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Abstract—The enthalpies of the formation of eight nitropentanes and pentyl radicals are calculated using the
G3B3 and G4 multistep (composite) quantum chemical methods, as well as the B3LYP, CAM-B3LYP, and
wB97XD density functional methods. Based on these results, the dissociation energies of the C–NO2 (D(C–N))
compounds are determined. The features of the influence of the molecular structure on the value D(C–N)
of nitropentanes are considered. The calculated and thermochemical values of the enthalpies of formation of
radicals are compared, which show that the most reliable estimates are given by the G4 method (the average
absolute value of the error is 2.2 kJ/mol). According to the G4 method, the dissociation energy of the studied
compounds varies from 252.8 to 268.2 kJ/mol.
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INTRODUCTION
The study of the kinetics and mechanism of ther-

mal decomposition is one of the important areas of
research in the field of chemistry of nitro compounds
[1–12]. Currently, the most detailed information on
the kinetics of thermal decomposition is available for
nitroalkanes [2, 3, 8]. Nitroalkanes in the gaseous state
decompose according to two main mechanisms: radi-
cal, with homolytic cleavage of the C–NO2 bond; and
molecular, associated with the elimination of nitrous
acid [3]. The experimental data on the kinetics of ther-
mal decomposition in the gaseous state are of particu-
lar interest for discussing the influence of the structure
of molecules on the change in the series of Arrhenius
parameters of the primary reaction. A significant place
in the study of the mechanisms of thermal destruction
of nitro compounds is occupied by calculations by
quantum chemical methods [13–15]. The use of these
methods makes it possible to significantly expand the
number of discussed mechanisms of thermal destruc-
tion of various classes of nitro compounds [15–34]. In
addition, in many cases this makes it possible to clar-
ify, supplement, and sometimes fundamentally change
the interpretation of the experimental data.

The bulk of the experimental data on the kinetics of
the gas-phase radical decomposition of nitroalkanes
was obtained for polynitro compounds. Much less
information is available on the radical mechanism of
the gas-phase decomposition of mononitroalkanes
[2, 3]. Mononitroalkanes decompose predominantly
according to the molecular mechanism with the elim-

ination of nitrous acid; therefore, experimental esti-
mates of the barriers of radical decomposition reac-
tions are available only for a few simple compounds
and are not very accurate [2, 3]. The energy (enthalpy)
of dissociation of the C–N (D(C–N)) bond can be
calculated from the enthalpies of formation of nitroal-
kanes and reaction products. In the work [35] using
various ab initio and density functional theory (DFT)
methods, the values D(C–N) of the eight simplest
nitroalkanes C1–C4, which are in good agreement
with the most reliable thermochemical estimates, were
determined.

This report presents the results of calculating the
strength of the C–NO2 bond in nitropentanes, for
which the experimental values D(C–N) obtained
using thermochemical or kinetic methods are absent.
The use of the calculated data for nitropentanes is of
considerable interest, since it allows us to consider in
more detail some features of the influence of the
molecular structure on the D(C–N) value in the nitroal-
kanes series and obtain important additional information
about the comparative strength of the C–NO2 bonds
formed with the participation of primary, secondary,
and tertiary carbon atoms.

CALCULATION METHODS
The calculations were carried out using the

GAUSSIAN 09 application software package [36].
The enthalpies of formation were estimated from the
total electronic energies by the standard methods [37,
862
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Table 1. Enthalpies of formation (in kJ/mol) of nitropentanes

