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Computational Study of Main Mechanisms
for Gas-Phase Decomposition of 1,1- and
1,2-Dinitroethane

ROMAN V. TSYSHEVSKY, ILIA

V. ARISTOV, DENIS V. CHACHKOV,
ALEXANDER G. SHAMOV,

and GRIGORIT M. KHRAPKOVSKII

Department of Computational Chemistry, Kazan State
Technological University, Russian Federation, Kazan

The gas-phase enthalpies of formation of 1,1- and 1,2-
dinitroethane and corresponding radical products were
calculated using G3B3, CBS-QB3 composite methods
and DFT B3LYP level of theory with various basis sets.
The enthalpies of the C—N, C—C bonds dissociation and
activation enthalpies for HONO elimination were also
calculated and compared with available experimental
data. It was found that G3B3 calculations do provide a
reasonable way to tackle the problem of the decomposition
channels of 1,1- and 1,2-dinitroethane. Four main mechan-
isms for gas-phase decomposition of 1,1- and 1,2-
dinitroethane were studied using G3B3 model chemistry.
HONO elimination seems to be the most favorable
mechanism for the decomposition of 1,2-dinitroethane.
However, the difference in energies of the HONO
elimination and C—N homolytic bond cleavage in 1,1-
dinitroethane does not allow to favor any of these
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channels, especially at the working temperature. Gauche
conformation of 1,2-dinitroethane is calculated to be the
lowest-energy minimum.

Keywords: composite methods, 1,1-dinitroethane, 1,2-
dinitroethane, decomposition, DFT

Introduction

Decomposition of nitroalkanes with one or more nitro groups is
the subject of a great number of theoretical and experimental
explorations [1-4]. Spokes and Benson [1] concluded that the
major products of the 1- and 2-nitropropane decomposition were
olefins and HONO through a concerted molecular elimination
mechanism. The competitive mechanism via C—N homolytic
bond fission was studied by Shaw [2]. Wodtke et al. used a
modified Rice-Ramsperger-Kassel-Marcus (RRKM) theory to
determine the isomerization barrier height for the process of
nitro—nitrite rearrangement (CH3NO, — CH30NO) [3].

In 2003, Denis et al. [5] performed a study of the important
decomposition channels on the potential energy surface of
nitroethane and 2-nitropropane, employing B3LYP/6-
311+G(3df,2p) level of theory. They concluded that in the
cases of the enthalpies of formation and potential energy
surfaces, the B3LYP/6-311+G(3df,2p)-calculated data seem
to agree well with available experimental data. The HONO
elimination pathway was calculated to be the most favorable
mechanism for the decomposition of nitroethane and
2-nitropropane. The isomerization to aci-form reactions are
the most unlikely of the rest possible mechanisms.

Regarding the decomposition channels of dinitroalkanes,
Shaw reported the values of activation energies for decomposi-
tion reactions of 1,1-dinitroethane (1), 1,2-dinitroethane (2)
through HONO elimination, 47.0 and 46.0kcal/mol, respec-
tively, and simple C—N bond rupture 49.0 and 62.0 kcal /mol,
respectively [2]. Activation energies of C—C and C—N bonds
cleavage in 1 reported by Manelis et al. [4] are 91.7 and
47.1kcal /mol, respectively.
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To our knowledge, theoretical study of decomposition of
dinitroalkanes employing modern quantum chemical methods
analogous to Denis et al. [5] has not been held. Therefore, we
decided to make a theoretical study of the potential energy
surfaces of 1 and 2. The comparison of calculated and available
experimental data was made with the purpose of determining
the most accurate method for further investigation of
dinitroalkanes unimolecular decomposition.

