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bstract

An explosive material, cyanogen azide (CN4) and its univalent and divalent anionic and cationic forms have been studied quantum chemically by
sing different theoretical approaches. In this study, the structures considered have been screened for their relative stabilities. Also, they have been
nvestigated whether the charged forms play a role in the usual explosion process or any electrical charging during storage cause explosion. Various

uantum chemical properties are obtained and discussed. It has been found that the univalent cation and anion and divalent cation formations do
ot cause much change in the molecular structure as compared to the neutral cyanogen azide molecule, whereas the divalent anionic form exhibits
rastic changes in the geometry, resulting in bond cleavage to eliminate nitrogen molecule.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Cyanogen azide (carbon pernitride) is an initiating explosive
hich has also been much investigated [1]. It is a clear colorless
ily liquid and the pure azide detonates violently upon thermal,
lectrical or mechanical shock [2]. However, it can be handled
elatively safely in solvents.

Structurally, cyanogen azide is a V-shaped molecule and it
as determined that the angle at the middle N atom is 120◦ [3].

ts electron-density maps of bent bonds [4], He(I) photoelec-
ron spectra [3], and bonding trends [5] have all been studied.
n another study, the Ne(I) and He(I) photoelectron spectra (PE)
f cyanogen azide have been recorded and their interpretation
as been achieved by comparison with the PE spectrum of HN3
nd ab initio LCGO SCF MO calculation [6]. Deviations from
oopmans theorem of quite different magnitudes were found
ependent on the type of ionization process applied [6]. How-
ver, its charged forms and their quantum chemical properties

ave not been studied yet to the best of our knowledge.

Fig. 1 shows the chemical structure of cyanogen azide
olecule and numbering of the atoms. This molecule exhibits
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xplosive nature and unusual bonding character. In that respect,
hese properties make it an ideal candidate for a quantum
hemical investigation. Many experimental data of the neutral
olecule exist in the literatures [7–11], especially there are many

tudies concerning the data of infrared and Raman spectra of it
12–18]. On the other hand, as far as we know, no report on the
nivalent and divalent ionic forms of cyanogen azide molecule
as appeared in the literature. In this study, the neutral and vari-
us charged forms of cyanogen azide have been considered for
heir relative stabilities to investigate whether the charged forms
lay any role in the explosion process.

. Methods

Presently, the geometry optimizations of all the structures
ere achieved first by using MM2 molecular mechanics method

19–21] followed by semi-empirical PM3 and then treatment
f certain quantum chemical methods (including ab initio
nd DFT-type treatments [22,23]). These levels of theories
re, UHF/6-311(d), UHF/6-311G+(d), UMP2 (full)/6-31+G(d),
CCSD/6-31G+(d), G3, UB3LYP/6-31G(d), UB3LYP/aug-cc-

VDZ, UB3LYP/aug-cc-pVTZ, UB3LYP/aug-cc-pVQZ and
OB3P86/6-311+G(d) (also PM3(UHF) single point and geom-
try optimization calculations for heat of formation values). The
xchange term of B3LYP consists of hybrid Hartree–Fock and

mailto:lturker@metu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.09.048
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Fig. 1. The geometry optimized structures of cyanogen azide molecule (also
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umbering of the atoms shown), and its univalent and divalent forms considered.
n the divalent anion form, due to technical reasons of the interface program, the
issociated N1 N2 bond appears as double bond.

ocal spin density (LSD) exchange functions with Becke’s gradi-
nt correlation to LSD exchange [24,25]. The correlation term of
3LYP consists of the Vosko, Wilk, Nusair (VWN3) local cor-

elation functional [26] and Lee, Yang, Parr (LYP) correlation
orrection functional [27].

We employed Dunning’s augmented correlation consistent
asis sets, denoted aug-cc-pVXZ, (X = D, T, Q) [28] basis sets.
eometry optimizations for all the structures were achieved
ithin B3P86 [29,30] at the level of 6-311+G(d) (restricted
pen-shell).

For each set of calculations, vibrational analyses were done.
he normal mode analysis for each structure yielded no imagi-
ary frequencies for the 3N − 6 vibrational degrees of freedom,
here N is the number of atoms in the system. This indicates

hat the structure of each molecule corresponds to at least a
ocal minimum on the potential energy surface. Furthermore, all
he bond lengths were thoroughly searched in order to find out
hether any bond cleavage occurred or not during the geometry
ptimization process. All these computations were performed
y using the Gaussian 98 package program [31].

