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A DFT Study on Nitro Derivatives
of Pyridine

LEMI TURKER, SELCUK GUMUS, and
TANER ATALAR

Department of Chemistry, Middle East Technical
University, Ankara, Turkey

The heat of formation values of all possible nitro derivatives
of pyridine have been calculated by the application of
various density functional theory (DFT) methods by a
proper isodesmic reaction. The heat of formation data
trends in series are found to be independent of the selected
DFT method, although some differences have been
observed in value. Total energies and nucleus-independent
chemical shift (NICS(0)) values have also been calculated
in order to jugde the aromatic stabilities for the nitropyr-
idine derivatives. Moreover, a novel topological (Ttrker-
Gumus, TG) index has been defined for modeling the
detonation properties of the explosives.

Keywords: heat of formation, isodesmic reaction, NICS,
nitropyridines, topological index

Introduction

The pyridine ring system occurs in the structures of many
natural products, pharmaceutical and agrochemical compounds,
and other commercial substances. A wide range of synthetic
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methods has, therefore, been developed, both for construction
of the pyridine ring and for its substitution [1]. However, with
common nitrating systems, nitration of pyridine and its simple
C-alkyl derivatives at a ring carbon atom generally results in a
very low yield of nitropyridine and is of little synthetic value
[2]. Unfortunately, one of the most important classes of aro-
matic substitution reactions, electrophilic aromatic substitu-
tion, takes place with great difficulty and only under forcing
conditions [3], due to the electron-deficient character of the
pyridine ring. Thus, many simple nitropyridines, which are
synthetic precursors of potential pharmaceutical and agro-
chemical importance [1,4-8], are not available by conventional
direct nitration of the parent pyridine. Katritzky et al. [9] and
Bakke [1] have reported the synthesis of B-nitro (3-nitro)
pyridine.

The search for new potential high-energy density materials
(HEDMs) is ongoing [10-16]. Good high-energy materials pos-
sess high density, have a fast velocity of detonation, and are
energetically unstable with respect to their reaction products.
They are also expected to have relatively high positive heat
of formation (HOF) values. In the literature, there are a few
studies (either experimental or theoretical) considering nitro
pyridines as explosives [17-19]. With the idea that nitro deriva-
tives of pyridine can be candidates for HEDMs, we have per-
formed a theorectical analysis on all possible nitro derivatives
of pyridine. The HOF values of all the systems obtained by
several computational methods (B3LYP, B3P86, B3PWI1,
and BH and HLYP) have been reported.

Method of Calculation

Computations were performed via the Gaussian 03 package
program [20]. The geometry optimizations of all the structures
have been performed by the application of density functional
theory (DFT) calculations with various exchange correlation
functions (B3LYP, B3P86, B3PW91, and BH and HLYP)
and basis sets (6-31G(d,p), 6-31++G(d,p), 6-311G(d,p), and
cc-pvdz).
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Figure 1. Structures of the considered species.
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Various isodesmic reaction schemes were selected for the
calculation of the heats of formation of all possible mono
through penta nitropyridines (see Fig. 1 for the structures).

Nucleus-independent chemical shift calculations at the cen-
ter of the rings (NICS(0)) were performed on all the molecules
using the gauge-invariant atomic orbital (GIAO) approach [21]
at the BSLYP/6-31G(d,p) level. The B3LYP/6-31G(d,p) opti-
mized geometries were used for the NICS calculations.

Geometry optimizations of the molecules were performed by
the above-mentioned methods without any geometrical restric-
tion. For each set of calculations, vibrational analyses were
done (using the same basis set employed in the corresponding
geometry optimizations). The normal mode analysis for each
structure yielded no imaginary frequencies for the 3N—6 vibra-
tional degrees of freedom, where N is the number of atoms in
the system. This indicates that the structure of each molecule
corresponds to at least a local minimum on the potential energy
surface.

Results and Discussion
Energetics

The total energies (zero point energy corrected) of the mole-
cules under present consideration with different correlation
functions and basis sets are given in Tables 1-4. According
to the results of the calculations with all the correlation func-
tions, the lowest energies are obtained by 6-311G(d,p) basis
set. When the total energies of all the molecules are considered,
2-nitropyridine (1), 2,6-dinitropyridine (7), 3,4,5-trinitropyri-
dine (13), and 2,3,4,5-tetranitropyridine (16) have been found
to be the most stable ones among the mono-, di-, tri-, and
tetra-nitropyridine derivatives, respectively. The most stable
isomer of each of the series showed that when the nitro groups
are close to the heteroatom of the main skeleton (except for the
tri-nitro derivatives), the stability of that isomer increases.
This is quite reasonable because the electrons located on the
electronegative pyridine nitrogen atom can be pulled away into
the ring by the attachment of very strong electron-withdrawing
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Table 1
The zero-point energy corrected total electronic energies of the
nitropyridine derivatives, calculated with BSLYP correlation
function with different basis sets (energies are in hartrees)