Methods

Density functional methods (DFT) [6,7] and modern quantum
chemistry composite methods were employed in this study. The
B3LYP method, which includes Becke’s three-parameter hybrid
functional (B3) [8] using the correlation functional of Lee, Yang,
and Parr with both local nonlocal terms (LYP) [9,10], was
employed with 6-31G(d), 6-311G(2df,p), 6-311++G(df,p), and
6-3114++G(3df,3pd) basis sets [11] to hold calculations at DFT
level of theory. Composite methods were performed by G3B3
[12] and CBS-QB3 [13,14] model chemistry. All calculations were
performed with the program Gaussian 03 [15]. Structures’ states
were characterized as true transition states by checking whether
they had only one imaginary harmonic vibrational frequency.
The intrinsic reaction coordinate (IRC) calculations were held
employing B3LYP/6-31G(d) level of theory. Energies of the sta-
tionary points were initially calculated at the B3LYP/6-31G(d)
level and then further estimated using the G3B3 method. Unrest-
ricted B3LYP is used for the radical decomposition mechanisms.
The energies of radical decomposition mechanisms include basis
set superposition error (BSSE).

Results and Discussion

The lowest-energy structures of 1 and 2 are depicted in Fig. 1.
Tafipolsky et al. [16] and Kiselev and Gritsan [17] have reported
that geometrical parameters of nitrosubstituted methanes with
one or more nitro groups, computed at the various levels of
theory, are very close and in good agreement with experiment.
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Figure 1. Geometric parameters of the lowest-energy struc-
tures of 1 and 2. Bond distances in A.

Therefore, in further discussion we will mention the values of
geometric parameters obtained only at the B3LYP/6-31G(d)
level of theory.

It is worth noting that the lowest energy minimum found on
the ground-state potential energy surface (PES) concerning 2
corresponds to the gauche-conformation. The optimized geome-
try of this global minimum shows the dihedral angle N1C1C2N2
of 71.8 degrees (Fig. 1). Our results agree well with the experi-
mental and calculated data reported by Lam et al. [18]. Their
X-ray structure determination showed a central C—C bond dis-
tance of 1.488 A, which is significantly shorter than the standard
tetrahedral C—C bond distance (1.544 A). The molecule as a
whole adopted a gauche-conformation with N—C—C—N torsion
angle of 73.5 degrees.

The next stage of our study was determining the proper
quantum chemistry methods for further exploration of the
mechanisms of decomposition. This procedure was based
on comparison of the calculated estimations with available
experimental data.

Table 1 shows the gas-phase formation enthalpies of the 1 and
2 predicted at various levels of theory as well as experimental
values [19].
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Enthalpies of formations of 1 and 2 were calculated based on
the atomization reactions

CH3CH(NOg),(1) — 2C(g) + 2N(g) + 4H(g) +40(g) (1)

CH2(NO3)CH3(NO2)(2) —2C(g) +2N(g)+4H(g) +40(g) (2)

An analogous technique was also involved for estimation
of enthalpies of formation of the corresponding radicals left
after homolytic cleavage of C—N and C—C bonds in 1 and 2
(Table 2).

We also calculated the enthalpies of formation of 1 and 2.
using the isodesmic reaction (3):

CHgCH(NOz)Q + 2CH4 — 2CH3NO9 + CoHg (3)

The enthalpy of formation of CH3NO, is represented in
Lebedev et al. [19], whereas enthalpies of formation of CHy
and CoHg were taken from the NIST Chemistry Webbook [20].

As one can see from Table 1, enthalpies of formation of 1
predicted using a composite method are in good agreement
with experimental values. On the other hand, the enthalpies of for-
mation of 2 calculated at these levels of theory are overestimated.
However, results reported in the literature [5,17,21] show that
enthalpies of formations of alkanes and nitroalkanes predicted
using composite methods are in good agreement with experimental
data and do not depend on the size of the molecules. Moreover,
repulsion between similarly charged nitro groups attached to same
carbon atom ought to increase the enthalpy of formation of 1 in
comparison with 2. For example, experimental enthalpies of
formations of 1,1- and 1,3-dinitropropane reported in Lebedev
et al. [19] are —28.6, and —31.6 kcal/mol, respectively. It is worth
noting that in accordance with results listed in Table 1, enthalpy of
formation of 2 is predicted to be lower than that for 1 at various
levels of theory. Therefore, we concluded that experimental
enthalpy of formation of 2, reported in Lebedev et al. [19],
is overestimated, whereas the G3B3 calculated value seems to be
satisfactory.
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It is worth noting that formation enthalpies of 1 calculated
using atomization reactions are more accurate than that
calculated via isodesmic reaction.

