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Abstract—Reactions of the type X• + HCR2CH2NO2 → XH + R2C=CH2 + N•O2 are exothermic, due to the
breaking of weak C–N bonds and the formation of energy-intensive C=C bonds. Quantum chemistry calcu-
lations of the transition state using the reactions of Et• and EtO• with 2-nitrobutane shows that such reactions
can be categorized as one-step, due to the extreme instability of the intermediate nitrobutyl radical toward
decay with the formation of N•O2. Kinetic parameters that allow us to calculate the energy of activation and
rate constant of such a reaction from its enthalpy are estimated using a model of intersecting parabolas.
Enthalpies, energies of activation, and rate constants are calculated for a series of reactions with the partici-
pation of Et•, EtO•, RO , N•O2 radicals on the one hand and a series of nitroalkanes on the other. A new
kinetic scheme of the chain decay of nitroalkanes with the participation of abstraction reactions with con-
certed fragmentation is proposed on the basis of the obtained data.
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INTRODUCTION
Compounds containing nitro groups find wide

application in engineering and military as explosives
[1]. Large amounts of energy are released as a result of
their decay and are widely used in practice. The mech-
anism of the decay of such compounds includes both
molecular and radical steps, and was discussed in
detail in [2]. In [3–7], we showed there are highly exo-
thermic reactions of a new type among radical reac-
tions: abstraction reactions with concerted fragmenta-
tion. These reactions occur when the molecule under
attack has a weak bond, the opening of which is com-
pensated for by the formation of a fairly stable π bond.
For example, in the reaction of RO  with an alkoxy-
amine, its weak C–O bond breaks along with the C–
H bond, and the stronger C=C bond of an olefin is
formed [6]:

 (I)

Such a reaction is exothermic, its enthalpy ΔH =
‒57.6 kJ/mol (sec-RO  + 2,2,6,6-tetramethylpiperi-
dine-N-oxy-2'-propane, [6]), while simple abstrac-

tion of an H atom from HCR2CH2ONR2 by a peroxide
radical is endothermic (ΔH = 25.0 kJ/mol [6]). The
high exothermicity of abstraction reactions with frag-
mentation is observed when the energy consumption
for the breaking of a weak bond is overcompensated
for by energy Dπ of the π bond being formed. The
occurrence of a radical reaction according to the
mechanism of abstraction of an H atom with fragmen-
tation therefore depends on the structure of the mole-
cule being attacked, and it can be predicted on the
basis of its structure.

Nitroalkanes have weak N–C bonds (for nitroal-
kanes, DN–C = 230–242 kJ/mol [8]). Because of this,
the occurrence of radical abstraction reactions with
concerted fragmentation of the type

 (II)

can be expected for them.

To solve this problem, a quantum chemistry analy-
sis of the transition state (TS) of abstraction reactions
with fragmentation with the participation of nitroal-
kanes is performed in this work, the enthalpies of such
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reactions with the participation of various radicals are
calculated, and the energies of activation and rate con-
stants of the corresponding reactions are estimated
using a model of intersecting parabolas (MIP).

CALCULATION PROCEDURE

Quantum Chemistry Methods

The РВЕ density functional method [9] using an
SBK pseudopotential [10] and an extended basis for
valence electrons was used for our theoretical study of
the reactions of concerted abstraction of an H atom
with fragmentation. The calculations were performed
using the PRIRODA software package [11] at the Joint
Supercomputer Center, Russian Academy of Sciences.
The type of stationary points of the potential energy
surface was determined from an analysis of Hessians
during the analytical calculation of second derivatives.
Thermodynamic functions were calculated in the har-
monic oscillator–rigid rotor approximation. To verify
the type of the TS, the coordinates of the reaction were
calculated using an intrinsic reaction coordinate. The
Hirshfeld method [12] was used for the analysis of the
distribution of the electron and spin density by the
atoms.

