 that is
formed in the thermolysis of triazole can either undergo a
transformation to unsubstituted 1,2,4�triazole (3) with
a release of 44.8 kcal mol–1 (with M = HONO, see
Scheme 12) which then decomposes (see Scheme 3) or
recombine with the hydroxyl radical (–116.8 kcal mol–1)
to give a tautomeric mixture of 1,2,4�triazolones (9a,b)
and 3�hydroxy�1,2,4�triazole (9c) (Scheme 18).

Tautomer 9a is the most thermodynamically stable.
According to our calculations, the energies of its tauto�
merization to 9b and 9c are 15.5 and 11.2 kcal mol–1,
respectively. The possibility of formation of triazolone 9a
in thermolysis of 3(5)�nitro�1,2,4�triazole (2) was con�
sidered earlier.17 Indeed, a mass spectrometric study20 of
decomposition products of compound 2 revealed a peak
with m/z = 86 corresponding to compound 9 which can

Scheme 15

Scheme 16

Scheme 17

Table 5. Activation energies (Ea) for reactions occurring in the
initial stage of the decomposition of intermediates 7

Com� Pathway Com� Pathway
pound

I II III
pound

I II III

7a 53.6 —* 70.3 7c´ 54.1 70.6 65.1
7a´ 54.7 —* 71.5 7d 67.2 39.1 73.0
7b 54.6 64.0 58.9 7d´ 65.8 37.7 66.9
7b´ 57.8 67.2 62.1 7e 68.7 40.7 75.6
7c 55.6 72.3 66.6 7e´ 67.1 39.0 68.2

* We failed to calculate the Ea value for the decomposition of
compounds 7a and 7a´ following pathway II.
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undergo further transformations accompanied by cleav�
age of the N—N and C—N bonds in the heterocycle
(Scheme 19).

Scheme 19

The energy expenditure for cleavage of the bonds
shown in Scheme 19 is 70.5 (pathway I), 79.5 (path�
way II), 81.2 (pathway III), and 106.3 kcal mol–1 (path�
way IV). Thus, the decomposition following pathway I is
the thermochemically most favorable. A complete pattern
of the decomposition of 1,2,4�triazolone following path�
way I is shown in Scheme 20, which illustrates the chains
of intermediates and possible sequences of their transfor�
mations, which accompany the deep decomposition of
1,2,4�triazolone 9a.

From Scheme 20 it follows that the final products of
the decomposition of 1,2,4�triazolone include N2, N2O,
NO, CO2, HCN, HNCO, H2O, cyanamide, cyanuric
acid, and melamine, i.e., the same products as those
formed in the decomposition of 1,2,4�triazole 3.

In order to substantiate the efficiency of the method�
ology proposed, we calculated the enthalpies of all the
reactions generated assuming thermal decomposition of
3�aci�nitro�1,2,4�triazole (2e) to the final products. The
results obtained show that the final products of thermoly�
sis of compound 2e following the predicted decomposi�
tion pathways are formed in thermochemically favorable

processes. Below we present a number of reactions that
can occur in the course of thermal decomposition of
3(5)�nitro�1,2,4�triazole (2) and list their enthalpies
(∆Hf°/kcal mol–1).

(9.8)

(–17.9)

(25.4)

H2N• + •NO2
    H2N—NO2 (–48.9)

H2N—NO2
    N2O + H2O (–27.1)

•NH2 + HONO    NH3 + •ONO (–30.4)

NH3 + HONO    N2 + 2 H2O (–64.5)

HCN + HONO    O=CH—N=N—OH (–19.6)

O=CH—N=N—OH    •CHO + N2 + •OH (27.8)

•CHO + •NO2
    CO2 + HNO (–78.2)

HNO + •NO    N2O + •OH (–17.3)

•OH + HONO    H2O + •NO2 (–38.2)

2 N2O    O2 + 2 N2 (–31.6)

O + 2 HONO    H2O + 2 ONO• (–64.8)

HCN + •OH    •CN + H2O (16.9)

•CN + •NO2
    N≡C—ONO (–79.7)

N≡C—ONO    N≡C—O• + •NO (13.9)

•NO + HONO    HNO + •ONO —

•CN + •NH2
    H2N—CN (–118.0)

(–89.0)

N≡C—O• + H2O    HNCO + •OH (4.8)

(–18.6)

(99.4)

Scheme 18
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Scheme 20

X is a condensed residue

(–72.9)

(–55.9)

(102.1)

(–116.8)

(–44.8)

(10.6)

(–4.0)

According to published data,17 thermal decomposi�
tion of 3(5)�nitro�1,2,4�triazole (2) can theoretically be
accompanied by the nitro�nitrite rearrangement (path�
way IV, see Schemes 7—9). We calculated the geometric
parameters and energy of hypothetical transition state of
this process (Fig. 4). Comparison of the geometric pa�
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rameters of the initial molecule 2c and the transition state
of the nitro�nitrite rearrangement shows elongation of the
C—NO2 bond by 0.188 Å, formation of the new C—O
bond 1.713 Å long (cf. 2.267 Å in 2c), and a nearly two�
fold decrease in the C—N—O angle. The nitro group is
above the triazole ring plane, lying almost orthogonal
to it, whereas molecule 2c has a planar structure.