B3LYP

6-31G(d,p) 6-31++G(d,p) 6-311G(d,p) cc-pvdz

—452.689532 —452.709845 —452.80113  —452.717338
—452.689602 —452.709798 —452.800617 —452.717122
—452.688901 —452.70916  —452.800036 —452.716564
—657.047314 —657.075353 — —657.144494
—657.174446 —657.203641 —657.342775 —657.223184
—657.174836 —657.204063 —657.343051 —657.218521
7 —657.174686 — —657.341403 —657.223462
8 —657.14516  —657.173299 —657.312698 —657.19437
9 —657.174884 —657.203899 —657.342522 —657.223279
10 —861.580508 —861.616593 —861.806221 —861.652558
11 —861.626906 —861.663862 —861.851957 —861.697594
12 —861.626781 —861.66409  —861.852224 —861.697568
13 —861.655015 —861.692949 —861.880401 —861.725182
14 —861.57952  —861.615112 —861.804144 —861.651299
15 —861.626347 —861.663222 —861.851214 —861.697103
16 —1066.099564 —1066.147338 —1066.382092 —1066.190398
17 —1066.058708 —1066.1035  —1066.341774 —1066.152564
18 —1066.078437 —1066.123341 —1066.360738 —1066.170578
19 —1270.226295 —1270.274305 —1270.546198 —1270.329301

S Tk~ W N+~

nitro groups. The nitro groups increase the electron density as
well as the aromatic character of the main pyridine skeleton
that was partially lost by the insertion of one nitrogen atom
into a benzene ring, to construct pyridine from benzene
theoretically.

NICS

Aromaticity continues to be an actively investigated area of
chemistry. The simplest criterion for aromatic compounds is
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Table 2
The zero-point energy corrected total electronic energies of the
nitropyridine derivatives, calculated with B3P86 correlation
function with different basis sets (energies are in hartrees)

B3P86

6-31G(d,p) 6-31++G(d,p) 6-311G(d,p) cc-pvdz

1  —453.831438 —453.847361 —453.937954 —453.862569
2 —453.831348 —453.847152 —453.937346 —453.891451
3 —453.830634 —453.846507 —453.936743 —453.890744
4 —658.576338 —658.597268 —658.731951 —658.671927
5 —0658.705314 —658.728616 —658.86677 —658.757868
6 —658.705745 —658.729056 —658.804212 —658.758251
7 —658.704685 —658.729219 —658.86753 —658.758376
8 —658.671074 —658.698375 —658.836685 —658.728869
9 —658.705578 —658.728698 —658.868533 —658.757819

10 —863.499713 —863.528902 —863.721224 —863.621552
11 —863.546587 —863.576413 —863.7631 —863.5759

12 —863.546653 —863.546653 —863.763524 —863.621712
13 —863.574994 —863.605566 —863.800016 —863.649475
14 —863.498918 —863.527659 —863.714993 —863.574835
15 —863.546143 —863.575942 —863.762502 —863.62115
16 —1068.408277 —1068.447361 —1068.680777 —1068.504338
17 —1068.366954 —1068.403462 —1068.639588 —1068.465355
18 —1068.387043 —1068.423651 —1068.659034 —1068.484801
19 —1272.91901 —1272.958433 —1273.227441 —1273.026394

that they possess cyclic conjugated n-systems containing the
proper number of 7-electrons (i.e., the Hiickel rule). Though
this criterion is robust enough to predict the aromaticity of a
host of neutral and charged ring systems, it is not always a clear
indicator of aromaticity for more complex systems (as in our
case).

Aromaticity is expressed by a combination of properties in
cyclic delocalized systems. In general, aromaticity is discussed
in terms of energetic, structural, and magnetic criteria [22-27].
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Table 3
The zero-point energy corrected total electronic energies of the
nitropyridine derivatives, calculated with B3PW81 correlation
function with different basis sets (energies are in hartrees)

B3PW&8l1

6-31G(d,p) 6-31++G(d,p) 6-311G(d,p) cc-pvdz

—452.516185 —452.53241  —452.621037 —452.546942
— —452.532059 —452.620289 —452.546411
—452.51526  —452.53145 — —452.545836
—656.912428 —656.937264 —657.072302 —656.964245
—656.924728 —656.948509 —657.084042 —656.976443
—656.925126 —656.948905 —657.084405 —656.976798
7 —656.925282 —656.949229 —657.084914 —656.977077
8§ —656.8949 —656.91785  —657.053552 —656.947048
9 —656.924827 —656.948433 —657.083611 —656.976236
10 —861.306026 —861.338123 —861.520528 —861.378995
11 —861.317853 —861.350028 —861.532151 —861.390926
12 —861.317236 — —861.532027 —861.39046
13 —861.329266 —861.360504 —861.543463 —
14 —861.252321 —861.281643 —861.465709 —861.402415
15 —861.314994 —861.346942 —861.52933 —861.387976
16 —1065.697384 —1065.737299 —1065.966667 —1065.791732
17 —1065.707991 —1065.74746 —1065.97739 —1065.802579
18 —1065.707389 —1065.747957 —1065.977127 —1065.802326
19 —1270.086847 —1270.134829 — —1270.202933