Unfortunately, the enthalpies of formation of initial
compounds and radical products calculated (Table 2) at the
B3LYP level of theory with various basis sets are not so accu-
rate. Although B3LYP/6-311G(2df,p) predicts enthalpy of for-
mation of 1 to be only 0.4kcal/mol lower than experimental
value, the calculated enthalpies of formation of radical frag-
ments differ noticeably from experimental data (Table 2).

Denis et al. [5] reported that this method is quite accurate in
predictions of enthalpies of formation of nitroethane and
2-nitropropane. B3LYP/6-311+G(3df,2p)-calculated enthalpies
of formations of 1 and 2 are in poor agreement with experiment
and calculated to be —21.4 and —25.1kcal/mol, respectively.
That is why the data obtained using this method will not
mentioned in our further discussion.

Table 2 demonstrates that composite methods CBS-QB3
and G3B3 predict the enthalpies of formation of radical
products with accuracy better than 2 kcal/mol.

The calculated enthalpies of the C—N and C—C bonds disso-
ciation at 298 K as well as related experimental data are listed
in Table 3.

The radical mechanism of the nitroalkane decomposition
is one of the most investigated processes [2,4]. Dissociation
enthalpy of the R;-Rs bond in nitrocompounds can be
calculated according to Eq. (4):

AH"(Ry — Ry) = AH}(R;) + AH{(Ry) — AH{(R; — Ry)  (4)

where R, and R; are radicals left after the bond decomposition.
Dissociation enthalpies of the C—C and C—N bonds estimated
according to Eq. (5) are applicable in various calculations and
experimental (thermochemical) estimations.

When comparing calculated and experimental data for the
radical mechanism the following relation should be hold:

E,=AH°(R; — Ry) + RT (5)
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where E, is the activation energy, T is the average temperature
interval in which the experiment was carried out, and R is the
universal gas constant.

The temperature at which pyrolysis of nitroalkanes is usually
studied in the laboratory is in the range of 500 to 800 K. For our
calculations we took RT~1.3kcal/mol (T'=650K).

Although CBS-QB3 and G3B3 composite methods slightly
overestimate enthalpies of C—N bond cleavage in 1, enthalpies
of C—N bond dissociation of 1 and 2 are in good agreement with
experiments. The results of BSLYP level are much less accurate
(Table 3). However, the enthalpies of the C—C bond cleavage
obtained at B3LYP level of theory are in good agreement
with experiments, whereas composite methods overestimate
AH?(C—C) significantly. This coincidence between experimen-
tal and B3LYP-calculated data can be explained by the cancel-
lation of errors in enthalpies of formations of initial compounds
and radical products during the calculation of AH’(C—C) in
accordance with Eq. (3). Results of Table 1 demonstrate the
poor agreement between experimental enthalpies of formation
of 1 and those predicted at B3LYP levels of theory. Thus, we
suppose that experimental data for the activation energy of
C—C bond cleavage is underestimated and can only be used
for very rough estimates.

As one can see from Table 4, calculated activation enthalpies
for reaction of HONO elimination from 1 and 2 using composite
methods seem to be in good agreement with experimental
estimations [2] (Table 4).

On the other hand, Manelis et al. [4] reported that accumula-
tion of the nitro group had decreased the activation energies of
HONO elimination in nitroalkanes. Furthermore, Denis et al.
[5] showed that activation enthalpies of HONO elimination
from nitroethane and 2-nitropropane at B3LYP/6-311+
G(3df,2p) are 42.0 and 39.2kcal/mol, respectively, whereas
experimental activation energies for these reactions are 45.0
and 43.5 kcal/mol. The activation energies for HONO elimina-
tion from 1,1-, 1,2-, and 2,2-dinitropropane reported by Shaw
[2] are 43.0, 41.0, and 39.0kcal/mol, respectively. Thus, we
assume that Shaw’s experimental as well as our G3B3 and
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CBS-QB3 calculated values for HONO elimination from 1 and 2
are overestimated.