Compound 
number Compound B3LYP/

6-31G(d,p)
CAM-B3LYP/ 
6-31+G(2df,p)

wB97XD/
TZVP

wB97XD/
TZVPP G3B3 G4

1 1-Nitropentane –174.5 –192.2 –107.3 –161.4 –171.9 –169.9

2 2-Nitropentane –185.9 –204.2 –121.0 –174.1 –189.7 –187.7

3 3-Nitropentane –186.3 –204.6 –122.9 –175.8 –192.9 –190.5

4 2-Methyl-1-nitrobutane –172.9 –192.4 –110.4 –164.2 –178.8 –177.0

5 2-Methyl-2-nitrobutane –190.0 –208.5 –128.7 –180.7 –202.8 –200.5

6 2-Methyl-3-nitrobutane –183.9 –203.6 –122.8 –175.7 –194.7 –193.0

7 3-Methyl-1-nitrobutane –172.9 –192.3 –111.2 –165.7 –175.5 –173.9

8 2,2-Dimethyl-1-nitropropane –177.3 –197.9 –116.5 –169.9 –189.0 –189.5
38] for the optimal conformations. Composite meth-
ods G3B3 [38] and G4 [39], which convey the ther-
mochemical characteristics of nitroalkanes better than
other quantum chemical methods, were used [35, 37,
38, 40]. In order to obtain more detailed data, we also
applied the DFT methods B3LYP [41, 42] with basis 6-
31G(d,p), wB97XD [43] with bases TZVP and TZVPP,
and CAM-B3LYP [44] with basis 6-31+G(2df,p).

RESULTS

Table 1 shows the calculated values of the enthalp-
ies of formation of nitropentanes. Unfortunately, there
are no reliable experimental data on the enthalpies of
formation of mononitropentanes [45, 46]. However,
in the works [35, 40], it was shown that for nitrometh-
ane, nitroethane, nitropropanes, and nitrobutanes,
the thermochemical and calculated values of the
enthalpies of formation obtained using the G3B3 and
G4 methods are in good agreement with each other.
The error of the G4 calculation averaged in the series
does not exceed 3.8 kJ/mol. Taking into account these
data, it can be assumed that the calculated values of
the enthalpies of formation for nitropentanes will also
be quite reliable. In the work [47], the thermochemical
value is given of the enthalpy of formation of 1-nitro-
pentane in the gaseous state, equal to –164 kJ/mol,
which agrees satisfactorily with the estimate by the G4
method: –169.9 kJ/mol.

All methods used in the work equally convey the
trends in the enthalpies of formation in the series of
nitropentanes. The calculation predicts the highest
values of the enthalpies of formation (the smallest in
absolute value) for the following compounds: 1-nitro-
pentane, 2-methyl-1-nitrobutane, 3-methyl-1-nitro-
butane, and 2,2-dimethyl-1-nitropropane, in which
the nitro group is attached to the primary carbon atom
(compounds 1, 4, 7, and 8 are given in Table 1). In this
case, the presence of the branching of the carbon skel-
eton increases the absolute value of the enthalpy of
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formation. The calculation predicts the lowest value of
the enthalpy of formation in the series for 2-methyl-2-
nitrobutane (compound 5), in which the nitro group is
attached to the tertiary carbon atom. Nitropentanes in
which the nitro group is attached to a secondary car-
bon atom (compounds 2, 3, and 6), have average
enthalpies of formation in the series.

Table 2 shows the calculated values of the enthalp-
ies of formation of pentyl radicals. According to the
calculation results, relatively large values of the enthal-
pies of formation are observed for those in which the
unpaired electron is localized mainly on the primary
carbon atom (pentyl, 2-methylbutyl, 3-methylbutyl,
2,2-dimethylpropyl). Radicals in which the unpaired
electron is localized predominantly on the secondary
carbon atom (pentan-2-yl, pentan-3-yl, 3-methylbu-
tan-2-yl) have lower enthalpies of formation. The cal-
culation predicts the minimum value of the enthalpy
of formation in the series for the pentyl radical, in
which the unpaired electron is localized mainly on the
tertiary carbon atom (2-methyl-2-nitrobutane).