S Tk~ W N+~

In 1996, Schleyer et al. introduced a simple and efficient probe
for aromaticity: nucleus-independent chemical shift (NICS)
[28], which is the computed value of the negative magnetic
shielding at some selected point in space, generally at a ring or
cage center. Negative NICS values denote aromaticity (—11.5
for benzene, —11.4 for naphthalene), positive NICS values
denote anti-aromaticity (28.8 for cyclobutadiene), and small
NICS values indicate non-aromaticity (—2.1 for cyclohexane,
—1.1 for adamantane). NICS may be a useful indicator of
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Table 4
The zero-point energy corrected total electronic energies of the
nitropyridine derivatives, calculated with BH and HLYP cor-
relation function with different basis sets (energies
are in hartrees)

BH and HLYP

6-31G(d,p) 6-31++G(d,p) 6-311G(d,p) cc-pvdz

1 —452.41912  —452.435923 —452.524552 —452.4493

2 —452.4197 —452.436412 —452.524562 —452.4495

3 —452.418499 —452.43527  —452.523507 —452.448455
4  —656.777152 —656.802181 —656.937656 —656.82857
5 —656.790278 —656.814338 —656.95036 —656.841853
6 —656.790993 —656.815064 —656.951046 —656.84252
7  —656.790379 —656.814632 —656.950808 —656.842063
8 —656.758741 —656.782138 —656.91832 —656.810767
9 —656.79174 —656.81566  —656.951208 —656.842873

10 —861.131131 —861.163061 —861.346486 —861.204209
11 —861.144701 —861.176914 —861.359904 —861.217824
12 —861.143204 —861.17549  —861.358905 —861.216564
13 —861.156297 —861.187625 —861.371525 —861.229801
14 —861.074822 —861.104552 —861.289541 —861.149775
15 —861.141221 —861.172941 —861.356453 —861.214442
16 —1065.482782 —1065.52222 —1065.753055 —1065.577593
17 —1065.493661 —1065.532784 —1065.764208 —1065.588892
18 —1065.493139 —1065.533491 —1065.764042 —1065.588449
19 —1269.83074 —1269.878052 —1270.15661 —1269.947728

aromaticity that usually correlates well with the other energe-
tic, structural, and magnetic criteria for aromaticity [29-32].
Resonance energies and magnetic susceptibilities are measures
of the overall aromaticity of a polycycle but do not provide
information about the individual rings. However, NICS is an
effective probe for local aromaticity of individual rings of
polycyclic systems.
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In the present case, NICS values of the various nitropyridine
derivatives have been calculated by the application of density
functional theory using the standard 6-31G(d,p) basis set
(Table 5). All the molecules have been found to be aromatic.
Due the electronegativity of the pyridine nitrogen, the ring does
not have homogeneous electron distribution, in contrast to ben-
zene, and thus possesses relatively poor aromaticity. The aro-
maticity of pyridine itself is expected to be improved by the
substitution of nitro groups because insertion of a nitro group
into the system will pull the electrons located on the nitrogen

Table 5
NICS(0) values (ppm) of the pyridine and
nitropyridine systems

B3LYP/6-31G(d,p)

Pyridine —8.08
1 —9.45
2 —9.22
3 —9.51
4 —10.54
5 —10.81
6 —10.12
7 —10.78
8 —10.44
9 —9.84
10 12.61
11 —12.00
12 —12.46
13 —-11.91
14 —11.99
15 —11.87
16 —12.79
17 —13.47
18 —13.61

19 —13.08
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atom of the pyridine ring and let these electrons delocalize over
the ring better (even much better in symmetrically nitro substi-
tuted pyridines), which will lead to an improved aromaticity.
Therefore, the greater the number of nitro groups properly
oriented in the pyridine system, the more aromatic the struc-
ture will be. As can be seen in Table 5, the NICS values of
the systems increase (absolutely) as the number of nitro groups
in the structures increases.

Heats of Formation

Thermochemical and molecular properties are critical para-
meters in many aspects of gas kinetics, and the accuracy to
which these parameters are determined can greatly affect the
determination of a variety of parameters including rate coeffi-
cients, rates of heat release, and branching ratios, all of which
are critical in the accurate simulation of reactive gas-phase
systems.

