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ABSTRACT

In the present work, ab initio and density functional theory (DFT) calculations are carried out on
the energetic molecule 1-phenyl-2-nitroguanidine to understand its bond topology and its energetic
properties using Bader’s atoms in molecules (AIM) theory. The optimized geometry predicts that the
molecular structure of the compound is nonplanar, but contains two almost planar fragments: nitroguanyl
group and phenyl group. The B3LYP/6-31G (d,p) theoretical level predicts that the electron density p(r) at
the bond critical point of phenyl C-N bond is smaller than that of C-N bonds in nitroguanyl group. Based
on the magnitude and sign of the Laplacian V% p(r) and electron energy density h, (r) at the critical points
of bonds, the interactions are classified as covalent type of interaction in terms of atoms in molecules
theory. The energy of the hydrogen bond is evaluated using the Espinoza’s formula. The electron energy
density h.(r) and — g(r)/v(r) value of hydrogen bond confirm the partly covalent nature of hydrogen bond.
The impact sensitivity (90.5 cm) and oxygen balance (- 9.99%) were calculated and compared with
energetic molecules. Large negative electrostatic potential regions were found near the nitro groups where
reaction is expected to occur. The stability of compound was considered based on the values of the bond
ellipticity and ESP.

Key words: Energetic molecule, Electron density, Laplacian of electron density, Oxygen balance,
Hydrogen bond, ESP.

INTRODUCTION

The process of synthesizing energetic materials and qualifying them for military use
is not straightforward. It can be tedious, expensive and hazardous. In recent years,
significant effort has been made to design new energetic materials with low signature and
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low sensitivity and large number of nitro derivatives have been studied'®. Nitrimines are
compounds containing an explosophore group >C=N-NQO,. They are of interest for practical
use as energetic substances’'*. Nitroguanidine, a well known nitrimine, has been identified
as a useful component of gunpowders, solid rocket propellants, and explosive composites.
Quantum-chemical methods are not widely used for studying the molecular and electronic
structure of these compounds, except 2-nitroguanidine, for which structural analysis has
been discussed in the literature for nearly five decades'>?'. The aim of this work is to
compare the experimental and calculated geometrical parameters, bond length, bond angle
and QTAIM studies of the molecules; to establish the molecular structure, reactivity and
stability of the compound. This allows to estimate the potential of modern computer
techniques” in predicting the properties of nitrimines, seek quantitative relationships
between structure and property, and make forecasts to find new hypothetical energetic
nitrimine structures with the desired sets of characteristics. Nitroguanidine and its
monosubstituted derivatives generally have a similar structure. The common features are the
near-planar geometry of the nitroguanyl group with delocalized n-electron density and bond
lengths intermediate between the values characteristic of the typical C-N, N-N and N-O
single and double bonds.

Another important characteristic feature of the nitrimine structure is intramolecular
hydrogen bond, which stabilizes the planar geometry of the nitroguanyl group. Due to the
electron density redistribution, the formally double bond C=NNO, is actually not a double
bond, nor the shortest C-N bond in nitroguanidines™".
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Fig. 1: Chemical structure of 1-phenyl-2-nitroguanidine

Calculation method

Quantum-chemical calculations were carried out by ab initio and DFT methods
using the GAUSSIAN 03 program®2. For ab initio calculations in the Hartree-Fock (HF)
self-consistent field approximation, the 3-21G, 6-31G, 6-311G, 6-311G (d,p) basis sets,*
have been used and in density functional theory (DFT) with B3LYP**** 6-31G, 6-311G, 6-
311G** basis sets have been used and semiempirical calculations were performed in AM1,
PM3 and PM6 approximations®®>’. In the calculation of the IR spectra of the considered
structure, all vibrational modes are real indicating the presence of the local energy minima of
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the molecule.

A complete analysis was performed on the electron density distribution function p(r)
for the equilibrium geometry of the compound in the framework of the Bader atoms in
molecular theory”®*. The topological analysis of the distribution function of the electron
density p(r) was carried out using the multifunctional wavefunction analysis program in the
framework of Multiwfn 3.2.1 software package®'.