. Results and discussion

Although, the half-life of cyanogen azide (27% solution, in
cetonitrile at room temperature) is about 2 weeks, in pure form it
etonates violently upon thermal, electrical or mechanical shock
2]. In the present study, to get some insight at the molecular
evel about what happens when the cyanogen azide molecule is
harged in an electrical field, the neutral, monovalent and diva-
ent forms of it have been subjected to various quantum chemical

reatments. Since, wave function of an atom (or molecule) is
olarized when it is placed in a uniform electrical field (due to the
ttraction of electron cloud in the direction of the electric field)
he charge distribution about the nucleus becomes asymmetric.

t
t
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hus, a better handling of the system necessitates the usage of
olarization functions for the atoms of the system considered.
he 6-31G(d) is the basis set which employs d-type functions

or the heavy atoms. Note that 6-31G(d, p) level calculations
rovide in many cases quantitative results [21]. Since cyanogen
zide does not contain any hydrogen atoms, then 6-31G(d) level
f calculations should also be satisfactory for many purposes.
urthermore, to provide more accurate descriptions of anions,
r neutral molecules with unshared pairs, basis sets may be aug-
ented with so-called diffuse functions and these are intended

o improve the basis set at large distances from the nuclei, thus
etter describing the barely bound electrons of anions. Hence,
iffuse functions are indispensable for the proper description of
nions.

The bond energies for N N and N N bonds are about
58 kJ/mol and 418 kJ/mol, respectively [32] and the following
esonance structures can be written for cyanogen azide.

C N N+ N− ↔ N C N− N+ N

Thus N(1) N(2) bond in character is in between single and
ouble bond (see Fig. 1 for numbering of the atoms).

It is experimentally well proved fact that free electrons exist in
ombustion flames and gaseous detonations [33]. In some cases
t is possible to quench detonation completely by an applied
lectrical field [33]. The applied electrical field causes polariza-
ion or ionization of the molecule thus changing properties of the
ond even leading to bond rupture. However, this phenomenon is
ighly structure dependent and as indicated below for cyanogen
zide, bond cleavage occurs in the case of dianion formation,
ut only some bond length changes happen in the case of the
ivalent cation. Explosive materials are more prone to such kind
f electrical and magnetic effects. Thus, their response to such
ind of effects is very important and vital for their storage and
andling. On the other hand, after detonation, free electrons or
harged particles are formed and according to the general prin-
iple of classical electromagnetic theory, that charged bodies in
otion are accompanied by certain electromagnetic waves [34].
ence, to study the charged forms of explosive materials at the
olecular level by means of certain quantum chemical methods

s very informative for many practical purposes.
The geometry optimized structures of cyanogen azide

olecule and its ionic forms considered are shown in Fig. 1.
his result is approximately consisting with all the levels of

heory performed in this study. The neutral molecule displays
ome peculiar structural properties such as N1 C4 N5 and
1 N2 N3 bond angles are not expectedly linear but bent. As

he charge develops the optimized geometry of cyanogens azide
hanges (see Fig. 1). Although, the mono and divalent cation
ormations are accompanied by moderate changes in geometry
s compared to the neutral molecule, the anion forms exhibit
rastic changes in the geometry. Table 1 shows the calculated
nd experimental geometric parameters of the neutral cyanogen
zide molecule (since they exhibit certain parallelism, not all

he results of the calculations are shown in Table 1). As seen
here, the calculated and the experimental values are in well
greement in most of the cases. According to the experimen-
al and calculated bond length values, the shortest bond length
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mong them is N2 N3 bond length. Comparing the N1 N2 and
2 N3 bond lengths (both of them are double bonds), N1 N2
ond is found to be longer than N2 N3 bond. Furthermore, bond
ngle N1 C4 N5 is bigger than N1 N2 N3 bond angle (see
ig. 1 and Table 1). This result is consistent with all different

heoretical levels of calculations performed and complies with
he experimental data too. The calculated and observed values
mply that the N2 N3 linkage should have a full �-bond but
1 N2 bond, possesses only a partial �-bond character. The
ond angle constituted by C4 N1 N2 atoms has been calcu-
ated as 118◦ at UB3LYP/6-31G(d) level (the experimental value
as reported as 120◦ [35] and 114◦ [14]). As it is evident from
able 1, in general there is a good agreement between most of

he calculated and observed geometrical parameters of neutral
yanogen azide molecule. Note that HF and DFT equilibrium
eometries of a ground state molecule are quite similar to one
nother (with bond-length difference from method to method
sually no greater than 0.03 Å for the first and second row atoms
19]).