On the basis of comparison of calculated enthalpies of
formation and activation enthalpies with available experimen-
tal data we concluded that the G3B3 model chemistry calcula-
tions do provide a reasonable way to tackle the problem of the
decomposition channels of 1 and 2.

In further discussion of mechanisms of decomposition we
will deal with activation enthalpies and enthalpies of reactions
at 298 K. There are three main nonradical channels for 1 and 2.
The first mechanism is the f-elimination of HONO.

The second possible mechanism is the nitro—nitrite rearrange-
ment

CH;CH(NO,),(1) — CoH,(NO,)ONO (8)

CH,(NO,)CH,(NO,)(2) — CHy(NO3)CH,ONO  (9)

Finally, the third mechanism involves a hydrogen transfer
and isomerization of 1 and 2 to aci-form

CH(NO3)CH3(NO»)(2) — CHy(NO2)CHN(OH)O  (11)

A schematic potential energy diagram for the unimolecular
decomposition reactions associated to IRC on the ground
PES (concerning 1) is shown in Fig. 2. Relative energies of
stationary points on the 1 PES were estimated on the basis
of sum of electronic and thermal enthalpies [15] at 298.15 K.

The optimized geometrical parameters of transition states
1b, 1d, 1g (Fig. 2) and products lc, 1h involved in reactions
(6), (8), and (10) are collected in Fig. 3.
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Figure 2. Schematic potential energy diagram showing the
unimolecular decomposition reactions associated to IRC on
the 1 ground-state PES (G3B3).

The calculated endothermicity for the C—N bond homolytic
cleavage (1—1f, Fig. 3) proceeding without an apparent
transition state structure using G3B3 model chemistry is
50.6 kcal/mol (Table 3, Fig. 2).

Elimination of HONO (1 — 1d(TS) — 1e, Fig. 2) requires a
relatively high energy to occur. This potential energy barrier
is calculated to be 44.8 kcal/mol. The difference in energies of
these two channels does not allow to favor any of this process,
especially at the working temperature.

Regarding the transition state 1d(TS) (Figs. 2 and 3), the planar
five-centered cycle where fission of the C3—H6 bond is as advanced
as the formation of the new Hg-O19 bond. Enthalpy of the reaction
1—1d(TS) — 1e (Fig. 2) is predicted to be 11.0 kcal/mol.
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Figure 3. Geometrical parameters of transition states 1b(TS),
1d(TS), 1g(TS), and products 1c, 1h concerning the different
decomposition reactions of 1 (B3LYP/6-31G(d)). Bonds
distances in A.
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The next possible channel of decomposition is nitro—nitrite
rearrangement (8). This reaction occurs through a pseudorota-
tion of the NOy group. The resulting optimized structure,
1g(TS) (Figs. 2 and 3), was characterized as a true transition
state. At the transition state 1g(TS) the C1-N8 bond length
is 0.441 A longer than its equilibrium value in 1 (Fig. 1). At
G3B3 level of theory the energy of transition structure
1g(TS) is calculated to be 62.2kcal/mol. This channel seems
to be the most unfavorable. In spite of the largest activation
barrier height, the reaction of nitro—nitrite rearrangement
is exothermic. Structure 1h (Figs. 2 and 3) was characterized
as a product of the decomposition pathway la — 1g(TS) — 1h
and is predicted to lie 6.7 kcal/mol below 1.

The last mechanism we studied is the formation of aci-form
(10) involving intramolecular migrations of the hydrogen atom.
The energy of the transition state structure 1b(TS) (Figs. 2
and 3) is predicted to be 57.2 kcal/mol. An IRC calculation start-
ing at transition state 1b(TS) gave a path leading to a local
minimum 1c¢ (Figs. 2 and 3), which turned out to be an aci-form
of 1,1-dintroethane and its optimized geometry has a planar
six-centered cycle C;—N;—Og—Hy—0;;—Ng (Fig. 3). The posi-
tive hydrogen atom (0.466 au) is located between the negatively
charged oxygen atoms (—0.470au). Charges on atoms were
obtained using Mulliken population analysis. Equilibrium struc-
ture 1c is predicted to lie 11.0 above 1 (Fig. 2).