The AIM theory: Fundamentals and applications

In modern quantum chemistry, Bader’s atoms in molecules (AIM) theory is a
powerful tool for predicting the properties and reactivities of the molecular structures. The
distribution function of the electron density p(r) is a key concept in the AIM theory. The
electron density p(r) function can be obtained theoretically using quantum chemical
calculations and experimentally by the precision X-ray diffraction studies*’.

Bader has shown® that molecular structure of a given polyatomic system can be
uniquely determined by the function p(r) and several other critical points of electron density
of the system where the p(r) gradient in the critical point is zero. The type and properties of a
critical point are defined by the number and sign of the nonzero Eigenvalues A; of the
Hessian in a critical point, also referred to as the p(r) curvature in the critical point. In
general, the type of critical point has the form (®, ), where © is the Hessian matrix rank, ¢
is the signature, that is, the sum of signs of the A**. Bader has shown that the Hessian rank o
at a critical point for equilibrium and energetically stable molecular system is equal to 3 (A,
A2, A3 £ 0). When o = 3, the signature (o) can have four different values: -3, —1, +1, +3.
Accordingly, Bader has stated four types of the critical points, which precisely describe any
molecular system:

(1)  Critical point (3, —3) corresponds to the position of the atomic nucleus in the
space (M1, Az, A3 < 0);
(i1)  Critical point (3, +1) corresponds to the formation of a ring (A; <0, Ay, A3 > 0);

(iii)  Critical point (3, +3) corresponds to the formation of polyhedral (cellular)
structure (A, A2, A3 > 0);

(iv) Critical point (3, —1) is an indicator (a necessary and sufficient condition) for

the bonding interactions (A;, A, <0, A3 > 0).

Each type of critical point described above is identified with an element of chemical
structure: (3, —3) nuclear critical point (NCP); (3, —1) bond critical point (BCP); (3, +1) ring
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critical point (RCP); and (3, +3) cage critical point (CCP). Bond critical point (BCP) plays a
key role in describing the molecular structure and enhances the possiblity to establish the
existence of binding between the atoms through valence bonds and non-valence interactions.

The number and type of critical points that may exist in the final molecular structure
are subjected to the Poincare—Hopf relation’®:

n-b+r—c=1 ...(1)

where n is the number of nuclei (nuclear critical point), b is the number of bonding
routes (bond critical point), r is the number of rings (ring critical point), and ¢ is the number
of cells (cage critical point).

The ratio of Ai/A; qualitatively describes the type of the corresponding chemical
bond®®*. When [A/A3] > 1 the electron density is concentrated in the interatomic space,
which corresponds to a covalent type of interaction. When [A;/A;] < 1, the electron density is
concentrated in the atomic space, which corresponds to the interaction of closed shells
(hydrogen, van der Walls, and ionic bonds).

Bader and colleagues have suggested the ellipticity (¢)** measures the extent to
which density is preferentially accumulated in a given plane containing the bond path. The
ellipticity is defined as:

A
£= X_l —1 (where [A]| > [A2]) ...(2)

2

Ellipticity is a quantitative description of the deviation of electron density
distribution in the critical point (3, —1) from the cylindrical symmetry. The magnitude of € is
a measure of the n-character of the bond. In addition, € characterizes the susceptibility of a
bond in a ring to cleavage, that is, the ring strain.

An important characteristic of bonding interaction is the magnitude and sign of the
electron density Laplacian v p(r) in the BCP. The magnitude of v’p(r) in the critical point
is a measure of the concentration of electron density in the interatomic space and it can be
calculated as a sum of the curvature p(r) components in the critical point, v’p(r) = A, + A, +
As.

