J Mol Model (2012) 18:4639-4647
DOI 10.1007/s00894-012-1460-x

ORIGINAL PAPER

Theoretical studies of -NH, and -NO, substituted dipyridines

Hui Liu - Fang Wang - Gui-Xiang Wang - Xue-Dong Gong

Received: 11 March 2012 / Accepted: 3 May 2012 /Published online: 31 May 2012

© Springer-Verlag 2012

Abstract In this work, the experimental synthesized bipyr-
idines 3,3’-Dinitro-2,2"-bipyridine (DNBPy), 3,3'-Dinitro-2,2'-
bipyridine-1,1’-dioxide (DNBPyO), and (3-Nitro-2-pyridyl)
(5-nitro-2-pyridyl) amine (NPyA), and a set of designed dipyr-
idines that have similar frameworks but different linkages and
substituents with NPyA were studied theoretically at the
B3LYP/6-31G* level of density functional theory. The gas-
phase heats of formation were predicted based on the isodes-
mic reactions and the condensed-phase heats of formation and
heats of sublimation were estimated in the framework of the
Politzer approach. The crystal densities have been computed
from molecular packing. Results show that this method gives a
good estimation of density in comparison with the available
experimental data for DNBPy, DNBPyO, and NPyA. The
predicted detonation velocities and pressures indicate that the
performance of dipyridines linked with -O-, -NH-, or -CH,-
bridges have not been improved compared with that of the
directly linked dipyridines, but all derivatives have better
detonation properties than DNBPy, DNBPyO, and NPyA be-
cause of the presence of more nitro groups. An analysis of the
bond dissociation energies (BDEs) or the impact sensitivity
(hso) suggests that introduction of different bridges but not
substituents has little influence on thermal stability. The calcu-
lated hs59 may be more reliable than BDE for predicting
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stability. Four bridged bipyridines have quite good detonation
performance and low sensitivity.
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Introduction

Nitrogen heterocyclic compounds are potential and
promising candidates for high-energy density materials
(HEDMs) owing to their rather high density, high pos-
itive heat of formation, good oxygen balance, and good
thermal stability [1]. They have received a great amount
of interest in recent years [2—8].

Pyridine is a six-membered heterocyclic compound.
The derivatives of pyridine have higher nitrogen con-
tents than the carbocyclic analogues, enabling these
compounds to release more nitrogen gases and in turn
higher energy in explosion. On the other hand, since a
N atom contributes more to the density than a C atom,
the presence of pyridine in molecule is supposed to
improve its density and correspondingly increase the
detonation velocity and pressure [9]. Therefore, the search
for new HEDMs containing pyridine has attracted much at-
tention [10-20]. Some substituted pyridine derivatives have
been synthesized and investigated for energetic applications
[10-13, 21-26]. Some of them, for example, polynitro-
pyridines like 2,6-diamino-3,5-dinitropyridine-1-oxide
(ANPyO) and 2,6-bis(picrylamino)-3,5-dinitropyridine
(PYX) have been applied as energetic materials.

To meet the continuing demand for improved ener-
getic materials, there is a clear need to continue to
design and develop new pyridine-based HEDMs. Stud-
ies on dibenzene linked by -N=N- (i.e., HNAB) [27] or
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-CH=CH- (i.e., HNS) [28], and difurazan and ditriazine
linked by -NH-NH-, -N=N-, —CH,-CH,-, or -CH=CH-
[29, 30] showed they have better detonation perfor-
mance than monocyclic derivatives. This indicates that
the combination of nitrogen heterocycles (or benzene
ring) with different bridges may be helpful for improv-
ing the performance of energetic materials. In literatures,
the bridged bipyridines compounds, e.g., 3,3'-Dinitro-
2,2'-bipyridine (DNBPy), 3,3’-Dinitro-2,2'-bipyridine-
1,1'-dioxide (DNBPyO), (3-Nitro-2-pyridyl)(5-nitro-2-
pyridyl)amine (NPyA) and 2,2’-Oxy-bis(pyridine)
(OBy) have been synthesized and reported [31-34].
Although they are not used for energetic materials,
their performance can be tuned by introducing some
energetic groups. In this study, systematic theoretical
studies on the structures, heats of formation, energetic
properties, and thermal stability of them and their
derivatives with linkages of none (series A), -NH-
(series B) , -CH,- (series C), -O- (series D) and sub-
stituents of H (series 1), -NH, (series 2), and -NO,
(series 3) (see Fig. 1) have been performed. Our main
purpose here is to investigate the effect of different
linkages and substituents on the structure and perfor-
mance and their roles in the design of efficient high-
energy density compounds.

Computational methods

The density functional theory (DFT) B3LYP method
[35, 36] in combination with the 6-31G* [37] basis set
which has been proved [38—44] to be able to give quite

reliable energies, molecular structures, and other proper-
ties was used to fully optimize the molecular geometries
of the title compounds with the Gaussian03 program
package [45]. The optimizations were performed without
any symmetry restrictions using the default convergence
criteria in the program. All of the optimized structures
were characterized to be true local energy minima on
the potential energy surfaces without imaginary frequencies.