HOF of a molecule has significant practical application to
explore reactivity and equilibrium of a chemical reaction. It is
important to find the heats of formation of various compounds
correctly. For the aromatic nitro compounds, although some of
their heats of formation can be found experimentally, certain
nitro compounds are very difficult to synthesize and some are
highly unstable. Hence, it would be useful to develop a reliable
theoretical means to calculate the heats of formation of these
energetic materials.

HOF values have been calculated by ab initio methods for
many years, especially for some high-level theories, such as
G2, G3, QCISD (T), CCSD (T), and MP4SDTQ approaches
[33-39]. However, these approaches require long computation
times and can only be used for small to medium-size molecules.
DFT has emerged as a reliable theoretical method to calculate
geometries of molecules. Hence, it has been used to evaluate the
heats of formation of interested molecules [40-44] and the
results indicate that DFT is a reliable method. Rice et al. [42]
reported methods to predict gas-phase heats of formation of
energetic materials using quantum mechanical calculations.
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Among these methods, predictions for gas-phase heats of
formation are based on Hess’s law [45], combined with quantum
mechanical and experimental information. The application of
the Hess’s law requires building a chemical reaction scheme.
The isodesmic reaction, in which numbers of electron pairs
and chemical bond types are conserved in the reaction, allows
canceling of errors inherent in the approximate treatment of
electron correlation in the solutions to quantum mechanic
equations. Hence, various reports of the heats of formation of
the molecules have been given by various isodesmic reaction
schemes [37-51]. Ventura et al. [52] and Ventura and Kieninger
[53] pointed out that DFT methods using modest basis sets and
isodesmic reactions can produce very accurate thermochemical
information, in many cases superior to results from G2 and even
CCSD (T).

Chen et al. [54] investigated the HOF values of various aro-
matic nitro compounds and they found that the results were
quite close to the experimental data. In the present study,
the complete series of nitropyridine derivatives was selected
to calculate the heats of formation through the selected isodes-
mic reaction, using various DFT methods and basis sets.
Because these kinds of calculations are reliable, as pointed
out before, the heats of formation of compounds whose heats
of formation cannot be determined by experimental techniques
can be obtained theoretically.

As indicated by Foresman and Frisch [55], different isodes-
mic reactions would predict different values of HOF for the
same molecule. Therefore, it is necessary to properly select
the isodesmic reaction of the studied molecule. Because isodes-
mic reactions require as many experimental data as possible in
order to be applied conveniently, we have chosen the isodesmic
reaction shown in Scheme 1 because of its convenience to get
the required HOF data for pyridines. We could find the experi-
mental HOF values for pyridine, methane, and nitromethane in
the literature. Additionally, in an isodesmic reaction, the bond-
ing in both sides of the reaction must be as similar as possible.
Therefore, after a detailed survey of various possible isodesmic
reactions, the following isodesmic reaction (Scheme 1) has been
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Scheme 1. Isodesmic reaction considered presently.

selected in order to calculate the HOF values of nitropyridine
systems (1-19) presently considered.

The general bond separation reaction of the systems under
consideration is presented in Scheme 1 and the calculated ener-
gies of all species are listed in Tables 1-4. The energy difference
between the products and reactants shown in Scheme 1 has
been calculated as the heat of reaction (AH,,,). From the calcu-
lated AH.,, and experimental heats of formation at 298 K of
methane, pyridine, and nitromethane, heats of formation
(AHy) values of all the molecules (1-19) can be calculated and
the results of various DFT methods are listed in Tables 6-9.
It is well known that DF'T methods underestimate the energies
by 1-3kcal/mol only [56]. Because they are all difficult to
synthesize, the experimental gas-phase enthalpies of formation
values of the present systems are not available in the literature.
Thus, no comparison with the experimental values has been
done.

The HOF values obtained by different DFT methods and
basis sets are mostly close to each other. However, for some
molecules there are differences in the heats of formation
between the applied methods (see Figs. 2-5 for the variation
of HOF data with the applied DFT method). Each method
has its own approximation scheme. Therefore, the deviation
of the HOF data from one to another is not surprising.

On the other hand, we wanted to compare the HOF data
obtained from the isodesmic reaction in Scheme 1 with direct
calculation of the HOF using the atomization scheme. The
heats of formation of pyridine and 2-nitropyridine (1) have been
calculated by the application of the G3MP2 method and the
atomization scheme. The calculated value of AH; for pyridine
is 138.5kJ/mol, approaching the experimental value of
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Table 6
The calculated heat of formation values of the nitropyridine
derivatives based on the isodesmic reaction in Scheme 1, with
B3LYP functional and different basis sets (energies
are in kJ/mol)