Method of Intersecting Parabolas

The method of intersecting parabolas (MIP) was
also used to calculate the energies of activation and
rate constants of radical reactions. According to this
method, a radical abstraction reaction of the type

X  + HR → XH + R  (III)

is characterized by a number of parameters [13–15]:
(1) classic enthalpy (ΔHe) associated with the enthalpy
of the reaction ΔH by the correlation

(1)

where νX−H and νC−H are the frequencies of valence
vibrations of the reacting bonds, h is the Plank con-
stant, and NA is the Avogadro number; (2) the classic
potential energy barrier of the reaction Ee which
includes the energy of the zero-point vibration of a
breaking bond (0.5hNAνC−H) and the average kinetic
energy of the movement of the H atom along the reac-
tion coordinate (0.5RT) and is associated with the
experimental energy of activation Е by the correlation

(2)

(3) distance re, which characterizes the elongation of
the reacting bonds (in this case, the R−H and H−X
bonds) in the TS; (4) parameter b (2b2 is the force con-
stant of the breaking R−H bond), parameter bf (  is
the force constant of the forming X–H bond), and
coefficient α = b/bf; (5) preexponential factor AC−H

• •
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per one C–H bond being attacked. The values of the
above parameters and the coefficients for a number of
the classes of reactions under discussion can be found
in [13, 14].

In the MIP, classic potential energy barrier Ee and
classic enthalpy of a reaction ΔHe are associated by the
equation [14]

(3)

This allows us, on one hand, to calculate parameter bre
for a selected class of reactions using the experimental
data (ΔH and E) and, on the other hand, in the case of
known parameters bre and α, to calculate the energy of
activation for any reaction of this class through its
enthalpy according to the equation

(4)

where B = bre/(1 − α2). Parameter bre also allows us to
calculate the characteristics of an entire class of reac-
tions such as the classic potential energy barrier of a
thermally neutral (ΔHe = 0) reaction [14]:

(5)

When the coefficient α = 1, the equation for the
energy of activation takes a simpler form:

(6)

Note there is an analogy between the TSes in reac-
tions between X  and a nitroalkane (II) or an
alkoxyamine (I) [6]:

X  + H–CR2CH2–ONR2

→ X···H···C···C···ONR2 (IV)

→ XH + CR2=CH2 + R2NO .

Because of this, the kinetic parameters of the MIP that
describe the reactions between radicals and the C–H
bonds of alkoxyamines [6] can be used for the calcula-
tion of the energies of activation of such reactions.
Table 1 presents the values of these parameters.

In the case of a concerted abstraction reaction with
fragmentation of the molecule, the probability of the
concentration of the energy of activation on the break-
ing bonds depends on their number. We must then
consider that the excess (activation) energy is concen-
trated on a larger number of bonds than with simple
abstraction. In the oscillation model of the reacting
molecule [16], in which the molecule is considered as
a sum of interrelated oscillators, the preexponential
factor of reaction A depends on the number of bonds n
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Table 1. Kinetic parameters of the MIP of abstraction reactions of H with concerted fragmentation of radicals of different
types with the C–H bonds of nitro compounds [6, 13]

Reaction α bre, (kJ/mol)1/2 0.5h (ν – νf) NA, 
kJ/mol

A, L/(mol s)

R  + R1H → RH + R 1.00 17.30

RO  + R1H → ROH + R 0.796 13.10 –4.3 1.0 × 109

RO  + R1H → ROOH + R 0.814 13.61 –3.8 1.0 × 108

R  + RNO2 1.00 20.79 0.0 1.0 × 109

R  + PhCH2CH2NO2 1.00 21.21 0.0 1.0 × 108

RO  + RNO2 0.796 16.77 –4.3 1.0 × 109

RO  + PhCH2CH2NO2 0.796 17.08 –4.3 1.0 × 108

RO  + RNO2 0.814 17.17 –3.8 1.0 × 108

RO  + PhCH2CH2NO2 0.814 17.73 –3.8 1.0 × 107

N O2 + RCH2NO2 0.802 16.08 –4.1 2.0 × 109

N O2 + PhCH2CH2NO2 0.802 16.56 –4.1 2.0 × 108
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that break in the TS. In the reactions considered in this
work, C–H and C–N bonds break, n = 2, and factor
А is [16]

(7)

If rate constant k of such a reaction is expressed in
Arrhenius form and we allow for the dependence of А
on T (see Eq. (7)), E = RT2(dln k/dT) = Eexp − 0.5RT,
and the expression for k acquires the form

(8)

where nC–H is the number of equireactive C–H bonds
under attack in the molecule.