Detonation velocity and pressure, the most important param-
eters for evaluating the detonation characteristics of energetic
materials, were calculated using the following Kamlet-Jacobs
(K-J) equations [46, 47], which have been verified by many
studies [38—44] to be suitable for organic explosives.

1/2
= 1. 01( NM'2 Q‘/Z) (1+ 1.30p) (1)
P = 1.558p’NM'/? 02, (2)

where P is the detonation pressure (GPa), D is the detonation
velocity (km/s), p is the packed density (g/cm®), N is
the moles of gas products per gram of explosives, Mis
the average molar weight of detonation products, and O
is the chemical energy of detonation (cal/g). N, M, and
Q are decided according to the largest exothermic prin-
ciple [44].

The density in the K-J equations was usually calculated
by the following equation in the previous studies [48—52]:

M
P =V (0.001)° (3)

In which M is the molecular mass (g/molecule), and
7(0.001) is the volume (cm’/molecule) defined as the
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Fig. 1 The molecular structures of the title compounds
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space inside a contour of electron density of 0.00le -
Bohr. However, the results obtained using this equa-
tion may have quite big errors for some systems, for
example, molecules that can form strong hydrogen
bonds. Politzer et al. [53] suggested that Eq. 3 should
be corrected to better reflect the effects of intermolecu-
lar interactions in crystals. They have proposed two
modified equations and the better one is shown as
follows [53]:

M

pPp = a[m] +ﬂ(VUtzoz) +7, 4)

where @, B and y are regression coefficients and their
values are taken from ref. [53]. v is the degree of
balance between the positive and negative charges on
the isosurface, and o2 is a measure of the variability of
electronic potential on the surface [53]. v and o2, are
calculated using a self-compiled program [54]. Since
HEDMs are usually in agglomerate solids, their densi-
ties are closer to crystal densities. Therefore, crystal
density was also evaluated by the rigorous molecular
packing calculations using the polymorph module of
Materials Studio [55]. Molecular mechanics method
(MM) and the Dreiding force field [56] which is capa-
ble for predicting the condensed phase properties were
adopted. Since more than 80 % organic compounds
crystallize in seven space groups (P2,/c, P-1, P2,2,2,
P2;, Pbca, C2/c, and Pna2;) on the basis of statistical
data [57-59], the search of the possible crystal structure
has been confined to these most typical groups only.

In this paper, the above mentioned three methods
have been used to predict the density of the compounds
(A, A-O, B) with experimental values for comparison
and evaluation of the methods. The best one was adop-
ted to predict the density of other compounds.

The detonation heat Q was evaluated from the heats of
formation (HOFs) of products and reactant. The standard
gas-phase HOFs (AH(g)) of bridged pyridines were calcu-
lated using the following isodesmic reactions.

R NO, R R NO
— N=— —t
OZN—QR'QNOZ + 2CHy — CH3R'CH; + 2 OzN%\:\}
R O,N R R

2

(5)
R NO,
— N
O:NQ + 4CHy —— @ + 2CH3;NO, + 2CH;R
K
(6)
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R = —I‘I7 —I\Il‘lz7 _NOZ, Rl = —I\]I—I—7 —CI—IZ_7 -0 -

The enthalpy of reaction (AH,g9g) of these reactions at
298 K can be calculated from Eq. (9),

AHyos =Y AHi(g,P) =) AH (g,R)

=Y H(P)-) H(R), ©)

where AH; (g, R) and AH; (g, P) are the HOFs and H (R) and
H (P) are the enthalpies of the reactants and the products at
298 K, respectively. The experimental HOFs of the refer-
ence compounds in isodesmic reactions, CH,, CsHsN,
CH;CHj3;, CH3NHCHj;, CH3CH,CH;3, CH3;0CH3, CH3NO,,
and CH3;NH, are available [60]. For the reference com-
pound CsHsNO which lacks experimental HOF, G2 theory
[61] has been used to obtain its accurate AH; (g). When the
enthalpies of all compounds and HOFs of all reference
compounds are known, the AH; (g) of the title compounds
is readily obtained.

The HOF in solid state (AHg(s)) can then be estimated
using Eq. 10

AHf(S) = AHf(g) - AHsuba (10)

where AHg,, is the heat of sublimation evaluated using
Eq. 11 suggested by Rice and Politzer et al. [62, 63]:

0.5
AHgy, = al<As)2 + By (VUtotz) + 715 (11)

where A, is the surface area of the 0.001 electron/bohr” isosur-
face of the electron density. The values of coefficients ¢4, 31,
and y; are taken from ref. [62].