Comparison of the calculated and experimental
values of the enthalpies of formation of pentyl radicals
is a rather complicated problem. For a long time in
various reference books [48–50] for hydrocarbon rad-
icals, the recommended values of the enthalpies of for-
mation were given, which differed by 12–17 kJ/mol. In
recent years, considerable attention has been paid to
the analysis of the reliability of the experimental data.
As a result of the work done, the spread of recom-
mended values of the enthalpies of formation of radi-
cals has significantly decreased. With this in mind, for
comparison with the calculated values, we use the
results recommended in a relatively recent paper [51].
These values are in good agreement with the data of
authoritative thermochemical reference books [48,
49]. The absolute values of the deviations of the calcu-
lated values of the enthalpies of formation of pentyl
radicals from the recommended experimental ones are
given in Table 2.
l. 16  No. 5  2022
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Table 2. Enthalpies of formation (ΔHf, 298) and absolute values of their deviations from experimental estimates (Δ) for rad-
icals formed upon cleavage of the C–NO2 bond in nitropentanes (in kJ/mol)

Com-
pound 

no.
Radical

B3LYP/
6-31G(d,p)

CAM-B3LYP/ 
6-31+G(2df,p)

wB97XD/
TZVP

wB97XD/
TZVPP G3B3 G4 Expe-

riment
ΔHf, 298 Δ ΔHf, 298 Δ ΔHf, 298 Δ ΔHf, 298 Δ ΔHf, 298 Δ ΔHf, 298 Δ

9 Pentyl 37.1 17.3 33.5 20.9 84.5 30.1 64.4 10.0 61.0 6.6 56.1 1.7 54.4

10 Pentan-2-yl 20.6 29.6 19.0 31.3 73.2 23.0 50.2 0.0 51.0 0.8 45.7 4.5 50.2

11 Pentan-3-yl 21.9 25.1 20.0 27.0 75.0 28.0 52.1 5.1 51.9 4.9 46.9 0.0 47.0

12 2-Methylbutyl 38.5 9.4 33.5 14.4 85.5 37.6 63.1 15.2 56.4 8.5 51.5 3.6 47.9

13 2-Methylbutan-
2-yl

9.4 19.6 8.7 20.3 61.2 32.2 38.6 9.6 39.7 10.8 33.9 4.9 29.0

14 3-Methylbutan-
2-yl

20.7 19.6 18.1 22.2 70.2 29.9 47.8 7.5 45.5 5.2 40.0 0.3 40.3

15 3-Methylbutyl 34.6 13.4 30.0 18.0 81.2 33.2 60.0 12.0 53.3 5.3 48.2 0.2 48.0

16 2,2-Dimethyl-
propyl

33.9 2.5 26.0 10.4 77.9 41.5 56.2 19.8 44.1 7.7 39.1 2.7 36.4

17 NO2 23.0 10.1 21.3 11.8 53.9 20.8 22.6 10.5 31.8 1.3 30.7 2.4 33.1

Mean value Δ 
(excluding NO2)

17.1 20.5 31.9 9.9 6.2 2.2
According to the calculation data, the best agree-
ment between these values is observed when using the
G4 method. In this case, the average error modulus in
the series is 2.2 kJ/mol, which is even less than the
possible errors of the experimental determination
indicated in the reference books [48–51]. Note that a
similar picture is also observed when comparing the
experimental and calculated enthalpies of formation
of hydrocarbon radicals C1–C4 [40]. In this case, the
average modulus of the error in determining the
enthalpy of formation of radicals using the G4 method
is 3.5 kJ/mol. The data presented also show that in a
number of cases the calculation results can be used to
assess the reliability of the experimental data. This is
important in cases where the results recommended in
various thermochemical handbooks differ signifi-
cantly. A similar situation existed for pentyl radicals
for a long time. The enthalpies of formation recom-
mended in the guide [50] for them in the gaseous state
were significantly lower than those given in [48, 49].

When using the directory data [50] the average
error modulus of the G4 method increases signifi-
cantly and reaches a value of 18.6 kJ/mol. Relatively
recently, in [51], with the participation of the authors
of the reference book [50], these results were revised
taking into account the new experimental data. At the
same time, the values recommended for alkyl radicals
C2–C5 barely differed from the results given in the
works [48, 49]. The considered situation shows that
the results of quantum chemical calculations in a
RUSSIAN JOURNAL O
number of cases can be used not only to fill in the
missing data but also to assess the reliability of the
available experimental data.