Calculating the Enthalpy of Radical Reactions

To calculate the energy of activation of radical
reactions in the MIP, we must know the enthalpy of
the reaction (see Eq. (4)). For reactions of type (III)
under discussion, this quantity was calculated accord-
ing to the equation

ΔH(III), kJ/mol = –DX–H + ΔH(R2C=CH2)

– ΔH(R2CHCH2NO2) + 251.2,

where 251.2 kJ/mol = ΔH(H ) + ΔH(N O2). The
enthalpies of formation of the olefins are taken from
[17]; the enthalpies of formation of nitroalkanes, from
[8]; and the values of DX–H, from [18]. The results from
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calculating the enthalpy of reaction (III) and the
energy of activation of the reactions between X  =
EtO , N O2, Et , EtO  and a series of nitroalkanes are
presented in Table 2.

RESULTS AND DISCUSSION

Radical Abstraction Reactions Involving Fragmentation 
with the Participation of Nitroalkanes

According to preliminary analysis, we would
expect that the radical reactions of abstraction of H
atoms from nitroalkanes to be accompanied by the
fragmentation of these molecules. For our theoretical
study of the mechanism of the above reactions, quan-
tum-chemistry calculations of the energy of activation
were performed for the systems

(V)

 (VI)

Table 3 presents the results from calculating the stan-
dard enthalpies and energies of activation of these reac-
tions. The comparison to the experimental data and
data of the MIP is indicative of the underestimated val-
ues of the energies of activation for reactions (V) and
(VI) but satisfactory agreement between the enthalpies
of the reactions.
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Table 2. Enthalpies, energies of activation, and rate constants of abstraction reactions with fragmentation of the type X  +
RNO2 → XH + >C=C< + N O2

RNO2 ΔH, kJ/mol E, kJ/mol A × 10−8, L/(mol s) k (350 K), L/(mol s)

X  = Et (DEt–H = 420.5 kJ/mol)
EtNO2 –16.7 84.0 4.44 1.30 × 10–4

PrNO2 –24.2 80.4 3.03 4.57 × 10–4

Me2CHNO2 –9.5 87.5 8.72 3.86 × 10–5

MeEtCHNO2 –18.7 83.0 2.98 1.83 × 10–4

Me3CNO2 –8.3 88.0 13.0 9.57 × 10–5

cyclo-C5H9NO2 –20.9 82.0 6.00 2.64 × 10–4

cyclo-C6H11NO2 –16.3 100.5 5.43 5.45 × 10–7

PhCH2CH2NO2 –17.7 87.8 2.90 2.29 × 10–5

PhCHMeCH2NO2 –31.3 81.4 1.51 1.07 × 10–4

EtCH(NO2)2 –26.7 79.2 3.06 4.63 × 10–4

EtC(NO2)3 –59.2 64.5 3.39 8.02 × 10–2

X  = EtO  (DEtO–H = 441.0 kJ/mol)
EtNO2 –37.2 54.0 5.55 4.84
PrNO2 –44.7 51.1 3.80 9.00
Me2CHNO2 –30.0 57.0 12.2 3.80
MeEtCHNO2 –39.2 53.2 3.73 4.29
Me3CNO2 –28.8 57.3 16.2 4.55
cyclo-C5H9NO2 –41.4 52.4 7.52 11.4
cyclo-C6H11NO2 –36.8 54.1 7.40 6.24
PhCH2CH2NO2 –38.2 56.4 3.62 1.38
PhCHMeCH2NO2 –51.8 51.2 1.90 4.34
EtCH(NO2)2 –47.2 50.2 5.76 18.6
EtC(NO2)3 –79.7 38.7 6.56 1.10 × 103