B3LYP

6-31G(d,p)  6-31+4+G(d,p) 6-311G(d,p)  cc-pvdz

1 118.8 129.0 125.2 123.5
2 118.6 129.1 126.5 124.1
3 120.4 130.8 128.1 125.5
4 447.4 472.0 — 328.4
5) 113.6 135.2 126.9 121.8
6 112.6 134.1 126.2 134.1
7 112.9 — 130.5 121.1
8 190.5 214.8 205.9 197.5
9 1124 134.5 127.6 121.6
10 315.4 353.6 334.0 320.9
11 193.6 229.5 213.9 202.7
12 193.9 228.9 213.2 202.8
13 119.8 153.1 139.2 130.3
14 318.0 357.5 339.4 324.3
15 195.1 231.2 215.8 204.0
16 220.6 262.7 245.8 235.3
17 327.9 377.8 351.7 334.6
18 276.1 325.8 301.9 287.3
19 1155.8 1232.0 1238.8 1197.0

140kJ /mol [18] (there is only a 1.07% error for AH; of pyridine).
Therefore, the reliability of the G3MP2 method has been con-
firmed. Thereafter, AH; for 2-nitropyridine has been calculated
(by the atomization scheme with the G3MP2 method) and
found to be 128.8kJ/mol, which is very close to our value
(129.0kJ/mol) obtained by the B3LYP/6-31++G(d,p)
method. Therefore, the B3LYP/6-31++G(d,p) method can be
regarded as the best among all the methods applied in this
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Table 7

The calculated heat of formation values of the nitropyridine
derivatives based on the isodesmic reaction in Scheme 1,
with B3P86 functional and different basis sets (energies

are in kJ/mol)

B3P8&6

6-31G(d,p)  6-31++G(d,p) 6311G(d,p)  cc-pvdz
1 117.4 125.9 124.2 122.0
2 117.6 126.5 125.8 46.2
3 119.5 128.2 127.4 48.0
4 450.0 474.1 479.5 345.3
5 111.4 129.3 125.5 119.7
6 110.2 128.1 289.8 118.6
7 113.0 127.7 123.6 118.3
8 201.3 208.7 204.5 195.8
9 110.7 129.1 120.9 119.8
10 314.0 345.3 322.2 200.3
11 191.0 220.5 212.2 320.2
12 190.8 298.6 211.1 199.9
13 116.4 144.0 115.3 127.0
14 316.1 348.5 338.5 323.0
15 192.1 221.7 213.8 201.4
16 217.0 251.0 242.8 230.9
17 325.5 366.2 351.0 333.2
18 272.7 313.2 299.9 282.1
19 1164.4 1226.3 1247.6 1208.5

study for the determination of the HOF values of nitro deriva-
tives of pyridine.

Predicted Densities and Detonation of the
Nitropyridine Derivatives

Density (p), detonation velocity (D), and detonation pressure
(P) are the important parameters to evaluate the performances
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Table 8
The calculated heat of formation values of the nitropyridine
derivatives based on the isodesmic reaction in Scheme 1, with
B3PWO91 functional and different basis sets (energies
are in kJ/mol)

B3PW9I1

6-31G(d,p)  6-31+4+G(d,p) 6-311G(d,p)  cc-pvdz

1 118.6 127.1 125.2 123.0
2 128.1 127.1 124.4
3 121.0 129.7 140.1 125.9
4 146.0 161.3 158.4 153.9
5) 113.8 131.8 127.6 121.9
6 112.7 130.7 126.7 121.0
7 112.3 129.9 125.3 120.2
8 192.1 212.3 207.7 199.1
9 113.5 132.0 128.7 1224
10 180.5 205.9 199.7 191.5
11 149.4 174.7 169.2 160.2
12 151.1 169.5 161.4
13 119.5 147.2 139.5

14 321.5 354.2 343.6 130.0
15 156.9 182.8 176.6 167.9
16 220.8 255.0 246.4 234.4
17 193.0 228.3 218.3 205.9
18 194.5 227.0 218.9 206.6
19 266.1 308.4 281.3

of explosion of energetic materials and can be predicted by the
empirical Kamlet-Jacobs equations [57] as follows:

D = 1.01(N M"2 Q'*)"/2(1 + 130p) (1)

P = 1.558p°N M2 Q2 (2)
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Table 9
The calculated heat of formation values of the nitropyridine
derivatives based on the isodesmic reaction in Scheme 1,
with BHandHLYP functional and different basis sets (energies
are in kJ/mol)