The classification of interatomic interactions according to the criterion of |A;/A;z|
magnitude and the Laplacian sign* does not explain the existence of an intermediate type of
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interactions. In intermediate type of interactions, the electron density is largely concentrated
in the interatomic space as in the case of covalent bond, but v* p(r) > 0, which is typical for
the interaction of closed shells. These interactions particularly comprises of strong polar
covalent bonds, coordination bonds, strong hydrogen bonds, and other interactions. To
include these interactions in a system of classification of interatomic contacts, Kremer and
Kraka proposed a qualitative criterion for describing the interatomic interactions on the basis
of the sign of Laplacian and the sign of the electron energy density A.(1):

he(r) = g(r) + v(r) ..(3)

where g(r) is the kinetic energy density in critical point (3, —1), v(r) is the density of
potential energy in the critical point (3, —1). The value of v(r) is always negative by
definition, whereas g(r) is always positive. For nonpolar and weakly polar covalent bonds
v2p(r) <0 and | v(r) | > g(r), and therefore, A.(r) < 0. For the intermediate type of interactions

v2p(r) > 0, but [v(r) | > g(r), and therefore %(r) < 0. For the interaction of the closed shells
v2p(r) > 0, and |v(r) | < g(r), that is, h(r) > 0.

An important characteristic of a bond in terms of the AIM theory is the index of
delocalization of electron density (DI) between the interacting atoms, which indicates the
number of electrons in the interatomic space®. Index of delocalization of electron density
within the AIM theory is obtained by integrating the density of the Fermi hole. The value of
DI can be directly interpreted as the bond order™.

By analogy with the index of the electron density delocalization, in the AIM theory
the index of the electron density localization is also used. Its magnitude indicates the number
of electrons (taking into account also the core electrons) localized in the atomic space™. At
100% electron localization in atomic space, the Fermi hole of this electron is completely
included in the same space.

An important advantage of the AIM theory is the ability to estimate the energy of
intra- and intermolecular interactions on the basis of Espinosa correlation*:

Efau = 1729(r) ~ Eficarmon) = 313.754v(1) ...(4)

where E is the energy of interatomic interaction (au or kcal mol™). This relationship
links the energy of interaction with the potential energy density in the corresponding critical
point. It was originally used for finding the hydrogen bonding energy. One of the most
important features of intramolecular H-bond is its strength. The intramolecular hydrogen
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bonding energy plays a significant role in conformational preference and its value mainly
depends on the choice of the resonance state. Many authors have devised various methods to
estimate the energy of intramolecular hydrogen bonding. In Shuster method*’, it is assumed
that the energy difference between the close (with HB) and open (without HB) conformers is
equal to hydrogen bonding energy. But this energy gap also contains some conformational
contributions and is not a direct measure of the hydrogen bonding energy. However, in a
series of recent papers, the application of the Espinosa formula for determining the energy of
coordination*** and homopolar bonds™ corresponding to an intermediate type of interaction

has been expanded.

RESULTS AND DISCUSSION

Molecular geometry and electronic structure

Figure 2 shows the optimized structure of 1-phenyl-2-nitroguanidine calculated at
DFT/6-311G** level. The optimized structure exhibits that the compound is nonplanar, but
contains almost planar fragments: nitrogunayl and phenyl groups. The values of calculated
and experimental bond lengths and angles®' are listed in Tables 1 and 2. The parameters of
bonds involving hydrogen atoms are not listed because the accuracy in determining the
positions of hydrogen atoms in XRD analysis is not desirable by order of magnitude.

1

i

Fig. 2: Optimized structure of 1-phenyl-2-nitroguanidine at DFT/6-311G** level

Among the several methods used, HF/6-31G gave the geometrical parameters that
agreed most closely with experimental data. The use of polarization functions and DFT
methods did not decrease the deviations; on the contrary, distressing results were obtained.
The discrepancy between the calculated and experimental data is due to various factors™.
One of the most important factors is that XRD data refers to the crystalline substance, while
the calculations were performed for the isolated molecule by ignoring intermolecular
interactions in the crystal lattice.
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Therefore, the calculated values, should be compared with the data obtained through
gas-phase methods (gas-phase electron diffraction, microwave spectroscopy), but not with
XRD parameters. In contrast to X-ray data, gas-phase data on the structures of molecules of
energetic compounds are inadequate. For nitrimines, these data are unavailable at present
because some of their physicochemical properties (low vapor elasticity and high thermal
decomposition rate in both the gas and condensed phases at evaporation or sublimation
points) hinder the use of the above methods.