X  = N O2 (DONO–H = 330.7 kJ/mol)
EtNO2 73.1 98.2 8.24 1.82 × 10–6

PrNO2 65.6 94.1 5.61 5.08 × 10–6

Me2CHNO2 80.3 102.3 1.61 × 10 9.32 × 10–7

MeEtCHNO2 71.1 97.1 5.52 1.78 × 10–6

Me3CNO2 81.5 103.0 2.41 × 10 1.02 × 10–6

cyclo-C5H9NO2 68.9 95.9 1.11 × 10 5.41 × 10–6

cyclo-C6H11NO2 73.5 98.4 1.10 × 10 2.27 × 10–6

PhCH2CH2NO2 72.1 102.3 5.38 2.91 × 10–7

PhCHMeCH2NO2 58.5 94.9 2.79 1.92 × 10–6

EtCH(NO2)2 63.1 92.7 5.65 8.27 × 10–6

EtC(NO2)3 30.6 76.0 6.24 2.84 × 10–3

X  = RO  (DROO–H = 365.5 kJ/mol)
EtNO2 38.3 90.0 8.60 × 10–1 3.18 × 10–6

PrNO2 30.8 86.3 5.86 × 10–1 7.74 × 10–6

Me2CHNO2 45.5 93.6 8.44 × 10–1 9.06 × 10–7

MeEtCHNO2 36.3 89.0 2.89 × 10–1 1.51 × 10–6

Me3CNO2 46.7 94.2 1.26 1.10 × 10–6

cyclo-C5H9NO2 34.1 87.9 5.81 × 10–1 4.42 × 10–6

cyclo-C6H11NO2 38.7 90.2 5.71 × 10–1 1.97 × 10–6

PhCH2CH2NO2 37.3 95.4 2.78 × 10–2 1.61 × 10–8

PhCHMeCH2NO2 23.7 88.8 1.44 × 10–2 8.05 × 10–8

EtCH(NO2)2 28.3 85.0 2.95 × 10–1 6.09 × 10–6

EtC(NO2)3 –4.2 79.1 3.06 × 10–1 4.80 × 10–5
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Table 3. Comparison of the calculated standard enthalpies
and energies of activation of the reactions with the experi-
mental data (kJ/mol)

* Allowing for thermal corrections at 298 K.
** Relative to the pre-reaction complex.

Reaction
ΔH298 E

calculations experiment calculations* MIP

(VIII) –32.4 –39.2 1.9** 53.2

(IX) –29.6 –18.7 27.7 83.0

(X) 83.3 71.1 88.2 97.1
With the abstraction of the H atom from the β-С–
Н bonds of 2-nitrobutane, С2 and С3 postreaction
complexes (see Figs. 1 and 2) with the participation of
the intermediate unstable MeCH СНМеNO2 radical
are formed. In this radical, elongation of the С–N
bond by 0.05 Å is observed. However, as is shown by
the analysis of the distribution of the spin density, its
total value on the nitro group is already 0.12, while
~0.60 remains on the C atom of the reaction site.
Despite the moderate energy gain from the abstraction
of the H atom by radicals EtО  and Et , the TS1 and
TS3 transition states occur early. The decay of the С2
and С3 intermediate complexes with the breaking of
the С–N bond is not only energetically advantageous
but also has a negligibly low energy barrier of
~10 kJ/mol. Considering the substantial increase in
the entropy as a result of the formation of additional
molecules, equilibrium is strongly shifted toward the
С2 and С3 decay products. The corresponding change
in the free energy in the gas phase is −84.7 and
‒83.3 kJ/mol, which yields equilibrium constant of
decay of ~1015.

The alternative channel for the decay of С2 and С3
to an intermediate radical and EtОH or EtH requires
energy consumption of 10.1 and 1.0 kJ/mol, respec-
tively. The somewhat higher stability toward decay
into components with С2 in comparison to С1 is
ref lected in the shortening of the distance between an
H atom and a radical center from 2.57 to 2.31 Å.

•

• •
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Fig. 1. Energy diagram of the reaction between EtO  an
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Considering the low value of the energy of activation
of the decay of the MeCH СНМеNO2 radical to
MeCH=СНМе and NO2 (9.5 kJ/mol), its lifetime is
very short. This radical therefore decays as soon as it
forms, and it is not an independent particle. Although
a comparison of the energy data leads to the conclu-
sion that for reaction (V), joint and two-step processes
are equally probable, while the two-step process pre-
dominates for reaction (VI), and these processes are
practically indiscernible. The abstraction of the H
atom from the EtMeCHNO2 molecule followed by its
fragmentation may therefore be considered as one ele-
mentary step.