When using the G3B3 method, the average value of
the error modulus in the series of studied compounds
almost triples (6.2 kJ/mol). The DFT methods used in
this work agree much worse with the thermochemical
data. For the B3LYP and wB97XD methods, the mean
modulus of difference between the calculated and
experimental values in the series is 17.0 and
31.9 kJ/mol, respectively. At the same time, the
B3LYP method systematically underestimates, while
the wB97XD method overestimates, the enthalpies of
formation of radicals. These trends should be taken
into account when analyzing the calculated values of
the dissociation energies of the C–NO2 bond of nitro-
pentanes. The corresponding results are presented in
Table 3.

The lack of reliable experimental data on the
enthalpies of formation of nitropentanes makes it
impossible to compare the obtained calculated values
with the thermochemical estimates of D(C–N). At the
same time, a comparison of the calculated and exper-
imental values of the enthalpies of formation of the
reaction products of the radical decomposition of
nitropentanes (alkyl radicals and NO2) suggests that
the calculated values D(C–N) obtained using the G4
method will be sufficiently close to the most reliable
thermochemical estimates. The results of a comparison
of the calculated and experimental values of D(C–N) of
F PHYSICAL CHEMISTRY B  Vol. 16  No. 5  2022
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Table 3. Dissociation energies (in kJ/mol) of the C–NO2 (D(C–N)) bond in the reaction of the radical decomposition of
nitropentanes

Compound 
number B3LYP/6-31G(d,p) CAM-B3LYP/6-31+G(2df,p) wB97XD/TZVP wB97XD/TZVPP G3B3 G4

1 234.6 246.9 245.7 248.4 264.7 256.6

2 229.5 244.4 248.0 246.9 272.6 264.1

3 231.2 245.9 251.8 250.5 276.7 268.2

4 234.4 247.1 249.8 249.9 267.0 259.1

5 222.4 238.5 243.8 241.9 274.4 265.1

6 227.6 242.9 246.9 246.1 272.1 263.6

7 230.5 243.5 246.3 248.3 260.6 252.8

8 234.2 245.2 248.3 248.7 265.0 259.3
nitroalkanes C1–C4 can also serve as an additional
argument in favor of this assumption [35, 40]. In this
case, the average absolute value of the error in the cal-
culated and experimental values of D(C–N) when
using the G4, G3, and G3B3 methods does not exceed
6.6 kJ/mol.

All the methods used in our work predict a rela-
tively insignificant change of D(C–N) in the series of
isomeric nitropentanes (by not more than 8–13 kJ/mol
(G3B3)). The calculations predict the changes of the
enthalpies of formation of nitropentanes and pentyl
radicals to be 2–2.5 times greater in the series. Based
on these data, it can be assumed that the change in the
series of enthalpies of formation of compounds and
radicals occurs in a consistent manner and when cal-
culating D(C–N) the noted differences are partially
compensated.

An analysis of the obtained data shows that the cor-
relation between the enthalpies of formation of the
nitropentanes and radicals formed during the homo-
lytic cleavage of the C–NO2 bond indeed takes place
in them. For example, according to the G4 method,
the correlation coefficient between these values is
0.906. The estimated values of D(C–N) predicted by
different methods differ markedly. For example, for
1-nitropentane, this difference reaches 30.1 kJ/mol.
The maximum values for the C–NO2 bond strength are
predicted by the G3B3 method, and the minimal values
are predicted by the B3LYP/6-31G(d,p) method. As
noted, we consider the estimates of D(C–N) obtained
by the G4 method to be the most reliable. For exam-
ple, for 1-nitropentane, they predict the value of
D(C–N) to be 256.6 kJ/mol, which is very close to the
calculated estimates of the strength of this bond obtained
using this method for nitroethane, 1-nitropropane, and
1-nitrobutane: 256.9, 258.6, and 256.5 kJ/mol, respec-
tively [35].