According to calculations, the energy expenditure for
the nitro�nitrite rearrangements in compounds 2d,e is
13.7—18.8 kcal mol–1 lower than the energy expenditure
for elimination of the hydroxyl group (see Schemes 10

and 11, pathway I). Further decomposition of the rear�
rangement product 5c to triazolone radical 10c
(Scheme 21) is expected to occur quite easy and be ac�
companied by absorption of an energy of 10.6 kcal mol–1

(see above). Moreover, further transformation of 10c to
1,2,4�triazolone 9a is accompanied by energy release
(–15.2 kcal mol–1, see above), which indicates an exo�
thermic process. Possible decomposition mechanisms of
9a are shown above (see Schemes 19 and 20).

However, the nitro�nitrite rearrangement excludes
the possibility of formation of the nitroso (7a—c) and
hydroxyimino (7d,e) derivatives of triazole, which were
experimentally detected among the decomposition prod�
ucts of 3(5)�nitro�1,2,4�triazole 2.20 The energy expendi�
ture for the nitro�nitrite rearrangement (see Schemes 7—9,
pathway IV) and the activation energies for homolytic
elimination of the NO2 group (see Schemes 7—9,
pathway I) and cleavage of the ring bond N—N (see
Schemes 7—9, pathway II) are very similar (see Table 4).
Thus, according to the thermochemical data, these three

Fig. 4. Transition�state structure for nitro�nitrite rearrange�
ment in 2c.

N

H

N

N

H

O

N

O46.3°

1.713 Å 68.9°63.8°

1. 637 Å

1.320 Å

Scheme 21

Scheme 22

X is a condensed residue
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thermolysis pathways of tautomers 2a—c are almost
equiprobable. However, only the decomposition of com�
pounds 2a—c with radical elimination of the nitro group
leads to the same products as those formed in the ther�
molysis of 2d,e (N2, N2O, NO, CO2, HCN, HCNO,
H2O, cyanamide, cyanuric acid, melamine, 3, 7, and 9).

Scheme 22 illustrates a stepwise deep decomposition
of compound 2c following pathway I.

Modeling of the mechanism of thermal decomposi�
tion of compound 2c following pathway II (Scheme 23),
which involves the opening of the triazole ring through
cleavage of the N—N bond as the initial stage of ther�
molysis, provides no explanation for the presence of ex�
perimentally detected 1,2,4�triazole derivatives 7 and 9
among the decomposition products.

The energy expenditure for cleavage of the hetero�
aromatic bonds C—N (see Schemes 7—9, pathways III
and V) in molecules 2a—c is 21.4—44.6 kcal mol–1 higher
than the energy expenditure for the corresponding pro�
cesses following pathways I, II, and IV. Here (Scheme 24,
the decomposition of 2c following pathway III), similarly
to the decomposition following pathway II, the decom�
position of the triazole ring in the initial stage rules out
the formation of the experimentally detected 1,2,4�triazole
derivatives. Therefore, the probability of this decomposi�
tion pathway of the compound is low.

Experimental data on the composition of the con�
densed residue formed in the thermolysis of nitro�1,2,4�
triazoles are unavailable. However, it was reported59—62

that thermal decomposition of various classes of organic

Scheme 23

X is a condensed residue
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Scheme 24

nitrogen compounds is followed by the formation of con�
densed triazine�type products with similar compositions.
It is this feature that gives grounds to suggest the presence
of rather complex molecular systems including the tri�
azine and heptazine fragments among the products of
thermolysis of nitrotriazoles.59—64

Our study made it possible to generate models for the
mechanisms of thermal decomposition of nitro�1,2,4�
triazoles. These models not only allow possible pathways
of the initial stage of decomposition of the compounds to
be considered, but also permit obtaining a comprehensive
spectrum of deeper transformations of intermediates on
the way to the final products of thermolysis.

Our calculations predicted the formation of a number
of products (H2O, CO, NO2, cyanamide, cyanuric acid,
melamine) that were previously not detected but which
can be formed during the thermolysis of nitrotriazoles.

Based on the hypotheses of the decomposition mecha�
nisms of nitrotriazoles, we assessed the thermochemical
preferableness of the following decomposition pathways
of these compounds: a sigmatropic shift of the nitro group
with the formation of C�nitro�1,2,4�triazole for N�nitro�
1,2,4�triazole and tautomerization of C�nitro�1,2,4�
triazole to the aci�nitro form followed by removal of the
hydroxyl radical.

The results obtained can be used for thermal stability
prediction and interpretation of experimental data on the
decomposition of nitro�1,2,4�triazoles.
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