BHandHLYP

6-31G(d,p)  6-31++G(d,p) 6-311G(d,p)  cc-pvdz

1 123.0 273.2 129.6 124.6
2 121.5 131.4 129.5 124.1
3 124.6 134.4 132.3 126.8
4 158.0 175.3 170.6 160.9
5) 123.5 143.4 137.2 126.1
6 121.7 141.5 1354 124.3
7 123.3 142.7 136.1 125.5
8 206.3 228.0 221.4 207.7
9 119.7 140.0 135.0 123.4
10 203.6 232.1 222.9 206.8
11 168.0 195.7 187.6 171.0
12 171.9 199.5 190.3 174.3
13 137.6 167.6 157.1 139.6
14 351.5 385.7 372.4 349.7
15 177.1 206.1 196.7 179.9
16 255.4 293.3 281.1 258.5
17 226.8 265.6 251.8 228.8
18 228.2 263.8 252.2 230.0
19 316.8 363.3 347.2 318.8

where D is detonation velocity in km/s, P is detonation pres-
sure in GPa, p is density of a compound in g/ cm®, N is moles
of gaseous detonation products per gram of explosive (in mol/
g), M is average molecular weight of gaseous products (in g/
mol), and Q is chemical energy of detonation in kJ/g. Here,
the parameters N, M, and Q have been calculated according
to the chemical composition of each explosive [58,59] as listed
in Table 10. On the other hand, the density of each molecule
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Figure 2. The variation of HOF data with the applied basis set
(B3LYP).

has been predicted from the molecular volume, and the molecu-
lar volume of each molecule has been obtained from the statis-
tical average of 100 single-point calculations for each optimized
structures. The molar volume has been defined as inside a con-
tour of 0.001 electrons/Bohr® density that was evaluated using
a Monte Carlo integration implemented in the Gaussian 03
package. This method was successfully tested on various CHNO
molecules and accurately predicts the explosive properties
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Figure 3. The variation of HOF data with the applied basis set
(B3P86).
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Figure 4. The variation of HOF data with the applied basis set
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[59-64]. We have calculated the densities of two well-known
explosives trinitrotoluene (TNT) and triaminotrinitrobenzene
(TATB) with the method mentioned in the text. The calculated
values for TNT and TATB are 1.68 and 1.90 g/cm?’7 respec-
tively, whereas the experimental values are 1.64 and 1.88g/
cm® for TNT and TATB, respectively. Thus, the method
applied here is successful for determination of the densities of
compounds within the limits of some small errors.
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Figure 5. The variation of HOF data with the applied basis set
(BHandHLYP).
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Table 10
Methods for calculating the N, M, and Q parameters of the
C,H,0.N, explosive®”

stoichiometric ratio

paraneters c>2a+b/2 2a+b/2>c>Db/2 b/2>c¢

N (b+2c+2d)/ (b+2c+2d)/ (b+d)/2MW
AMW AMW

M 4MW/ (56d+88c-8b)/ (2b+28d+32c)/
(b +2c+2d) (b4 2c+2d) (b+d)

Q (28 9b +94.05a+ [28 9b+ 57.8c+
0.239 AHf)/ 94.05(c/2-b/4)+  0.239 AHf)/
MW 0.239 AHf |/ MW~ MW

*C,H;,0.Ng4 denotes the compound composed of the C, H, O, and N
elements; a, b, ¢, and d stand for the number of C, H, O, and N atoms
in the compound.

PN is moles of gaseous detonation products per gram of explosive
(in mol/g); M is the average molecular weight of the gaseous products
(in g/mol); Q is the chemical energy of detonation (in kJ/g); MW in
the formula is the molecular weight of the title compounds (in g/mol);
AH* is the standard heat of formation of the studied compound (in kJ/
mol).

In the present study, single-point molecular volume calcula-
tions at B3BLYP/6-31G(d,p) have been performed based on the
B3LYP/6-31G(d,p) geometry optimized structures. Table 11
shows the predicted densities and detonation properties of the
nitropyridine derivatives together with the TG index (see Appen-
dix). The PM3 calculated HOF values were also calculated and
listed in Table 11. The previously reported studies have proven
that the heats of formation calculated by the PM3 method are reli-
able [65-68]. All these data in Table 11 provide some clue about
the explosive character of the molecules derived from pyridine.

It was clear that from monosubstituted to pentasubstituted
nitropyridines, density (p), velocity of detonation (D), and
detonation pressure (P) all increase with the increasing number
of the nitro groups. This might show good group additivity on
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Table 11
Predicted densities and detonation properties of the
nitropyridine derivatives (HOF values are obtained from PM3
calculations, V data are obtained from 100 single-point
calculations at the 6-31G(d,p) level)

