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Abstract The derivatives of purine are designed through
substituting the hydrogen atoms on it for nitro and amino
functional groups. Geometries and frequency are analyzed
at the B3LYP/6-31 G** level of density functional theory
(DFT). Heats of formation (HOF), bond dissociation energy
(BDE) and detonation parameters (detonation velocity and
detonation pressure) are obtained in detail at the same level.
It is found that the BDE values of all derivatives are over
120KJ-mol™, and have high positive heats of formation.
These derivatives possess excellent detonation properties,
for B1, B2, and C, the detonation velocity are 9.58, 9.57,
and 9.90 km's™, and the detonation pressure are 43.40,
46.05, and 46.37 Gpa, respectively, the detonation perform-
ances are better than cyclotrimethylenetrinitramine (RDX)
and cyclotetramethylenetetranitramine (HMX). Hence, the
derivations of purine may be promising well-behaved high
energy density materials.

Keywords Bond Dissociation Energy - Density Functional
Theory - Detonation properties - Heats of formation -
Isodesmic reaction

Introduction
As the good prospects of nitro and amino substituents in the

low sensitivity, high energy density explosives field, it has
attracted a lot of attention in the last several decades [1-5].
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Most research works are focused on nitroazole, nitroazine,
and nitropyridine and some important results have been
achieved. For example, three derivatives of 2,4,5-tri nitro-
iminazole (PTNI) are synthesized by Talawar [6], the
1-methyl-2,4,5- trinitroiminizole (MTNI) are confirmed to
have performance relative to the RDX [7], and some deriv-
atives of tetrazine with high performance are synthesized
[8], and so on. These molecules are broadly researched
because the heterocycles usually have high nitrogen content
and high positive heat of formation, which can increase
substantially the energy density of molecules. Furthermore,
m aromatic bonding can also be located in these heterocycles
and stabilize the molecule. These molecules are usually
insensitive to the static, friction, and impact. To our knowl-
edge, purine has high nitrogen contents and conjugate action
in system [9], but we cannot find that it is studied as high
energy density compounds (HEDCs) so far. Purine is a
heterocyclic molecule with four nitrogen atoms, and it
has been known as an important biomolecule because it
is one of the basic groups to combine nucleonic acids
[10-13]. Moreover, the purine has been studied in drug
by Hongli Zhao and Lixin Zhou [14], and they obtained
satisfying consequence. Purine has a nitrogen content of
above 46%, and it is also fascinating because four
hydrogen atoms are located at the ring and can be
substituted by additional functional groups, such as
high-energy nitro group or amino group as Lewis base.
In fact, amino-substituted purine and nitro-substituted
purine have been synthesized in experiment [15]. In
general, the introduction of nitro will make the molecule
more explosive, but the introduction of amino will make
the molecule more insensitive because they can form
intermolecular and intramolecular bonds to stabilize the
molecule and increases crystal density. If we introduced
these two groups into purine and varied the positions
and the numbers of substituent, we could expect a molecule
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with appropriate sensitivities and high energy densities.
Therefore, 11 derivatives of purine are designed through sub-
stituting the hydrogen atoms in purine for amino or nitro
groups, and the geometry, thermodynamic characters, and
detonation performance are calculated in detail by using
B3LYP method with 6-31 G basis set

Calculation methods

All geometries are optimized using at GO3 program package
[16] on a desktop computer. The calculation method used
was the density functional theoretical (DFT) method using
Beche’s 3-parameter exchange functional plus the correla-
tion functional of Lee, Yang, and Parr (abbreviated B3LYP)
[17] along with the standard Gaussian basis set labeled 6-
31 G** [18]. Figure 1 shows the optimized geometries of
the derivatives of purine. All optimized structures were
characterized to be the local energy minimum on the potential
energy surface by vibrational analysis. Based on these struc-
tures, Wiberg bond orders are calculated by using nature bond
orbital (NBO) analyses [19].