The C-N, N-N, and N-O bonds in the nitroguanyl of the compound have the lengths
intermediate between the values typical of the respective single and double bonds in other
nitrimines, which indicate the delocalization of p electron density. The geometrical
parameters of several nitramines in the gas phase and crystalline state were compared in and
for the hexogen molecule in the gas phase, all bond lengths are larger. For C-N and N-O
bonds, the difference is insignificant but the difference in the N—N bond lengths is more
pronounced (0.033 A; the error is 0.005 A).

The average experimental C—C bond length is 1.375 A in the phenyl group, which is
less than that in other aromatic compounds™, e.g., in nitrobenzene this value is 1.390 A. The
C—C bond lengths vary in a wide range from 1.368 A for the C(4)~C(5) bond to 1.387 A for
the C(3)-C(4) bond in the phenyl group. Another important aspect is the absence of
geometrical symmetry in the phenyl group. This can be caused by the intermolecular
interaction.

QTAIM Studies

QTAIM analysis was initiated by searching critical points (CPs). The Poincare-Hopf
rule, n-b+r-c = 1, was also tested to ensure the completeness of CP searching and the
compound satisfies the rule. According to QTAIM, the bonded atoms are determined by
duo-gradient paths of charge density function, which originate from a bond critical point,
that is a point, where the gradient of charge density vanishes and the Hessian matrix of
charge density has two negative and one positive Eigen-value and terminate on
corresponding atomic nuclei. These gradient paths at equilibrium geometry are called “bond
paths” which must be regarded as the “Universal indicators of bonded interactions”.

The results of CPs and bond paths searching are gathered in Tables 3, and 4. The
quantum mechanical structure is proposed by molecular graph (MG), which is the collection
of BCPs and their associated bond paths. These 3D MGs are depicted in Fig. 3, in which
some of the BPs are not straight lines but they are displaced outward or inward. These
behaviors have been related to “ring strain energy” and “resonance stabilization energy”
concepts.
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Table 3: Values and ratios of the elements of curvature of the function p(r) in the
critical point (3, —1) of the coordination bonds, as well as localization
parameters of the electron density in the atomic and interatomic space

Bond Al (a.u) A2 (a.u) A3 (a.u) Al/A3 € p(r) (a.u) V2p(r) (a.u) DI
C5-C6 -0.5649 -0.4846 0.3872 -1.4587 0.1658  0.2853 -0.6622 1.3242
C6-C7 -0.5609 -0.4923 0.3794 -1.4786 0.1395 0.2864 -0.6738 1.4014
C7-C8 -0.5583 -0.4930 0.3824 -1.4601 0.1325  0.2855 -0.6689 1.3889
C8-C9 -0.5587 -0.4931 0.3823 -1.4613 0.1330  0.2856 -0.6695 1.3904
C9-C10 -0.5579 -0.4902 0.3795 -1.4700 0.1380  0.2856 -0.6686 1.3981
C10-C5 -0.5583 -0.4803 0.3861 -1.4461 0.1625  0.2837 -0.6525 1.3180
N11-012 -1.0632 -1.0065 1.6523 -0.6435 0.0563  0.4253 -0.4174 1.4772
N11-013 -1.1607 -1.1003 1.7056 -0.6805 0.0549  0.4557 -0.5554 1.6050
N11-N2 -0.6876 -0.6186 1.0407 -0.6607 0.1117  0.3078 -0.2655 1.1387
N3-C5 -0.4807 -0.4609 0.3584 -1.3412 0.0429 0.2618 -0.5832  0.9823
N2-C1 -0.7199 -0.6337 0.4914 -1.4652 0.1361 0.3329 -0.8622 1.3060
C1-N3 -0.6401 -0.5696 0.4353 -1.4706 0.1239  0.3096 -0.7744 1.1661
C1-N4 -0.6309 -0.5707 0.4596 -1.3729 0.1054  0.3009 -0.7421 0.9488

Table 4: Coordination bond lengths (d), energies (E), and the topological characteristics
of the electron density distribution in the critical point (3, -1)