HOF Q Vi(m®/ p D P TG
(kJ/mol) (kJ/g) mol) (g/ecm®) (km/s) (GPa) Index

117.25 1,158.24 79.09  1.57 717 23.46 2,482

103.93 1,132.58 78.25  1.58 7.21 23.32 1,946

108.59 1,141.57 78.76  1.57 7.18 23.34 2,398

145.82 1,414.87 101.03  1.67 8.87 32.56 11,363
113.08 1,368.58 101.96  1.66 8.72 31.87 10,425
112.66 1,367.99 103.56  1.63 8.58 31.62 12,544
122.59 1,382.02 102.25  1.65 8.71 31.99 10,095
160.28 1,435.33 104.77  1.61 8.58 32.20 10,647
9 102.7v8 1,354.01 101.42  1.67 8.74 31.79 10,708
10 249.99 1,648.01 121.30 1.76 10.16 39.49 31,926
11 163.92 1,551.88 124.71  1.72 9.74 37.79 34,283
12 178.55 1,568.23 121.95  1.75 9.98 38.42 35,437
13 129.24 1,513.15 123.98 1.73 9.73 37.43 31,658
14 241.85 1,638.91 125.01 1.71 9.85 38.79 35,018
15 179.11 1,568.85 124.07 1.72 9.82 38.10 30,539
16 190.48 1,649.08 140.37 1.85 10.91 42.58 81,158
17 293.20 1,743.87 141.58 1.83 10.97 43.60 78,592
18 241.09 1,695.79 143.26 1.81 10.77 42.75 86,254
19 512.22 1,949.58 159.91 1.90 11.93 48.66 170,430

0 3 O UL W =

the detonation properties and supports the claim that introdu-
cing more nitro substituents into a molecule usually helps to
increase its detonation performance. To visualize the power of
the compounds presently investigated, the respective values of
hexogen (RDX) and octogen (HMX) are considered. For RDX
and HMX [69], experimental values of D and P are 8.75km/s
(p=1.8g/cm?®), 9.11km/s (p=1.89g/cm®), and 34.70 GPa
(p=1.8g/cm?®), 39.00GPa (p=1.89g/cm®), respectively.
Furthermore, at the same theoretical level (B3LYP/6-
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31G(d,p)), the calculated performance parameters D and P of
hexogen (RDX) and Octogen (HMX) were found to be
8.83km/s, 8.998 km/s and 34.11 GPa, 35.92 GPa, respectively.
Comparing these values with tri-nitropyridine compounds,
compound 13 has velocity of detonation value of 9.73km/s
and detonation pressure value of 37.43 GPa. All the other
tri-nitro derivatives, tetra-nitro and penta-nitro derivatives pos-
sess D and P values greater than that of compound 13. Therefore,
one finds them to be more powerful explosives than the
well-known explosives HMX and RDX. Furthermore, the rela-
tive position of the nitro substituent in the pyridine
compounds affects the detonation properties (see Table 11). In
particular, di- and tri-nitro-substituted pyridines will be novel
potential candidates for HEDMs when they are successfully
synthesized.

Correlation with the TG Index

The results of the correlation analysis of the In(TG) index (see
Appendix) with the explosive properties are given in Table 12.
The data in the table reveal that the topological (Tiirker-
Giimiis, TG) index can successfully be used for the prediction
of the explosive properties of HEDMs, because the correlation
coefficient exceeds 0.98 for D and 0.99 for P.

Table 12
The regression equation and the correlation coefficient between
the natural logarithm of the TG index and the explosive

properties
Property Regression equation r?
Q y=166.96x — 158.21 0.9540
A% y=18.12x — 64.127 0.9864
P y=0.0723x+0.9921 0.9178
D y=1.0532x — 1.039 0.9846
P y =5.6048x — 20.03 0.9903
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Within the set of the equations in Table 12, the lowest
correlation is for the density (0.91). In order to figure out the
effect of the errors in density calculations by means of TG index
on the detonation parameters, we obtained points ultimately off
the line from the plot of density versus the In(TG) index. Then,
we calculated new densities including these + maximum devia-
tions. Thereafter, by means of the Kamlet-Jacobs equations,
new ballistic properties were obtained. Then, the percentage
errors were found to be at most within the range of £3.2%
for D and +1.6% for P compared to the calculated D and P
values with the Kamlet-Jacobs equations based on quantum
chemically calculated p values. These values are acceptable if
one considers the burden linked to quantum chemical calcula-
tion of D and P values by means of the Kamlet-Jacobs equa-
tions. However, one can estimate the D and P values directly
by using the corresponding equations given in Table 12 and
the In(TG) index. Then there is no need to use the Kamlet-
Jacobs equations. One should also keep in mind that the
Kamlet-Jacobs equations hold closely only for ideal explosives;
for nonideal ones deviations are unavoidable. It is noteworthy
that quantum chemically calculated densities bring some errors
to results of the Kamlet-Jacobs equations. Rice et al. systema-
tically criticized the method employed to calculate the crystal
densities quantum chemically [70]. Their investigation revealed
that depending on the type of the structure, errors (root mean
square deviations) may vary between 1 and 6.6%. Especially for
polynitro compounds, errors are sometimes as high as 4.8%
(octanitrocubane), 3.9% (octanitropentane) or as low as 0.1%
(heptanitrocubane) [70]. The ballistic properties obtained by
means of any calculation method are helpful for design pur-
poses. The real behavior of an explosive is to be determined
by field tests.