Since, cyanogen azide molecule possesses a nitrogen atom
the third atom from each end) flanked by a doubly bonded
itrogens (N N) and also by a C N moiety (all of which at
rst sight imply a linear geometry for these groups), a V-shaped
eometry is expected for the whole molecule. However, this is
ot the case and the arms of generally V-shaped structure are
ot perfectly straight. In Fig. 1, it is observed that the optimized
eometry of the charged species, especially the anionic species,
s distorted much, so that the optimized geometry for the divalent
nionic form of the molecule stands for the dissociated form at
1 N2 bond. Whereas, the divalent cation, still has a stable
eometry contrary to the divalent anion form.

Table 2 shows the structural parameters for the neutral
yanogen azide molecule, as well as its univalent and divalent
onic forms calculated, at the levels of UB3LYP/6-31G(d), and
MP2 (full)/6-31+G(d) (the other calculation results are nearly

imilar to the values tabulated in Table 2, thus not included in
he table). As seen in these tables, as the charge develops certain
onds are elongated or contracted as compared to the neutral
tate. The cation formation causes elongation of mainly N1 N2
nd C4 N5 bonds for both the univalent and the divalent cationic
orms (see Table 2). On the other hand, the cation formation
auses contraction of N1 C4 and N2 N3 bonds for both the
ationic forms. The results are consistent with all the different
evels of calculations performed presently. When N1 C4 N5
ngle is considered, one finds that as the positive charge develops
o generate the univalent and divalent forms, the angle decreases
see Table 2). A similar behavior is exhibited by N1 N2 N3
ond angle.

As for the anionic species, N1 C4 N5 angle is less or very
omparable to the respective angle in the neutral form, but
reater (with the exception of UMP2 (full)/6-31+G(d) level
esult) in the divalent anion (note that the divalent anion in this
tudy actually stands for a dissociated molecule. In other words

t is a system of fragments or a hypothetical molecule having
very elongated bond). On the other hand, N1 N2 N3 bond

ngle is much less (ca. 41◦) in the univalent form as compared
o the neutral molecule. Whereas the univalent anion formation
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Table 2
Structural parameters of cyanogen azide molecule, its univalent and divalent ions

Bond lengths and angles Charge

0 +1 +2 −1 −2

N1 N2 1.254 (1.259) 1.303 (1.334) 1.319 (1.351) 1.398 (1.401) 2.593a (2.761)a

N1 C4 1.347 (1.352) 1.295 (1.273) 1.270 (1.306) 1.332 (1.341) 1.262 (1.265)
N2 N3 1.132 (1.157) 1.120 (1.085) 1.126 (1.151) 1.200 (1.161) 1.142 (1.149)
C4 N5 1.166 (1.186) 1.199 (1.173) 1.237 (1.226) 1.181 (1.195) 1.240 (1.265)
N2 N1 C4 118.0 (116.5) 118.8 (114.5) 123.1 (117.5) 114.6 (111.2)
N1 N2 N3 169.9 (169.9) 166.2 (168.8) 164.3 (164.3) 129.5 (134.8)
N1 C4 N5 173.6 (173.7) 170.7 (173.5) 166.7 (163.1) 172.9 (173.8) 178.1 (172.1)
C4 N1 N2 N3 179.9 (180.0) 179.9 (179.9) 179.9 (179.9) −0.001 (0.0)
N2 N1 C4 N5 −179.9 (180.0) −179.9 (179.9) −179.9 (−179.9) −179.9 (−179.9)
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alculated parameters are at UB3LYP/6-31G(d) level. The values in parenthes
ngles in degrees.
a Distance between the atoms, not the bond length.

oes parallel with the elongation of mainly N1 N2, N2 N3
nd C4 N5 bonds and the contraction of the N1 C4 bond (see
able 2). The calculations within the limitations of the methods
mployed have revealed that in spite of the elongation of certain
onds while charge develops, no bond cleavage happens for the
nivalent and divalent cationic forms and also for the univalent
nionic form of cyanogen azide.