To measure the strength of the bonds and relative stability
of the title compounds, the bond dissociation energies
(BDEs) of the weak bonds according to the NBO analysis
are calculated. BDE is the energy required for a bond
homolysis. The expressions for the homolysis of the bond
A-B (Eq. 12) and for calculating its BDE (Eq. 13) are shown
as follows [64]:

A —B(g) — As(g) + Be(g) (12)
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BDE(A,B) = [EA. + EBO] - E(A*B)7

(13)

where Ae and Be are the radicals produced by dissociation of
A-B. BDE(AfB) is the BDE of the bond A_B, E(A*B)) EA., and
Eg. are the zero-point-corrected total energies of the parent
compound and the corresponding radicals, respectively.

The impact sensitivity (%so), another parameter that can
reflect the stability of the compounds, has been estimated
using Eq. 14 suggested by Pospisil et al. [65]:

hso = 020> + Byv + 7, (14)

where the values of coefficients a», > and y, are taken from
ref. [65].

Results and discussion
Heats of formation

Heat of formation is frequently taken to be indicative of the
“energy content” of an energetic compound. Therefore, it is
important to predict the heat of formation accurately. Previous
studies indicated that the calculated values of HOF by applying
the isodesmic reactions agree well with experimental values
when appropriate reference compounds have been chosen [42,
49, 62, 66, 67]. Table 1 summarizes the AH{g) and AH(s) of
the title compounds and the related data of A, v, cffm, and AHgy,.

It can be seen from Table 1 that AHg(g) and AH(s) of all the
compounds are large and positive except the compounds of
series 2 (A2, B2, C2, D2, and their oxides). The substituent -
NO, increases HOF greatly and -NH, decreases HOF a lot,
which indicates the nitro group but not the amino group is an
effective group for increasing HOF. On the other hand, with
the increase in the number of the nitro groups, HOF does not
alwalys increase, i.e., HOF does not obey the group additivity
rule for these compounds. For example, from A to A1, A-O to
A1-0, or B to B1, the nitro number increases from 2 to 4 but
the HOF decreases a little. It can also be seen the HOFs of N-
oxides are higher than the corresponding pyridines, which
indicates oxidation of the pyridine N improves HOF effec-
tively. The HOFs of the bridged dipyridines are all lower than
those of the directly linked dipyridines, for example, the HOFs
of Al, Bl1, Cl, and D1 are 198.50, 153.92, 172.97, and
46.54 kJ mol™', while that of A is 241.93 kJ mol™. The -O-
bridge decreases HOF most. This is because when -O- bridge
replaces two H, less H,O and more O, will be produced on
detonation. This implies that incorporation of -CH,-, -NH-, or
-O- into dipyridines is unfavorable for increasing HOF.

Crystal density

It is well known that density is critical to the detonation
properies of energetic materials [46]. In this study, we
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compared the densities calculated with Eqs. 3 and 4 and
from MM for A, A-O and B with the experimental densities
[31-33]. The results are listed in Table 2.

The relative errors of the calculated values to the exper-
imental results show that p, from MM method agree better
with the experimental ones than p from Eq. 3 and p, from
Eq. 4. The mean relative errors of p, p,, and p. are 2.49 %,
2.72 %, and 0.63 %, respectively, which means MM method
may be more reliable for predicting the crystal density of the
title compounds. Thus, the densities of all title compounds
have been calculated with the MM method. The predicted
crystal structures are shown in appendix. Results of density
are collected in Table 3 and show that all compounds have
higher densities (1.69~2.08 g/cm?) than A, A-O, and B. The
densities increase with the introducing of -NH, and -NO,,
and the latter improves the density more greatly than the
former. For example, the densities of Al, A2, and A3 have
the order of A3 > A2 > Al. Figure 2 presents a comparison
of the densities of all compounds with those of RDX and
HMX. It can be seen that the densities of all compounds
except Al, B1, C1, C2, C1-0O, and D1 are larger than that of
RDX and those of A3, A2-O, A3-O, B3, B2-O, B3-0O, C3,
C3-0, D2, D3, D2-0, and D3-O are even larger than that of
HMX. C series with the -CH,- brigde group have the small-
est density (1.69~1.95 g/cm3) and A, B, and D series have
similarly larger density (1.76~2.08 g/cm?), which indicates
incorporation of -CH,- into dipyridines is unfavorable for
increasing the density. What’s more, the densities of N-
oxides are not always larger than the corresponding parent
compounds, which is not consistent with that found for
detonation properties.

Detonation properties

Table 3 also collects the predicted heats of detonation (Q),
detonation velocity (D) and detonation pressure (P) for the
title compounds, along with the experimental results of
commonly used explosives RDX and HMX. The relation-
ships between the structures and detonation properies are
also plotted in Fig. 2.

The calculated results of O in Table 3 show that intro-
ducing -NO, or -NH, to A, A-O, and B does not alwalys
increase Q. In each A, B, C, and D series, for example, Al,
A2, A3 in A series, the substitution derivatives of -NH,
have smaller and -NO, derivatives have larger Q, which
shows -NO, is more helpful for increasing Q than -NH,.
In adition, the Q of the N-oxides are always larger than the
parent compounds. Bipyridines in series 1, 2, 3, or 4 (for
example, Al, B1, C1, D1) have close Q values, indicating
the effect of bridge groups on Q is small.