It is well understood that the heat of formation (HOF),
enthalpy, and so on, are important parameters to measure the
explosive performance of HEDCs. So in this paper, we
designed isodesmic reactions [20, 21] to get the heats of
formation of the derivatives of purine. In isodesmic reac-
tions, the bonds and electronic pairs of the reaction are kept
equivalent in the products and the reactants, resulting in a
remarkable reduction of the calculations’ error for the heat
of formation. Additionally, isodesmic reactions could coun-
terbalance the error of electronic correlation energies and
also result in a remarkable reduction of calculations’ errors.
In this paper, the used isodesmic reaction is designed as the
following:

CsHyNy4 (N02)47X(NH2)X + 4CHy4
= (4 . X)CH3N02 + XCH3NH; + C5H4N4(X = 012)

So, the heats of formation can be educed from

ArH®(298K) = >~ A¢H (p)— 3= AsH ()
=S E(298K,p) — 3" E(298K, 1) + A(PV) ,
=Y E(0K,p) — > E(0K,r) + AZPE + AHT + AnRT

where ¥4 H’(p) and X4 H(r) are the heats of formation
of product and reactant at 298 K, respectively. The experi-
mental thermodynamic parameters of CHy, CH3NO,,
CH;NH,, from the references [22], the thermodynamic
parameters of CsH4N, are obtained by theoretical calcula-
tion [23], which are listed in Table 1. 3XE(0 K,p) correspond
to the energies sum of products at 0 K, XE(0 K,r) is sum of
the energies of reactant at 0 K. 4ZPE is sum of the zero
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point correction energies of products and reactants. 4Hr is
the thermal correction value, 2(PV) equal 2nRT for ideal
gas, and it will be zero because 4n is zero in an isodesmic
reaction. All values are calculated by us and the final results
are listed in Table 2.

Bond dissociation energies (BDE) are equal to the ener-
gies arousing a homolytic cleavage reaction of chemical
bond [24]. For many organic molecules, the terms “bond
dissociation energy” and “bond dissociation enthalpy” often
appear interchangeably in the literature [25]. Generally, it
can be described by subtracting the reactant energy from the
product energy. The trigger bond was described according to
the principle of the smallest bond order (PSBO) [26]. The
values of the bond order are obtained by NBO analysis. For
example, a homolytic cleavage reaction follows:

RA —BR'(g) - RA - (g) +R'B- (g).
Its dissociation energy can be described by
BDEra-gr)) = [Era- + ErB.] — ERA-BR)-

In which RA-BR' is reactant, and RA- and R'B- are
product radical. Therefore, the bond dissociation energy
are calculated based on these equations and the results are
listed in Table 3

The detonation velocity (D) and detonation pressure (P)
are very important factors for HEDCs. The Kamlet-Jacobs
approach has been proved to be reliable [27]. The equation
is shown as:

—1/2

1/2
D =1.01(NM (

0)
—1/2Q1/2

P = 1.558p> NM

N is the moles of gas produced by per gram of explosive,
and M is the mean molecular weight of the gaseous deto-
nation products. Q is the heat of detonation. For C,H,O Ny
explosives, N, M and Q are calculated according to Table 4.

1+ 1.30p)

Results and discussion
Heats of formation

The heat of formation is the performance that is considered
when the high energy density compounds are designed.
From Table 2, we can conclude that the derivatives of purine
have high positive heats of formation, consistent with pre-
vious reports that energetic high-nitrogen heterocycles have
high positive heat of formation value and can increase with
the number of nitro growing. From A1 to A6, we found the
heat of formation values of A1, A3, and A4 are smaller than
A2, A5, and A6. The result shows that the higher heat of
formation, the smaller the distance between nitro groups.
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Table 1 Total energies (E,), zero point energies (ZPE), thermal cor-
rection values (Hry), and the experimental heats of formation (HOFs) of
reference molecules used in paper

Compound Eo/(a.u) ZEP/(a.u) Hr/(a.u) HOF/
(KJ'mol™)

CH3NH, -95.87856 0.06424 0.00433 -23.0

CH3NO, -245.07755 0.04995 0.00529 -74.7

CsHy Ny -412.04627 0.09493 0.00664 18.0

CHy -40.52794 0.04484 0.00381 -74.8

The heat of formation value of Bl is biggest in B1 to B4.
These compounds, in which hydrogen atoms on nitrogen are
replaced by amino, have small heat of formation values.
This is because the conjugation role between amino and
purine ring is weaker than nitro and purine ring.