Bond di(d)) d2A) D@A) v()(au) gr)(au) h@)(au) E (kJ/Mol)
C5-C6  0.6865 0.7229  1.4093  -0.3534  0.0939  -0.2595  -110.8665
C6-C7  0.7062  0.6970  1.4031  -0.3567  0.0941  -02626  -111.9157
C7-C8  0.7053 0.7003  1.4056  -0.3535  0.0931  -0.2603  -110.8975
C8-C9  0.7003 0.7051  1.4054  -0.3538  0.0932  -0.2606  -111.0085
C9-C10 0.6980 0.7064  1.4044  -0.3548  0.0938  -0.2610  -111.3281
C10-C5 0.6857 0.7249 14105 -0.3510  0.0939  -0.2571  -110.1189

N11-012 0.6161  0.6352 12513  -0.7312 03134  -04177  -229.4048
N11-013 0.6045 0.6213  1.2258  -0.8152 03382  -04770  -255.7778

Cont...
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Bond di(Ad) d2A) D@A) v (au) g (au) h)(a.u) E (kJ/Mol)
N11-N2  0.6596 0.7304 13897  -0.4068  0.1702  -0.2366  -127.6301
N3-C5 0.5617 0.8559 14175 -0.4191  0.1367  -0.2824  -131.4938
N2-C1  0.7588 0.5742 13318 -0.5329  0.1587  -0.3742  -167.2052
C1-N3  0.5605 0.7945 1.3549  -0.5074  0.1569  -0.3505 -159.2114
C1-N4  0.7034 03914  1.0948  -0.4499  0.1322  -0.3177  -141.1677

Fig. 3: Complete molecular 3D view at DFT/6-311G**: C nucleus: (@) circles;
H nucleus: (Q) circles; N nucleus: (@) circles; O nucleus: (@) circles;
BCP: (@) circles; RCP: (@) circles; Bond paths: (—) lines

H-bond energies

The large difference between the bond lengths obtained in calculation and experiment
(XRD) for 1-phenyl-2-nitroguanidine is attributed to the action of intermolecular interactions,
in particular, hydrogen bonds. The optimized structure with hydrogen bonding of 1-phenyl-
2-nitroguanidine is shown in Fig. 4.

Fig. 4: Optimized structure of 1-phenyl-2-nitroguanidine with hydrogen bonding
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As Rozas et al.”* explained; hydrogen bonds can be classified as follows:

(i) Weak hydrogen bonds of electrostatic character Vzp(chp) > 0 and g(rgcp)
+ v(rgcp) > 0.

(i) Medium hydrogen bond of partially covalent nature Vzp(rBCp) > 0 and g(rgcp)
+ V(rBCP) <0.

(iii)) Strong hydrogen bond of covalent nature Vzp(rBCp) < 0 and g(rgcp) + v(racp)
<0.

where g(rgcp) + V(racp) 1s also known as total electron energy density, h(rgcp). The nature
of IHB (Intramolecular hydrogen bond) can be determined using ratio of —g(rgcp)/v(rgcp). The
value of —g(rgcp)/ v(rgcp) > 1 for IHB having noncovalent nature, and 0.5 <—g(rgcp)/ v(racp) < 1
for IHB having partly covalent nature. Prediction of IHB energy is one of the most important
subjects in recent studies not only for its characterization, but also due to the role, it plays in
numerous processes, for example, in hydration. Several theoretical methods have been proposed
to estimate hydrogen bond energy. One of the most useful of these methods has been
explained by Espinosa et al. who found that IHB energy may be correlated with the potential
electron energy density at critical point by the expression Ejyg = 1/2v(rgcp).

The calculated electron density (p) and its second derivative y’p were used for

describing the nature of the intramolecular N-H:--O bond. The calculated electron density
(p), its Laplacian v* p at bond critical points and charge density at ring critical point prcp),
its Laplacian V2 prepy for IHB is given in Table 5. According to this table, IHB under
investigation, Laplacian of total electronic density at BCPs is positive and reveal that
electronic charge is depleted in the interatomic path, which is characteristic of closed shell
interactions. In the last column of Table 5, hydrogen bond energy calculated based on
Espinosa’s equation is presented. This value also clarifies that IHB interactions investigated
in this study can be classified as partly covalent nature. The —g(r)/v(r) value of IHB is nearly
unit, which also confirms the partly covalent nature of hydrogen bond.