It can be found from Fig. 2 that the effects of substitution
on the D and P are similar. All derivatives have better
detonation properties than A, A-O, and B. The dotonation
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Table 1 Calculated heats of

formation and related parameters Compounds  AJ/( %) v o2 J(keal/mol)’  AH.w/(kJ/mol)  AHK(g)/(kJ/mol)  AH(s)/(kJ/mol)
A 255.55 0.25  120.25 35.06 276.99 241.93
A-O 264.15 0.25 140.71 38.11 282.96 244 .85
B 300.74  0.25 140.59 46.86 246.13 199.27
Al 346.33 0.21  99.93 55.87 254.37 198.50
A2 32496 024 173.07 54.60 43.27 -11.33
A3 441.39  0.04 227.32 83.54 458.66 375.12
Al-O 300.07  0.18  107.95 42.76 278.94 236.18
A2-0 329.15 0.24 13948 54.06 91.67 37.61
A3-0 358.41 0.04 22043 55.32 547.90 492.58
Bl 317.11 0.22  102.1 48.07 201.99 153.92
B2 32795  0.04 234.12 46.70 —0.48 —47.18
B3 348.05 0.05  252.67 53.73 413.03 359.30
B1-O 309.58  0.19  111.02 45.69 241.43 195.74
B2-O 327.18  0.25 141.69 53.94 63.11 9.17
B3-O0 344.43 0.05 256.11 52.73 511.28 458.55
Cl 288.13 0.22 97.78 40.38 213.35 172.97
C2 318.85 0.24  166.58 52.62 16.50 —36.12
C3 345.19  0.05 239.19 52.64 407.81 355.17
C1-O0 330.74 0.2 117.3 52.08 240.10 188.02
C2-0 34439  0.25 146.75 59.11 65.13 6.02
C3-0 366.3 0.04  248.63 58.21 498.33 440.12
D1 307.99  0.21 117.51 46.25 92.79 46.54
D2 330.41 0.24  186.96 56.77 -113.91 —170.68
D3 298.79  0.04 25148 39.25 301.24 261.99
D1-O 301.84  0.18 10544 43.08 152.42 109.34
D2-O 397.47 024  139.08 75.06 —32.52 —107.58
D3-0 327.95 0.04 234.12 46.70 421.58 374.88

properties of the derivatives in series 1~3 have the order of
3>2>1, which means introducing -NH, and -NO, can en-
hance the detonation properties and -NO, is more favorable.
In addition, the detonation properties of all N-oxides are
improved by oxidization. Series A ( directly linked) and D
(-O- bridged) have larger D and P than series B (-NH-
bridged), and compounds in series C (-CH,- bridged) have
smallest D and P. This shows that introducing bridge groups
(-O-, -NH-, -CH,-) into the directly linked dipyridines does

Table 2 Comparison of the densities obtained from various methods®

Compounds p(glem’)  py(glem’)  puglem’)  pegleem’)

A 1.61 (2.55) 1.61 (2.35) 1.59 (1.27) 1.57[31]
A-O 1.70 (3.03) 1.70 (3.27) 1.65 (0.00) 1.65 [32]
B 1.62 (1.89) 1.63 (2.54) 1.60 (0.63) 1.59 [33]
mean error® (2.49) (2.72) (0.63)

i, Pp» Pe» and ey, are the densities from Eq. 3, Eq. 4, MM method,
and experiment, respectively. Data in the parentheses are the relative
errors of the calculated values in percentage. °the average relative
errors

not improve their denotion properities. The D and P of all
compounds in series 3 except C3 are higher than 9.0 km/s
and 40.0 GPa, respectively.

From Fig. 2 it is also obvious that the evolution pattern of
D or P is very similar to that of p. This shows that the
detonation properties are predominantly controlled by den-
sity. However, there are also dipyridines which have higher
p but lower D and P than RDX or HMX because of the
influence of Q. A3~D3 and their N-oxides have higher D
and P than RDX, and all of them except C3 have better
detonation performance than HMX too. Furthermore, the
detonation performance of A2-O~D2-O is also close to that
of RDX. Since the detonation properties of experimental
synthesized A, A-O, and B are not perfect, the above men-
tioned candidates with good performance are worth further
experimental investigations.