Bond dissociation energies

The sensitivity and stability of the energetic compounds are
directly relevant to the bond strength, which is commonly
described by BDE. Generally speaking, the stronger the
weakest bonds are, the more stable the energetic materials
are. From Table 3, we found that C-NO, or N-NO, has the
lowest bond order, so they are easier to break than other
bonds according to the principle of the smallest bond order
[28]. The BDE after zero point corrections is 17.3-
26.2 kJ'‘mol™" lower than that without zero point energy
corrections. However, the order of the BDE and pyrolysis
mechanism is not affected by the zero-point energies. A4,
B3, B4, and C have smaller BDE values than other deriva-
tives. The fact results from close distance and strong space

Table 2 Total energies (Eg), zero point energies (ZPE), thermal cor-
rection values (Ht), heat of formation (HOF) of the derivatives of
purine at the B3LYP/6-31 G** level

Compound Eo/(a.u) ZEP/(a.u) Hy/(a.u) HOF/
(KJ'mol™)

Al -931.62494 0.13235 0.01628 73.9
A2 -931.64520 0.13186 0.01519 16.7
A3 -931.64126 0.13181 0.01506 26.3
A4 -931.63878 0.13176 0.01534 36.1
AS -931.62567 0.13295 0.01500 70.6
A6 -931.61738 0.13228 0.01535 91.4
Bl -1080.71968  0.11758 0.01627 945.6
B2 -1080.74946  0.11686 0.01628 826.6
B3 -1080.74397  0.11714 0.01634 842.1
B4 -1080.73907  0.11684 0.01641 854.1
C -1229.83486  0.10158 0.01773 1071.6
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Table 3 Calculated bond dissociation enengies, trigger bond, and
bond order of the purine derivatives at the B3LYP/6-31 G** level

Compound BDE BDE,, Trigger Bond
(KJ'mol ™) (KJ-mol ™) bond order
Al 276.7 259.1 C4-NO, 0.8563
A2 2759 258.0 C4-NO, 0.8460
A3 263.8 246.5 C;3-NO, 0.8786
A4 139.1 120.2 N7-NO, 0.8714
AS 269.9 252.5 C4-NO, 0.8387
A6 249.9 232.6 C3-NO, 0.8636
Bl 262.2 245.2 C4-NO, 0.8470
B2 268.0 250.4 C4-NO, 0.8523
B3 166.3 140.4 N;-NO, 0.8278
B4 158.3 134.3 N;-NO, 0.8544
C 2133 187.5 N7-NO, 0.8053

* BDE,,. denotes the bond dissociation energies including zero-point
energy corrections

repulsion between two adjacent nitro, which lead to thermo-
dynamics stability declining. It is interesting to note that Al,
A2, A5, and A6 have relatively lower bond order but higher
BDE values. However, the A4 has higher bond order but
lower BDE value compared to Al, A2, A5, and A6. This
result shows that to judge the thermal stability of purine
derivatives is not by the bond order simply. The BDE values
of B1, B2, in which hydrogen bond exist, are bigger than
B3, B4, in which the distance of between amino and nitro is
too distant to form hydrogen bond. Hence, steric hindrance
and hydrogen bond play an important role in increasing
thermodynamics stability aspects. The BDE values of all
molecules that were designed by us are over 120KJ-mol™,
which meets the requirements as HEDCs. Compared to the
BDE value of HMX (166.4 KJ-mol™) at the same theoretical
level, the derivatives of purine designed by us are all more
stable except for A4, B3, and B4, which means they are
promising well-behaved HEDCs.