•
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d 2-nitrobutane. Energies are in kJ/mol; distances, in Å.
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Fig. 2. Energy diagram of the reaction between Et  and 2-nitrobutane. Energies are in kJ/mol; distances, in Å.
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The considered decay reactions result in the forma-
tion of a N O2 radical that also can abstract an H atom
from nitro compounds. The energy diagram for the
reaction

 (VII)

is presented in Fig. 3. The abstraction of the H atom
from the β-С–Н bond of 2-nitrobutane requires a
substantially lower energy of activation (97.1 kJ/mol)
that the thermal decay of nitroalkanes with the break-
ing of the C–NO2 bond (232.6 kJ/mol for EtNO2 [2])
or removal of HNO2 (187.5 kJ/mol for EtNO2 [19]). It
is interesting that for reaction (VII), the energies of the
TS of the abstraction of the H atom, TS5, the C4
intermediate complex, the TS of its decay, TS6, and its
products differ very little. In the TS5 transition state,
most of the spin density (0.39) on the C atom of the
radical center, while a smaller part (0.32) is concen-
trated on the attacking radical N O2, and 0.10 is con-
centrated on the nitro group. In the С4 transition
complex, there is an increase in the spin density on the
C atom to 0.56 (and on the nitro group to 0.12) and a
reduction of it on the NO2 fragment of the NHO2 mol-
ecule to 0.05. The energy of the decay of С4 to the
intermediate MeCH СНМеNO2 radical and НNO2
requires energy consumption of 10.6 kJ/mol.

•

•

•

+ →
+ = +
2 2

2

N O EtMeCHNO ONOH 

MeCH CHMe N O

•

•

RUSSIAN JOURNAL O
Chain Decay Reaction of Nitroalkanes
Two fundamentally different mechanisms of decay

are known for the decay of nitroalkanes: a free radical
mechanism [2] and a molecular mechanism [2, 19].
Radicals are formed as a result of the decay of RNO2
from the weak C–N bonds, followed by a cascade of
different radical reactions [2]. Molecular decay occurs
via a five-membered TS [19]:

 (VIII)

and is characterized by a high energy of activation
(187.5 kJ/mol for the decay of nitroethane [19]). The
radical abstraction reaction with concerted fragmen-
tation of type (II) corroborated in this work allow us to
propose a new chain mechanism of the decay of
nitroalkanes. The limiting step in the chain decay of an
RNO2 nitroalkane is its decay with the breaking of the
weakest N–C bonds (230–242 kJ/mol [8]). For exam-
ple, the decay of nitroethane

EtNO2 → Et  + NO  (IX)

occurs quickly with a rate constant k = 8.0 ×
1015exp(‒(232.6 kJ/mol)/RT) s−1 [2]. With an increase
in temperature, the rate of the decay of RNO2 grows

RCH2CH2NO2

N
O

H
R

RCH=CH2 + HONO
O

• •
2
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Fig. 3. Energy diagram of the reaction between N O2 and 2-nitrobutane. Energies are in kJ/mol; distances, in Å.
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rapidly, due to the high energy of activation, so k
(300 K) = 2.5 ×10−25 s−1, k (400 K) = 3.4 × 10−15 s−1,
and k (500 K) = 4.0 × 10−9 s−1. Chain propagation
occurs via the abstraction reaction with fragmentation
of N O2 by the β-C–H bonds of a nitroalkane; e.g.,

 (X)

This reaction is remarkable due to N O2 being both
a reagent and a product of it. Formally, it can be
considered the nitrogen dioxide-catalyzed transfor-
mation of a nitroalkane into an olefin and nitrous
acid. The values of ΔH, E, and k (350 K) for such
reactions are presented in Table 3. The chain decay
reaction of a nitroalkane can in this case be pre-
sented as

The attack of N O2 on the α-C–H bond of a nitroal-
kane also leads to the formation of nitrous acid. As a
result of the decay of nitrous acid, the regeneration of
NO  occurs in turn, according to the reaction [20]

ONOH + HONO = NO  + H2O + NO . (XI)

This reaction proceeds with a high rate constant whose
experimental values vary from k = 5.7 × 102 L/(mol s)

(296 K) [21] to k = 1.8 × 106 L/(mol s) (300 K) [22].
The alternating of the reactions NO  + RNO2 and
ONOH + HONO starts a parallel chain reaction:

•

•

•

+ →
+ = +

2 2 2 2

2 2

N O RCH CH NO ONOH

RCH CH N O .