Thermal stability
Table 4 lists bond order of the relatively weak bonds (BO),

bond dissociation enthalpies(BDE), and the characteristic
height (/5).
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Table 3 Calculated densities and detonation properties

Compounds  Space groups p(g/em®)  QO(kJ/kg)

D(km/s) P(GPa)

A
A-O
B

Al
A2
A3
Al-O
A2-0
A3-O
B1
B2
B3
B1-O
B2-O
B3-O
Cl
C2
C3
Cl1-0
C2-0
C3-0
D1
D2
D3
D1-O
D2-O0
D3-O0
RDX*
HMX*

P2,/c
P-1
P-1
P-1
P-1
P-1
P-1
P2,/c
P2,/c
P2,2:24
P2,/c
P-1
C2/c
P2,/c
P-1
P-1
P2,
P-1
C2/c
P-1
P2,2,2,
P-1
Pna2,;
P2,
P2,
P-1
P-1

1.59
1.65
1.60
1.76
1.89
2.08
1.83
1.96
2.04
1.76
1.84
2.03
1.82
1.93
2.00
1.69
1.80
1.95
1.79
1.90
1.97
1.76
1.94
2.05
1.85
1.93
2.00
1.82
1.91

4728.95
5610.05
4380.10
5540.77
4398.95
6825.60
6230.35
5103.43
7359.29
5241.14
4205.99
6645.32
5939.52
4917.25
7142.69
5374.68
4298.02
6692.43
5993.65
4972.09
7162.56
5416.25
4318.97
6777.53
6152.87
5035.71
7290.72
5622.50
5629.86

* Experimental values from ref. [68]

Fig. 2 Densities, heats of
detonation, detonation
velocities, and detonation

pressure of the title compounds
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BO is a theoretical index of the degree of bonding be-
tween two atoms. It can be used as a measure of the bond
strength [49, 69]. From Table 4 it can be seen that the BO of

5.94 14.49 the ring-NO, bonds are smaller than those of the C-X
6.70 18.89 (X= -NH-, -CH,-, -O-) bonds except for some -NH, deriv-
6.00 14.82 atives, such as A2, A2-0, C2, D2, D2-0, in which the BO of
732 23.46 ring-NO, bonds are slightly bigger than those of the C-X
7.57 26.16 bonds. These indicate that the trigger linkage in most of
9.36 42.18 these dipyridines appears to be the ring-NO, bonds, which
7.94 28.23 are easier to break than other bonds according to the princi-
820 31.36 ple of the smallest bond order (PSBO) [70]. For A2, A2-O,
9.49 42.97 C2, D2, and D2-0O, the decomposition process is possibly
731 2338 initialized from the breaking of the bridge C-N, C-C, or C-O
740 2462  bonds.
918 40.10 The BDE of the trigger bond is often a key factor in
789 2781 investigating the stability and pyrolysis mechanism for en-
8.09 30.24 ergetic compounds [71-74]. Generally, the less the energy is
934 4111 needed for breaking a bond, the weaker the bond is, and the
700 20.91 easier the molecule is broken [28, 39, 42]. To elucidate the
720 2301 pyrolysis mechanism and thermal stability of the title com-
2.83 3627 pounds, the BDEs of the weak bonds (ring-NO, or C-X)
767 26.04 were calculated and the results are also listed in Table 4. For
790 28.58 all compounds except D2-O, the BDE of ring-NO, bond is
9.14 3908 much smaller than that of the C-X bond, which shows that
737 2379 the ring-NO, bond may be the trigger bond during the
s 9781 thermolysis initiation process. Figure 3 plots the BDE of
9.29 4195 the weakest bonds for various bipyridines. We see that the
BDEs of all compounds are in the range of 200~300 kJ
8.05 29.26 1 . . . .
%14 30.66 mol ™. The bridge group of bipyridine has little effect on the
BDE value. We can also see from Fig. 3 that the BDE values
9.38 41.48 . . . . L.
875 34.00 are in the order of series 2 > series 1 > series 3, whlf:h is also
the order of the relative thermal stability of the title com-
910 3900 pounds. This indicates that the amino group is helpful for
improving stability, but the nitro group lowers stability.
What’s more, in series 2, all amino and nitro groups are
= %g:: ...................... O\/O ..... ./Q ....... o Qeerenn O\.\..../Q\../.@ ......... HMX
@ ggf ................. oo/ ‘i \O/\OO\O/\OO/\O/O/O()@ .......... RDX
204 o / o”
B3—— o o . ' HMX
@ 9".'.'.'.'.'.'f.'Z.'.'f.'.'.'f.'.'f.'.'.'A..'.'.'f.'/.'..'f:.'.'.' ..'f.'.'.'.'...'f:.':ffoff.'.'.'."Qi.'.'.':i..Z.'f:.'ﬂ.'\.‘lo'./@'.'.‘.l'.'.ii'
't’E/ 3 : o*o/\ \ / /\o@/ \O'O/ \o’o/ o o
E 64 O/o o/
m7000d ' 9 9 "9 R
Zeond R /\/\/ Ao /.O.?cx. PAN AW AT
o ICA VAV AV . VA
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Table 4 Calculated bond order (BO), bond dissociation energies
(BDE, kJ mol™), and characteristic height (450, cm)®