Explosive performance

In these derivatives, the theoretical density could replace the
loading density. The theoretical density was obtained from
the molecular weight divided by the average molecular
volume. The volume was defined as inside a contour of
0.001 electrons-bohr™ density that was evaluated using a
Monte Carlo integration. This method has been successfully
applied to high-nitrogen compounds [29]. Basis of the mol-
ecule density values, explosive performances of these deri-
vations are obtained and listed inTable 5. For a comparison,
the experimental detonation performances of two known
explosives RDX and HMX are also listed in this table. From
Table 5, we found that the detonation performance of purine
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Table 4 For the
C,HyONy explosives, Parameters Explosives components conditions
the values of N, M, Q,
are calculated following C>2a+b/2 2a+b/2>c>b/2 b/2>c
the formula N b+2c+2d/4M b+2c+2d/4M b+d/2M
M 4M/b+2c+2d 56d+88c-8b/b+2c+2d 2b+28d+32¢/b+d
M is the molecular Q*IO'3
weight of the title 28.9b+94.05a+0.239sH/M 28.9b+94.05(c/2-b/4)+0.239sH /M 57.8¢+0.239aH/M

compound (g'mol™)

derivatives will enhance with nitro number increasing. Tet-
ranitropurine have best detonation performance (p=
2.00 gem™, D=9.90 km's™, P=46.37Gpa) in all molecules
that are designed by us. B1, B2, C have better molecule
density, detonation velocity, and detonation pressure than
HMX and RDX, and meet the requirements as HEDCs
(p=1.9 g-cm'3, D=~9.0 km's™ and P~40Gpa) [30]. This
is because conjugate action and intramolecular hydrogen
bonds exist in the system. In addition, the high nitrogen
contents also play an important role in improving deto-
nation performance.

Conclusions

In this paper, the properties of the derivatives of purine have
been studied theoretically. The stable geometries of the 11
compounds were optimized at B3LYP/6-31 G~ level. The
heats of formation, bond dissociation energies, and explo-
sive performance are calculated at the same level. The
results are listed as follows:

(1) All purine derivatives have high positive heats of for-
mation which can increase with the number of nitro

Table 5 Detonation properties of the derivatives of purine at B3LYP/
6-31 G** level together with HMX and RDX

Compound p(g-em™) QKJ-g™h P(Gpa) D(km-s™)
Al 1.75 947.13 22.28 7.15
A2 1.81 890.17 23.12 7.21
A3 1.83 899.73 23.79 7.29
A4 1.93 909.49 26.58 7.58
A5 1.67 943.85 20.29 6.92
A6 1.90 964.56 26.53 7.61
Bl 2.01 1921.89 43.40 9.58
B2 2.10 1816.58 46.05 9.75
B3 1.89 1830.27 37.44 9.06
B4 1.75 1840.92 32.19 8.59
C 2.00 2107.89 46.37 9.90
HMX® 1.91 1633.9 39.00 1.82
RDX" 1.82 1591.03 34.00 1.91

° Experimental value from ref [33]

growing. The intramolecular hydrogen bonds of the
derivatives play an important role to molecules stabil-
ities. For the derivatives of purine, we found that the
stability of the compounds, in which hydrogen atoms
on nitrogen are replaced by amino, will descend.

(2) The bond dissociation energies values of all derivatives
are over 120KJ-mol!, which is a standard to estimate
high energy density compounds, which shows that the
all derivatives are very stable. In addition, this result
also shows that to judge the thermal stability of purine
derivatives is not by the bond order simply.

(3) The explosive performance of B1, B2, and C are over
HMX and RDX, especially C, the detonation perfor-
mance (p=2.00 g-em™, D=9.90 km's', P=46.37Gpa)
would range up with CL-20(2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane) [31].

Therefore, the derivatives of purine may become a viable
candidate for a new high energy density compound, if they
can be synthesized easier. For example, they can be synthe-
tized via substitution reactions [32]. This paper may provide
some basis information of physical chemistry and explosive
properties for people interested in these compounds.
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