Conclusion

All possible nitropyridine derivatives have been subjected to
theoretical analysis in order to obtain information about their
structural and electronic properties. The stabilities of the
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systems have been investigated by calculating the total electro-
nic energies and NICS values at ring centers. The results of the
calculations showed that the closer the nitro group to the het-
eroatom of the main skeleton, the more stable the system,
and attachment of nitro groups stabilizes the parent pyridine
structure by increasing the aromaticity of the system. More-
over, the heats of formation of 19 aromatic nitropyridine com-
pounds were calculated by means of selected isodesmic reaction
schemes, together with different DF'T methods. Generally, the
value of HOF for a compound depends on the selected isodesmic
reaction and DFT method. However, calculation of the HOF of
2-nitropyridine using the atomization scheme at G3MP2 level
showed similar results to that of the B3LYP/6-31++4G(d,p)
method.

One should note that for an explosive the real interest is
the density and other properties in the solid state. However,
the present study, in which quantum chemical results are for
gas-phase molecules, provides some information about the
relative stabilities, enthalpies, and detonation properties of
explosives according to one another.

Lastly, a novel topological index has been introduced for
modeling the explosive properties of nitropyridines. The calcu-
lation of the index is quite simple and not time consuming com-
pared to expensive computational efforts.
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Appendix

A Novel Topological Index for Modeling
Properties of Explosion

The TG index (Tiirker-Giimiis index) is a novel topological
index developed by Tiirker and Giimiis that is constructed on
the basis of T(A) graphs [71]. Moreover, the calculation of
the topological index makes use of the concepts of both the con-
nectivity (branching), which was introduced by Randic [72],
and the path distances, introduced by Wiener [73,74].

The TG index is defined by the following equation;

See below for the meaning of terms.

The calculation of the index is based on a novel type of
matrix presently introduced, the distance-degree matrix (Dy;).
This matrix represents the connectivity in the structure under
consideration, so that the distances between the vertices as well
as the degrees of the vertices in the parent structure are taken
into account.

The calculation of the topological index is presented by an
example in Fig. Al. One can calculate the index by following
the required steps:
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Figure Al. Illustration of how to calculate the TG index for
nitropyridines. (Note: the degrees of the vertices for carbon,
nitrogen, and oxygen are represented by white, black, and gray
self-loops, respectively).

1. Consider a hydrogen-depleted molecular graph.

2. Star the molecule alternatingly (as in the case of
alternant hydrocarbons).

3. Obtain T(A*) and T(A®°) graphs, as shown in Fig. Al
and Tiirker [71,75] (the number of self-loops is deter-
mined by the degree of the corresponding vertex in the
original graph).

4. Number the vertices of the newly obtained T(A*) and
T(A°) graphs.
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5. Construct the distance-degree matrix (a newly developed
matrix that has not been pronounced in the literature to
date) for both T(A*) and T(A°) graphs as follows:

lindy  lipdy lizdsy  ligdy
loydy  loady  lozds  logdy
lgpdy  Isedy  l33ds  134dy
lpdy  lypdy  lyzds  lygdy

lindy  Liade  Ligds  Ligdy  lisds
lpyd;  lpody  logds  Inydy  lozds
D? = |l31d; Isady  lg3ds Isudy  I3sds
Iydy  lody  lggdz  lydy  lysds
Isidy  lsoda  Iszds  lsads  1ssds

where 1;; and d; represent the shortest distance between
the vertices i and j and the degree of the vertex j, respec-
tively. For example, lo3d; is multiplication of the dis-
tance between vertices 2 and 3 and the degree of
vertex 3. Because the distance between the same atom
is zero, all the diagonal elements of the matrix should
be zero independent from the degree of that vertex.
6. Sum all the elements of the each matrix to obtain

N N M M
22D and D 3 D
i i
Summation of half or all of the matrix elements has been
frequently pronounced in the literature [73,74,76,77].
7. Use the equation above to calculate the TG index for the
compound considered.

Organic compounds containing heteroatoms and/or multiple
bonds can be represented as vertex- and edge-weighted molecular
graphs [78]. In the case of the TG index, vertex-weighted molecu-
lar graphs have been used. A general approach of computing para-
meters for vertex-weighted graphs was developed by Barysz and
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coworkers by weighting the contributions of the atoms and bonds
with parameters based on the atomic number Z [79]. The applica-
tion of the atomic number weighting scheme to the TG index
includes the calculation of the vertex parameter Vw(Z); of the ver-
tex v; (representing atom i from a molecule). The formula below is
used to obtain the parameters for nitrogen and oxygen:

Vw(Z), =14+ Z¢c/Zi=1+6/Z;
where Z; is the atomic number Z of the atom i and Z-=©6 is the

atomic number Z of carbon. Therefore, the parameters are
1.857 and 1.750 for nitrogen and oxygen, respectively.