Compounds BO BDE hso
Ring-NO, C-X*  Ring-NO, C-X°

Al 0.9260 0.9697  254.30 411.20 48
A2 1.0176 0.9688  294.25 389.47 53
A3 0.8734 1.0021  207.38 41420 6
Al-O 0.9138 1.0211  242.50 506.10 39
A2-0 1.0167 0.9916  292.53 47832 54
A3-0 0.8878 1.0110 211.17 495.02 4
Bl 0.9195 1.0929  232.55 39991 50
B2 1.0566 1.0931 308.85 39733 56
B3 0.8692 1.0704  206.43 390.16 8
B1-O 0.9273 1.1484 267.42 379.45 41
B2-O0 1.0282 1.1435  279.92 351.02 55
B3-0 0.8742 1.1272  202.07 37438 6
Cl 0.9270 1.0037 261.92 333.43 51
C2 1.0236 0.9966  288.55 328.44 55
C3 0.8614 1.0016  207.72 33330 8
C1-0 0.9094 1.0119 24552 349.42 45
C2-0 0.9925 1.0064  269.08 336.72 56
C3-0 0.8797 1.0078  225.76 34599 6
Dl 0.9276 0.9344  252.06 339.08 47
D2 0.9903 0.9358  281.27 31948 53
D3 0.8694 0.9659  207.30 32333 5
DI1-O 0.9192 0.9955 247.42 268.33 41
D2-O 0.9991 0.9967 273.41 23591 55
D3-O0 0.8908 0.9869  206.76 26094 4
RDX 153.80 29(28)*
HMX 166.50 33(32)*

# Data in the parentheses are the experimental values taken from Ref. [76]
" X=NH, CH,, O

suited at the adjacent positions, so they can form hydrogen
bonds to further stabilize the compounds.

The characteristic height /5o predicted in this study is
also shown in Fig. 3. The predicted /sy values have the
order of series 2 > series 1 > series 3 too. Since the greater
hso a compound has, the less sensitive the compound is [65],
therefore -NO, group increases while -NH, group lowers
the impact sensitivity, which also confirms that the amino
group has an insensitizing effect. It is in harmonic agree-
ment with the conclusion from BDE.

However, the conclusion from /%5 is not always consistent
with that from BDE. For the pyridines studied in this work, the
BDE values of the weakest bonds are all above 200 kJ mol™,
much higher than that of RDX (153.80 kJ mol™") and HMX
(166.50 kJ mol™). It seems that all pyridines are much more
stable and less sensitive than RDX and HMX to thermal and
impact stimuli according to the results of BDE. However, the
hso of A3, A3-O, B3, B3-O, C3, C3-O, D3, and D3-O is
smaller than that of RDX and HMX, which supports the
proposed of Politzer [75] that the correlation between bond
strength and impact sensitivity is not general but limited
within certain classes of molecules. To test the reliability of
the predicted /sy, and BDE, further calculations were per-
formed on 1,3,5-Trinitrobenzene, 1,2,3,5-Tetranitrobenzene,
and Hexanitrobenzene (HNB), and the results of BDEs
(267.84, 210.49, and 209.79 kJ mol™") and hses (45, 25, and
6 cm, respectively), are in reasonable agreement with the
experimental Asps (71, 28, 11 ¢cm) [76]. Though the order of
the stability of three compounds predicted by BDE and /5 are
the same, the result for individual compound from BDE is
unrealiable. For example, according to the experimental and
calculated /59, HNB is sensitive because of large repulsion
caused by many adjacent nitro groups. However, the value of
BDE indicates it is stable. Obviously, /5 is more reliable than

Fig. 3 Bond dissociation
energies (BDE) and the
characteristic height (%5s,) of the
title compounds
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BDE for predicting stability here. Though A3, A3-O, B3, B3-
0, C3-0, D3, and D3-0O have good detonation performance
over RDX and HMX, but their /5, is very low. A2-O, B2-O,
C2-0, and D2-O, which have close detonation performance
with RDX, have quite big /5o and are more stable than RDX
and HMX. They are worth further consideration.

Conclusions

In this work, the properties of a set of bipyridines with
different linkages and energetic substituent groups have
been studied theoretically. The gas-phase HOFs are pre-
dicted with isodesmic reactions and the condensed-phase
HOFs are estimated in the framework of the Politzer ap-
proach. The results show that all compounds except the -
NH, derivatives posses large HOFs and incorporating the -
CH,-, -NH-, or -O- bridge into dipyridines is unfavorable
for increasing HOF but the oxidation of the pyridine N
improves HOF. The crystal density has been computed
through molecular packing calculations. All compounds
have quite large density (1.69~2.08 g/cm?). Incorporating
-NH- and -O- into dipyridines is helpful for increasing
density, but it is not the case for -CH,-.

The calculated detonation velocities and detonation pres-
sures indicate that both -NH, and -NO, can enhance the
detonation properties with the latter being more prefered.
The N-oxidation of pyridine derivatives can also improve
the detonation properties. Linking pyridines with -O-, -NH-,
or -CH,- bridge groups can not improve the detonation
properities in comparison with the directly linked bipyri-
dines. The sensitivity judged from /5y, may be more reliable
than that from BDE. An analysis of the bond dissociation
energies or the impact sensitivity suggests various bridged
bipyridines with the same substituents have little difference
in their thermal stability. The amino group is helpful for
improving stability, but the nitro group lowers stability.