Table 5: Topological parameters (in a.u.) and IHB energies (kcal/mol) calculated on the
B3LYP/6-311G** wave functions

H-Bond  p(rgcp) V2 (rgce) V() gr) —g)/v(r) p(rrce) V(rRCP) Eng

H14-012 0.0444 0.1501 -0.0436 0.0431 0.9876  0.0191 0.1106  -13.68
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Further, under the AIM framework, Lipkowski et al.>* proposed three criteria for
existence of H-bond: (1) The H-bond must be accompanied by a BCP; (2) p at BCP (pgcp)
should be within 0.002-0.04 a.u.; and (3) v*p at BCP (v’pgcp) should between 0.02-0.15. In

1-phenyl-2-nitroguanidine, the BCPs between the hydrogen and the oxygen were successfully
located (see Fig. 3) for illustration of their positions. For the titled molecule, pgcp and v°

pecpare 0.0444 and 0.1501, respectively; which fully satisfy the Lipkowski’s rule, showing
very strong evidence of the existence of H-bonds in 1-phenyl-2-nitroguanidine.

Topological analysis

There are several local (i.e., calculated at the BCP) and integral (i.e., calculated over
the atomic basin) topological properties of the electron density that have been used to
analyze the bonding in molecules of the titled compound. Among the former, the electron
density, the ellipticity, the Laplacian of the electron density, A;/A; ratio and the h(r) = g(r) +
v(r), where v(r) is the potential energy density. On the other hand, the delocalization index
(DI), which is an integral property, indicates the number of electron pairs shared by atoms A
and B. Values of these topological properties, for selected bonds of titled compound, are
collected in Tables 3 and 4.

Generally, in shared interactions the charge density is accumulated between two
bonded nuclei and the Laplacian is of the same order of magnitude as the charge density.
Usually, in these interactions the Laplacian takes negative values. In accordance with the
previous statement, Table 4 shows the negative values of the Laplacian and the electron
energy density at the BCP of all the bonds. It was pointed out in earlier studies that the
negative value indicates the covalent character of interaction between atoms connected by
the corresponding bond path; at least such an interaction is characterized by the partial
covalence. i.e., the electron density is largely concentrated in the interatomic space. It is
further confirmed from the Table 3, the values of |A/A3;] > 1 shows that the electron densities
of these bonds are concentrated in the interatomic space, which corresponds to a covalent
type of interaction.

DFT method predicts a low negative Laplacian value for the N-NO, bond i.e. —
0.2655 a.u. The low negative value of the Laplacian indicates that the charge of this bond is
highly depleted. The potential energy density v(r) of N-NO; band is — 0.4068 a.u. and total
energy density h(r) is — 0.2366 a.u. From the bond topological parameters, it is predicted that
the N-NO, bond is the weakest bond in the molecule. Further, from the Table 3, it is
observed that slight changes on bond parameters of Cs-C¢ and even slighter on Cs-Cy is
observed due to the substitutions at Cs.
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The bond ellipticity is the measure of anisotropy of electron density distribution at
the BCP of bonds. It can be calculated from equation (2). Here, we found maximum
ellipticity for the C—C bonds of the aromatic ring and minimum ellipticity for the N=0O
bonds whereas C—N bonds shows intermediate bond ellipticity values between C—C bonds
and N=O bonds. The order of ellipticity values for the three types of bonds in the molecule
is C—C > C-N > N=O0. The highest ellipticity, and also the highest delocalization index
values that are consistent with a formal double bond with a certain degree of delocalization
within the benzene ring. DI results indicate that the N(11)-O(12), N(11)-O(13) and N(2)-C(1)
bonds have a slightly greater character of double bonds than the N(3)-C(5), N(4)-C(1) and
N(3)-C(1) bonds.