•

NO2 RCH2CH2NO2

RCH2CH2

NO2RCH2CH2NO2

RCH=CH2 + ONOH

RCH=CH2 + ONOH

RCH2CH2NO2

•

•
2

• •
2

•
2

NO2

HNO2

RCH2NO2

RCHNO2HNO2

NO + H2O
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The chain decay of nitroalkanes therefore takes the
form of two concerted chain reactions with the
involvement of one particle, nitrogen dioxide, in the
chain propagation. With the accumulation of N O2,
the self-acceleration of the decay of a nitroalkane is
observed. The chains are terminated as a result of both
the reversible dimerization of N O2 and the addition

of N O2 to alkyl radicals of the types RCH2C H2,

RCH2C HNO2, and RCH CH=СН2. The reversible

dimerization of N O2 is negligible at elevated tempera-
tures, and its influence is apparent only in the form of
a slight reduction in the active concentration of nitro-
gen dioxide.

Polynitroalkanes formed according to the reaction

N O2 + RCH2C HNO2 → RCH2CH(NO2)2 (XII)

decay into radicals faster than mononitroalkanes.
Thus, for example, the decay of nitroethane occurs
with k = 8.0 × 1015exp(–232.6/RT kJ/mol) = 3.4 ×
10−15 s−1 (400 K), CH3CH(NO2)2, with k = 2.4 ×
1015exp(−199.6/RT kJ/mol) = 2.06 × 10−11 s−1

(400 K), and CH3C(NO2)3, with k = 1.25 ×
1017exp(−182.4/RT kJ/mol) = 1.89 10−7 s−1 (400 K)
[2]. Because of this, the chain decay of a nitroalkane
accelerates with the accumulation of polynitroalkanes,
and the mode of the reaction changes from an
unbranched chain to a degenerate branched chain.

With the decay of nitroalkanes in air in the pres-
ence of oxygen, alkyl radicals are quickly transformed
into peroxy radicals, and chain propagation occurs
with the perticipation of both N O2 and RO  (see
Table 3). A peroxy radical attacks both the α-C–H
and β-C–H bonds:

 (XIII)

 (XIV)

Which one of these two reactions predominates?
Reaction (XIII) is characterized by the kinetic param-
eters ΔH = 37.2 kJ/mol, E = 46.7 kJ/mol, A = 2.0 ×
108 L/(mol s), and k (350 K) = 21.4 L/(mol s), while
reaction (XIV) is characterized by ΔH = 38.3 kJ/mol,
E = 90.0 kJ/mol, A = 8.6 × 107 L/(mol s), and k
(350 K) = 3.18 × 10−6 L/(mol s) (see Table 3); i.e., the
abstraction of H from the α-C–H bond predominates.
As a result of adding oxygen, a thermally unstable per-

•

•

• •

• •

•

• •

• •
2

•

•

+
→ +

2 3 2 2

3 2

EtO CH CH NO

EtOOH CH C HNO ,

•

•

+ →
+ = +

2 3 2 2

2 2 2

EtO CH CH NO EtOOH

CH CH N O .
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oxynitrate is formed that decomposes to radicals very
rapidly (e.g., the dissociation energy of the O–O bond
in PrOONO2 is just 85 kJ/mol [23]) and therefore
raises the rate of their generation.

CONCLUSIONS

We have considered abstraction reactions with
fragmentation and the participation of nitrogen diox-
ide that play a crucial role in the chain decay of
nitroalkanes. This reaction transforms N O2 into an
active intermediate particle of the chain decay reac-
tion. Its concentration grows with the progress of the
reaction. The accumulation of polynitro compounds
that decay to radicals faster than RNO2 transforms the
unbranched chain decay reaction of a nitroalkane into
a degenerate branched chain reaction. The accumula-
tion of an olefin accelerates the chain propagation
reaction.
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