Considering the detonation performance and stability,
A2-0, B2-0, C2-0, and D2-O that have similar detonation
performance with and lower sensitivity than RDX may be
worth further investigations.

Acknowledgments Thanks to the National Natural Science Founda-
tion of China (NSAF Grant No. 11076017) for supporting this study.

References

1. Hiskey M, Chavez D (2001) Insensitive high-nitrogen compound
NTIS No: DE220012776133

2. Hiskey M, Chavez D, Darren LN (2000) Proceedings of 27th
International Pyrotechnics Seminar USA, Colorado p3-14

3. Huynh MHYV, Hiskey M, Emest L (2004) Angew Chem Int Ed
43:4924-4928

@ Springer

— O 0 00N N A

—_—

12.
13.
14.
15.
16.
17.

18.
19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.
33.

34.
35.
36.
37.
38.
39.
40.

41.
42.

43.

44,

45.

. All AN, Son SF, Hiskey M (2004) J Propuls Power 20:120-126

. Huang M, Li HZ (2006) Chin J Energ Mater 14:457-462

. Yang SHQ, Xu SL, Lei YP (2006) Chin J Energ Mater 14:475-484
. Zhou Y, Long XP, Wang X (2006) Chin J Energ Mater 14:315-320
. Li XT, Pang SP, Luo YJ (2007) Chin J Org Chem 27:1050-1059
. Wang GX, Xiao HM (2007) Acta Chim Sinica 65:517-524

. Ritter H, Licht HH (1995) J Heterocycl Chem 32:585-590

. Hollins RA, Merwin LM, Nissan RA (1996) J Heterocycl Chem

33:895-904

Ritter H, Licht HH (1988) Propellants Explos Pyrotech 13:25-29
Cheng J, Yao QZ (2008) Chin J Org Chem 28:1943-1947
Chavez DE, Hiskey MA, Gilardi RD (2000) Angew Chem
39:1971-1973

Turker L, Atalar T (2006) J Hazard Mater 137:1333-1344
Johnson MA, Truong TN (1999) J Phys Chem B 103:9392-9393
Zeman S, Trcinski WA, Matyas R (2008) J Hazard Mater 154:192—
198

Turker L (2009) J Energ Mater 27:94-109

Turker L, Atalar T, Gumus S, Amur YC (2009) J Hazard Mater
167:440-448

Fried LE, Manaa MR, Pagoria PF, Simpson RL (2001) Annu Rev
Mater Res 31:291-321

Li JS, Huang YG, Dong HS (2005) Chin J Energ Mater 23:133—
149

He ZW, Zhou SQ, Ju XH, Liu ZL (2010) Struct Chem 21:651-656
Fan XW, Gu CG, Chen G, Ju XH (2010) Chin J Chem 28:2364—
2369

Turker L, Gumus S, Atalar T (2010) J Energ Mater 28:139-171
Li JS, Huang YG, Dong HS, Yang GC (2003) Chin J Energ Mater
11:177-181

Li JS, Huang YG, Dong HS (2004) Chin J Energ Mater 12:576—
579

Liu Y, Gong XD, Wang LJ, Wang GX, Xiao HM (2011) J Phys
Chem A 115:1754-1762

Wang GX, Shi CH, Gong XD, Xiao HM (2009) J Phys Chem A
113:1318-1326

Zhang XW, Zhu WH, Xiao HM (2010) J Phys Chem A 114:603—
612

Wang F, Du HC, Zhang JY, Gong XD (2011) J Phys Chem A
115:11852-11860

Rice CR, Wallis JD, Povey DC (1992) Acta Crystallogr Sect C
48:1988-1991

Leary JO, Wallis JD (2007) CrystEngComm 9:941-950

Verardo G, Giumanini AG, Tolazzi M, Cerioni G (2000) Zh Org
Khim 36:731-739

Dunne SJ, von Nagy-Felsobuki EI, Mackay MF (1995) Acta
Crystallogr Sect C 51:1454-1457

Lee C, Yang W, Parr RG (1988) Phys Rev B 37:785-789

Becke AD (1993) J Chem Phys 98:5648-5652

Hariharan PC, Pople JA (1973) Theor Chim Acta 28:213-222
Xiao HM, Xu XJ, Qiu L (2008) Theoretical design of high energy
density materials. Science Press, Beijing

Xiao HM (2004) Structures and properties of energetic com-
pounds. National Defence Industry Press, Beijing

Chen ZX, Xiao JM, Xiao HM, Chiu YN (1999) J Phys Chem A
103:8062-8066

Zhang J, Xiao HM (2002) J Chem Phys 116:10674—-10683

Xu XJ, Xiao HM, Ju XH, Gong XD, Zhu WH (2006) J Phys Chem
A 110:5929-5933

Wang GX, Gong XD, Xiao HM (2008) Chin J Chem 26:1357—
1362

Wang GX, Gong XD, Liu Y, Xiao HM (2010) J Quant Chem
110:1691-1701

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Zakrzewski VG, MontgomeryJr JA, Stratmann RE,
Burant JC, Dapprich S, Millam JM, Daniels AD, Kudin KN, Strain



J Mol Model (2012) 18:4639-4647

4647

46.
47.