Molecular stability and oxygen balance

The energy gap (AE) is one of the most important parameters for predicting the
relative stability of compounds. Thus, the highest occupied molecular orbital (HOMO)
energy, the lowest unoccupied molecular orbital (LUMO) energy, and the energy gap
(AELumo-nomo) were calculated at the B3LYP/6-311G (d,p) level. Analysis of the molecular
orbital can provide useful information on electronic structures.” Fukui et al.’® have observed
for the first time the prominent role played by the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) in governing the chemical
reactions of compounds. The principle of easiest transition (PET) states that the smaller is
the band gap (AELumo.nomo) between HOMO and LUMO, the easier will be the electron
transition and the lesser the stability. The DFT method predicts that the band gap (AErumo.
nomo) of the 1-phenyl-2-nitroguanidine molecule is 5.2 eV, which is found to be much larger
than for the energetic propellant molecules TNB, TNT and TATB, for which the respective
values are 5.007, 4.925 and 4.054 eV. This indicates that 1-phenyl-2-nitroguanidine is a very
stable molecule (Table 6). Overall, the titled compound is a stable molecule, and the stability
here refers to a chemical process with electron transfer or electron excitation in the molecule.

The Oxygen Balance (OBjo) is one of the important properties of energetic
materials, which can be used to roughly predict the impact sensitivities of the explosives. It
is defined as “the amount of oxygen, expressed in weight percent, liberated as a result of
complete conversion of the explosive material to carbon dioxide, water, sulfur dioxide,
aluminium oxide, etc.’” A positive oxygen balance produces greater quantity of NOx gases
and a negative oxygen balance produces CO. The equation for the calculation of oxygen
balance (OB) is:

100 2ny —ny; —2n. —2n4()

OBjoo = M

..(5)
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where ng, nyg, and nc represent the number of O, H, and C atoms, respectively; ncoo
is the number of COO", and here ncoo = 0 for the titled compound, M is the molecular
weight.

The calculated oxygen balance of the titled molecule is found to be negative and the
value is — 9.99% (Table 6). This value has been compared with other reported explosives
having positive oxygen balance (OBs) (HNB ~3.45%, PNA ~ 1.89%) as well as negative
OBs (TNT -3.08%; TNB — 1.41%; TATB — 2.33%; RDX — 22%; HMX — 22%)).

Table 6: Comparison of the energy gap, oxygen balance (OB%) and Hs¢% of 1-phenyl-
2-nitroguanidine with reported explosive molecules

Compound OB % HOMO LUMO AE | ymo-HoMO Hs0%
(eV) (eV) (eV) (cm)

1-Phenyl-2- -9.99 -0.247 -0.0588 5.12 90.5

nitroguanidine

TATB -2.33 -7.102 -3.292 4.054 320.0
TNB -1.41 -9.905 -4.898 5.007 149.0
TNT -3.08 -7.891 -2.099 4.925 160.0
HNB 3.45 - - - 10.00
PNA 1.89 - - - 14.0

Furthermore, using another statistical quantity associated with the electrostatic
potential of the molecule, the balance parameter v, we have calculated the impact sensitivity
of the 1-phenyl-2-nitroguanidine molecule®. The following equation was obtained from best
fit of data:

Hs0% =29.3 + 1.386.107 e85+ ...(6)

A close inspection of the structural parameters of this equation provides the physical
insight into the structure-impact sensitivity relationship. The predicted Hs% (2.5 Kg drop
mass) value for the 1-phenyl-2-nitroguanidine molecule is 90.5 cm. This lower value would
make the compound slightly sensitive to impact.

Molecular electrostatic potential and sensitivity
The theoretical electrostatic potential (ESP) of the compound was computed at the

optimized structure at the B3LYP/6-311G (d,p) level of theory. Fig. 5 shows the electrostatic
potential for the 0.001 electron/bohr’ isosurfaces of electron along with surface extrema of
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1-phenyl-2-nitroguanidine evaluated at the B3LYP/6-311G(d,p) level of theory. The colors
range from —43.0 to + 47.0 kcal/mole with red denoting extremely electron-deficient regions
(V(r) > + 47.0 kcal/mole) and dark blue denoting electron-rich regions (V(r) < -43.0
kcal/mole). It has been found recently by Murray et al.®' and extensively used by Rice and
Hare® that the patterns of the computed electrostatic potential on the surface of molecules
can be related to the sensitivity of the bulk material. The electrostatic potential V(r) that is
created at any point r in the space around a molecule by its nuclei and electrons is given
rigorously by,