We made several efforts to study the reaction of carbene
formation proceeding through a-elimination of HONO from 1
and 2. However, localized transition state structures were
characterized as true transition states for aci-form formation.
Therefore, we suppose that carbene formation takes place via
elimination of HONO fragment from aci-form.

Regarding the decomposition of 2, the HONO elimination
pathway (7) seems to be the most favorable (Fig. 4). The calcu-
lated potential energy barrier for the HONO elimination
([2—2b(TS) — 2¢]; Fig. 4) is 43.3kcal/mol. The resulting
optimized structure, 2b(TS) (Fig. 5), was characterized as a
true transition structure. The enthalpy of reaction is calculated
to be 11.5kcal/mol (Fig. 4).
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Figure 4. Schematic potential energy diagram showing the
unimolecular decomposition reactions associated to IRC on
the 2 ground-state PES (G3B3).

The homolytic C—N bond cleavage mechanism (2 — 2d,
Fig. 4) requires a higher energy barrier, than HONO elimina-
tion, energy to occur, 60.7kJ/mol.

The optimized structure 2e(TS) (Figs. 4 and 5) was charac-
terized as a true transition state for reaction of aci-form forma-
tion (2 — 2e(TS) — 2f, Fig. 4) is calculated to lie 60.6 kcal /mol
above 2 (Fig. 4). The G3B3-calculated endothermicity of this
decomposition channel is 19.1 kcal/mol.

Finally, the last path, nitro—nitrite rearrangement (2 — 2g
(TS) — 2h, Fig. 4), requires very high energy, making this
channel of decomposition the most unlikely of the possible
processes. Beginning IRC calculations at transition state
2h(TS) (Fig. 5), a path leading to the equilibrium structure
2g (1-nitro,l-nitrite ethane) (Fig. 5) is calculated to lie
1.3kcal/mol above 2.
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The activation enthalpies of nitro—nitrite rearrangement and
aci-form formation are significantly higher than activation
enthalpies of HONO elimination and homolytic C—N bond
cleavage. Therefore, we decided not to take in consideration
reactions of carbene formation from aci-form and NOe loss from
nitrite isomers of 1 and 2.

Figure 5. Geometrical parameters of transition states 2b(TS),
2e(TS), 2g(TS), and products 2f, 2h concerning the different
decomposition reactions of 2 (B3LYP/6-31G(d)). Bond
distances in A.
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Conclusion

The gas-phase enthalpies of formation of 1,1- and 1,2-
dinitroethane and corresponding radical products were
calculated using G3B3, CBS-QB3 composite methods and
DFT B3LYP level of theory with various basis sets. The
enthalpies of the C—N, C—C bonds’ dissociation and activa-
tion enthalpies for HONO elimination were also calculated
and compared with available experimental data. In the
cases of enthalpies of formation and of the potential energy
surfaces themselves, the scarce experimental data available
seem to agree well with our calculations. Therefore, we
conclude that the G3B3 calculations do provide a reasonable
way to tackle the problem of the decomposition channels of
dinitroalkanes.

We have performed a study of important decomposition
channels on the potential energy surface of 1,1- and 1,2-
dinitroethane. HONO elimination seems to be the most favor-
able mechanism for the decomposition of 1,2-dinitroethane,
whereas the difference in energies of the HONO elimination
and C—N homolytic bond cleavage in 1,1-dinitroethane does
not allow to favor any of these channels, especially at the
working temperature. The nitro—nitrite rearrangement
that occurs through a pseudorotation of the NO, group is the
most unlikely of the possible processes.

Gauche-conformation of 1,2-dinitroethane is calculated to be
the lowest energy minimum on the potential energy surface at
various levels of theory.
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