48.

49.

50.

S1.

52.
53.

54.

55.
56.

57.

MC, Farkas O, Tomasi J, Barone V, Cossi M, Cammi R, Mennucci B,
Pomelli C, Adamo C, Clifford S, Ochterski J, Petersson GA, Ayala
PY, Cui Q, Morokuma K, Malick DK, Rabuck AD, Raghavachari K,
Foresman JB, Cioslowski J, Ortiz JV, Baboul AG, Stefanov BB, Liu
G, Liashenko A, Piskorz P, Komaromi I, Gomperts R, Martin RL,
Fox DJ, Keith T, Al-Laham MA, Peng CY, Nanayakkara A, Gonzalez
C, Challacombe M, Gill PMW, Johnson B, Chen W, Wong MW,
Andres JL, Head-Gordon M, Replogle ES, Pople JA (2003) Gauss-
ian03. Gaussian, Inc, Pittsburgh

Kamlet MJ, Jacobs SJ (1968) J Chem Phys 48:23-35

Zhang XH, Yun ZH (1989) Explosive chemistry. National Defence
Industry Press, Beijing

Xu XJ, Xiao HM, Gong XD, Ju XH, Chen ZX (2005) J Phys Chem
A 109:11268-11274

Qiu L, Xiao HM, Gong XD, Ju XH, Zhu WH (2006) J Phys Chem
A 110:3797-3807

Qiu L, Xiao HM, Ju XH, Gong XD (2005) J Quant Chem 105:48—
56

Xu XJ, Xiao HM, Wang GX, Ju XH (2006) Chin J Chem Phys
19:395-400

Xiao HM, Zhang J (2002) Sci China Ser B 45:21

Politzer P, Martinez J, Murray JS, Concha MC, Toro-Labbé A
(2009) Mol Phys 107:2095-2101

Gong XD (2007) Potden v.2.0 Nanjing University of Science and
Technology, Nanjing

Materials Studio 4.4 (2008) Accelrys Inc., San Diego, CA

Mayo SL, Olafson BD, Goddard WA (1990) J Phys Chem
94:8897-8909

Baur WH, Kassner D (1992) Acta Crystallogr Sec B: Struc Sci
48:356-369

58.

59.

60.

61.

62.
63.

64.
65.

66.
67.
68.
69.
70.
71.
72.
73.
74.

75.
76.

Wilson AJC (1988) Acta Crystallogr Sec A: Found Crystallogr
44:715-724

Mighell AD, Himes VL, Rodgers J (1983) Acta Crystallogr Sec A:
Found Crystallogr 39:737-740

Lide DR (2003-2004) CRC handbook of chemistry and physics.
CRC Press, Boca Raton, FL

Curtiss LA, Raghavachari K, Redfern PC, Pople JA (1997) J Chem
Phys 106:1063-1079

Rice BM, Pai SV, Hare J (1999) Combust Flame 118:445-458
Politzer P, Lane P, Murray JS (2011) Cent Euro J Energ Mater
8:39-52

Stewart JJP (1989) J Comput Chem 10:209-220

Pospisil M, Vavra P, Concha MC, Murray JS, Politzer P (2010) J
Mol Model 16:895-901

Byrd EFC, Rice BM (2006) J Phys Chem A 110:1005-1013

Ju XH, Li YM, Xiao HM (2005) J Phys Chem A 109:934-938
Talawar MB, Sivabalan R, Mukundan T, Muthurajan H, Sikder
AK, Gandhe BR, Rao ASJ (2009) J Hazard Mater 161:589-607
Fan XW, Ju XH, Xiao HM, Qiu L (2006) J Mol Struct (THEO-
CHEM) 801:55-62

Xiao HM, Chen ZX (2000) The modern theory for tetrazole
chemistry. Science, Beijing

Owens FJ (1996) J Mol Struct (THEOCHEM) 370:11-16

Harris NJ, Lammertsma KJ (1997) Am Chem Soc 119:6583—6589
Rice BM, Saha S, Owens FJ (2002) J Mol Struct (THEOCHEM)
583:69-72

Chen HJ, Cheng XL, Ma ZG, Su XF (2007) J Mol Struct (THE-
OCHEM) 807:43-47

Politzer P, Murray JS (1996) J Mol Struct 376:419-424

Rice BM, Hare JJ (2002) J Phys Chem A 106:1770-1783

@ Springer



	Theoretical studies of -NH2 and -NO2 substituted dipyridines
	Abstract
	Introduction
	Computational methods
	Results and discussion
	Heats of formation
	Crystal density
	Detonation properties
	Thermal stability

	Conclusions
	References