V(r) = z j P gy A7)
||
Where Z4 is the charge on nucleus A, located at R,, and p(r) is the molecule’s
electronic density. Murray et al. were able to show®' that impact sensitivity can be expressed
as a function of the extent of this anomalous reversal of the strengths of the positive and
negative surface potentials.
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Fig. 5: ESP-mapped molecular surface of 1-phenyl-2-nitroguanidine. The unit is in
kcal/mol. Surface local minima and maxima of ESP are represented as green and orange
spheres, respectively. The transparent ones correspond to the extrema at backside of graph.
The local surface maxima with negative ESP values are meaningless and thus not shown,
only the global minimum and maximum are labeled

It is known that the delocalization of & electrons over an aromatic ring is affected by
both electron-withdrawing and electron-donating substituents attached to the ring. In their
study, Murray et al.®' found that for the nitroaromatics, the ESP on the surface above the
aromatic ring was positive reflecting the electron-withdrawing effect of the nitro groups. The
calculated electrostatic potential of the molecule (Fig. 5) reproduces these findings.
Electrostatic potential (ESP) on molecular surface is critical for studying and predicting
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intermolecular interaction®. This parameter can be used to predict the electrophilic and
nucleophilic sites in the molecule, where chemical reactions are expected to occur. The map
explicitly shows that highly charge-depleted bond is the sensitive bond in the molecule.

Fig. 5 shows that for the lone pair of each oxygen atom leads to one or more ESP
minima on the surface, and the value of the most negative one is — 42.70 kcal/mol, which is
also the global surface minimum of 1-phenyl-2-nitroguanidine. Each surface maximum in
the molecule corresponds to hydrogen, and the global maximum one (46.91 kcal/mol) stems
from the prominent positive charge of H15. A large electronegative potential is found in the
vicinity of the -NO, group, and a small electronegative region near the benzene ring atoms.

The graph (Fig. 6) illustrates how the whole 1-phenyl-2-nitroguanidine surface is
partitioned. From the graph, it is seen that there is a large portion of molecular surface
having small ESP value, namely from — 15 to 25 kcal/mol. Among these areas, the negative
part mainly corresponds to the surface above and below the benzene ring and shows the
effect of the abundant p-electron cloud, the positive part mainly arises from the positive
charged C-H hydrogen. There are small areas having significant negative ESP value, i.e — 20
to — 42.7 kcal/mol, which corresponds to the -NNO, region and is close to the global ESP
minima. There are also small areas having remarkable positive ESP value, corresponding to
the regions closed to the global ESP maximum.

Surface area (&)

-40 -30 -20 -10 0 10 20 30 40 50
Electrostatic potential (kcal/mol)

Fig. 6: Surface area in each ESP range on the surface of 1-phenyl-2-nitroguanidine
CONCLUSION

Thus, for evaluating the geometrical parameters and the ensuing properties of
nitrimine molecules, one can successfully use ab initio calculations at a moderate level with
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the 6-31G basis set, which do not require significant effort and are realizable on modern
personal computers. The use of additional methods for modeling the crystal packing and the
corresponding computing facilities will naturally increase the accuracy of prediction. The bond
topological and electrostatic properties of the energetic 1-phenyl-2-nitroguanidine molecule
were evaluated by density functional theory at B3LYP/6-311G (d,p) level. From the
topological parameters, it is predicted that the N-NO, bond is the weakest bond in the
molecule compared with all other bonds in the molecule. Compared with other reported
explosives, the 1-phenyl-2-nitroguanidine molecule exhibits a wide band gap (5.12 eV) and a
negative oxygen balance (— 9.99%). Using the oxygen balance and the nitro group charges, we
have calculated the impact sensitivity (Hso%) of the 1-phenyl-2-nitroguanidine molecule as
90.5 cm, which makes the compound slightly sensitive to impact. Furthermore, the ESP
predicts that a large electronegative potential is found in the vicinity of the —-NO, group, and a
small electronegative region near the benzene ring atoms. The predicted energetic parameters
indicate that 1-phenyl-2-nitroguanidine is a potential energetic molecule and hence, further
analysis of the derivatives of the 1-phenyl-2-nitroguanidine would be worthful.
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