According to the G4 and G3B3 methods, relatively
stronger bonds in nitropentanes are formed with the
participation of a secondary carbon atom: 2-nitropen-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
tane, 3-nitropentane, and 2-methyl-3-nitrobutane.
The strongest C–NO2 bond in nitropentanes is
observed in 3-nitropentane. Increasing the strength of
the C–NO2 bond in compounds 2, 3, and 6, in which
the nitro group is located in the secondary carbon
atom, compared with nitropentanes, in which this
bond is formed with the participation of the primary
carbon atom (compounds 1, 4, 7, and 8) is related to
different trends in the enthalpies of formation of nitro-
pentanes and alkyl radicals.

In isomeric pentyl radicals, the maximum value of
the enthalpies of formation is observed for those that
are formed upon cleavage of the C–N bond in the pri-
mary carbon atom (compounds 9, 12, 15, and 16).
However, this increase does not compensate the
decrease in the enthalpies of formation in 1-nitropen-
tanes compared to 2-nitropentanes. The observed
trends explain the increase of D(C–N) in 2-nitropen-
tanes compared to 1-nitropentanes. A similar trend,
according to the G4 method, is also observed for
nitroalkanes C1–C4 [35, 40], which is also consistent
with the thermochemical data. According to the
results of the DFT methods used in the work, the
opposite trend is observed. The C–NO2, bonds
formed with the participation of primary carbon atoms
are relatively stronger and bonds formed with the par-
ticipation of secondary carbon atoms are less strong.
Since these data contradict the thermochemical esti-
mates, in the future, when considering the regularities
of the influence of the molecular structure on the
change in the series of the dissociation energy of the
C–NO2 bond the corresponding results obtained by
the DFT methods are not used. The discussion below
is based on the results of the G4 method.

The D(C–N) values in the group of compounds
having C–NO2 bonds formed with the participation of
primary (compounds 1, 4, 7, 8) or secondary (com-
pounds 2, 3, 6) carbon atoms are sufficiently close. At
the same time, among isomeric nitrobutanes having
bonds formed with the participation of secondary car-
l. 16  No. 5  2022
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bon atoms, the calculation notes differences in 2-nitro-
pentane and 3-nitropentane. In the last of these com-
pounds, in which the nitro group is attached to the
central carbon atom, the calculation predicts a notice-
able increase in the strength of the C–NO2 bond.
Analysis of data on the enthalpies of formation of
compounds and radicals (Tables 1, 2) shows that this is
due to a slight decrease in the enthalpy of formation of
3-nitropentane compared to 2-nitropentane, as well as
the increase in the enthalpy of formation of the radical
formed upon homolytic cleavage of the C–NO2 bond
in 3-nitropentane. The strength of the C–NO2 bond,
formed with the participation of the tertiary carbon
atom in 2-nitro-2-methylbutane, barely differs from
the calculated values predicted for compounds in
which the nitro group is attached to the secondary car-
bon atom: 2-nitropentane and 3-nitro-2-methylbutane.

Comparison with calculated data obtained for the
other nitroalkanes studied using the G4 method [35,
40] shows that the D(C–N) values predicted for com-
pounds with similar structures differ insignificantly.
For example, for 1-nitrobutane and 1-nitropentane,
these values are the same. Interestingly, method G4
predicts fairly close D(C–N) values for nitrohexanes1.
For them, similar patterns of influence of the molecular
structure on the change in the strength of the C–NO2
bond in series are also observed. For example, accord-
ing to the calculation data, the bonds formed with the
participation of primary carbon atoms are the weakest.
The estimated D(C–N) values in 1-nitrohexane are
only 1.2 kJ/mol less than in 1-nitropentane (255.43
and 256.6 kJ/mol). The C–NO2 bonds are noticeably
stronger. in nitrohexanes and nitropentanes formed with
the participation of secondary carbon atoms. It is import-
ant that in this case the calculated D(C–N) values for
structurally similar compounds differ insignificantly.
Thus, for 2-nitrohexane and 2-nitropentane, the G4
method predicts values of 263.1 and 264.1 kJ/mol,
respectively. For 3-nitrohexane and 3-nitropentane,
the D(C–N) values are 267.3 and 268.2 kJ/mol,
respectively.

Similar D(C–N) values are also predicted by the
calculation for nitroalkanes in which the nitro group is
attached to the tertiary carbon atom. The D(C–N)
estimates according to the G4 method in 2-nitro-2-
methylpentane and 2-nitro-2-methylbutane are 264.8
and 265.1 kJ/mol, respectively. The estimates
obtained using the G3B3 method in most cases over-
estimate the results obtained using the G4 method by
about 6–7 kJ/mol. However, they convey the same
effect of the molecular structure on the change in the
bond strength in a number of the studied compounds.
Note that similar trends can also be observed for all
C1–C6 mononitroalkanes. These results are of consid-

1 We have not completed the work on the study of the thermo-
chemical properties of nitrohexanes; therefore, we present the
results for only a few of the studied compounds.
RUSSIAN JOURNAL O
erable interest for understanding the general patterns
of the influence of the molecular structure on the
change in the series of enthalpies of formation of com-
pounds and radicals, as well as the dissociation ener-
gies of the C–NO2 bond and activation energies of the
radical gas-phase decomposition of aliphatic nitro
compounds.

We also evaluated the barriers of the other main
alternative mechanisms of the primary act of the gas-
phase monomolecular decomposition of nitropen-
tanes. The scope of this article does not allow us to
present all our results. Therefore, we present only esti-
mates of the activation barriers for the studied reac-
tions obtained by the G4 method.

For the isomerization reaction of nitropentanes
into pentylnitrites (nitro-nitrite rearrangements) in a
number of compounds 1–8, the activation enthalpies
were determined to be 265.3, 251.9, 252.6, 267.8,
248.5, 250.6, 268.2, and 262.8 kJ/mol, respectively. A
characteristic feature of the process is the proximity of the
activation enthalpies of the forward and reverse reactions.
The difference between these values does not exceed
20 kJ/mol. Since the barriers for the reactions of nitro-
nitrite rearrangements of compounds 1–8, although
somewhat lower, are still close to the values of D(C–N),
given in Table 3, and the activation entropy is signifi-
cantly lower than for radical decomposition reactions,
this mechanism cannot compete with the process of
homolytic C–N bond cleavage.

For reactions of the β-elimination of HNO2 from
compounds 1–7, the activation enthalpies were
obtained to be 199.1, 195.6, 199.0, 200.9, 185.9, 198.2,
and 194.3 kJ/mol, respectively, which is significantly
lower than the dissociation energy of C–N bonds in
nitropentanes (Table 3). This process is the most ener-
getically favorable among all the alternative processes
of the primary process that we studied. A comparison
of the activation enthalpies of reactions of the β-elim-
ination of HNO2 from compounds 1–7 with the cal-
culated D(C–N) values for these compounds shows
that there is no correlation between them. It should be
noted that the G4 method for all the studied C1–C5
nitroalkanes predicts the absence of such a dependence,
while according to the results of the density functional
methods, it should exist [13]. Apparently, this derivation
of density functional methods is an artifact.

CONCLUSIONS

In summary, we can assume that the calculated val-
ues of the enthalpies of formation of nitropentanes and
pentyl radicals, as well as the dissociation energies of
the C–NO2 bond obtained using the G4 method in
nitropentanes, will be quite reliable. They can be used
to fill in the missing experimental data and discuss the
results of studying the kinetics of the gas-phase
decomposition of nitroalkanes.
F PHYSICAL CHEMISTRY B  Vol. 16  No. 5  2022
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