In these systems the kind of atoms and structure of the
olecule compensate the electron lost or electron gain in order

o prevent bond rupture. On the other hand, as the divalent
nionic state forms, it breaks into two parts about N1 N2
ond. N1 C4 bond is contracted as a result of dissociation.
he calculated distance between N1–N2 atoms is 2.5–3.5 Å

2.55 Å at UB3LYP/aug-cc-pVDZ level). Hence, as a result
f dissociation, CN2 and N2 fragments formed. Moreover, the
harge calculations indicate that CN2 fragment formed is a dian-
on.

In the neutral form, electron density is located mainly at
5 and N1 atoms. As it is expected, N2 atom has lower elec-

ron density (positively charged). Considering cationic forms
ne finds that C4 progressively gets more positive charge as
he total charge develops and acquires a high charge value for
he divalent cationic form, also this result is verified with the

abulated data in Table 3. Furthermore, Table 3 shows the Mul-
iken atomic charges of cyanogen azide molecule, as well as
ts univalent and divalent ions calculated at UCCSD/6-31+G(d)
nd UB3LYP/aug-cc-pVDZ levels, respectively. Unfortunately,

l
d
a
l

able 3
ulliken atomic charges of cyanogen azide molecule, its univalent and divalent ions.

osition Atom Charge

Neutral +1

N −0.122 (−0.405) 0.092 (−0.100
N 0.647 (0.521) 0.707 (0.311)
N −0.451 (−0.101) −0.174 (0.424)
C 0.091 (0.350) 0.406 (0.382)
N −0.166 (−0.365) −0.032 (−0.017

alculated parameters at UB3LYP/aug-cc-pVDZ level. The values in parentheses ob
ivalent anion.
a For the dissociated system. See Fig. 1 for the numbering of atoms.
culated at UMP2 (full)/6-31+G (d) level. Bond lengths are presented in Å and

ptimization failed in the case of divalent anion at the UCCSD/6-
1+G (d) level of theory.

In Table 4, the data for the divalent anionic form reveal that
pproximately all the charges located in N–C–N part of the
olecule (CN2 = fragment). Note that this system stands for the

ecomposed structure.
Table 4 shows some calculated energies of cyanogen azide

nd some of its ions (zero-point energies are taken into account).
s seen in the table, all the species at the optimized form stand

or energetically stable systems. Note that the energy for the
ianionic case actually stands for a composite (decomposed)
tructure of the fragments. In terms of energy considerations,
tability order is −1 > 0 > +1 > +2 at UHF, UB3LYP, UMP2,
CCSD and G3 theoretical levels, however, stability order is
1 > +1 > +0 > +2 at ROB3P86/6-311+G(d) level of theory (see
able 4). Recall that in the case of divalent anion, it is not sta-
le structurally (chemically), thus not included in the successive
nergies in the table. The energy difference between the lowest
nergy (univalent anion) and highest energy species (divalent
ation) is 3100 kJ/mol at UB3LYP/aug-cc-pVDZ level of theory.
n the other hand, lowest energies for the species are obtained

n the cases of UB3LYP/aug-cc-pVQZ and B3P86/6-311+G(d)
restricted open-shell) level of theories among the theoretical

evels employed in this study. Unfortunately, in the case of
ivalent anionic form of cyanogens azide, optimization failed
t UCCSD/6-31+G(d) and UB3LYP/aug-cc-pVXZ (X = T, Q)
evel of theories so the corresponding energy data are missing

+2 −1 −2a

) 0.308 (0.118) −0.265 (−0.647) −0.586
0.761 (0.185) 0.164 (0.035) −0.117
0.078 (0.738) −0.529 (−0.199) −0.306
0.648 (0.523) 0.007 (0.452) −0.369

) 0.206 (0.738) −0.377 (−0.641) −0.622

tained at UCCSD/6-31+G (d) level, at which optimization failed in the case of
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Table 5
The heat of formation (�Hf) values for the species considered

Charge �Hf

0 509.222
+1 1494.087
−1 281.789
+2 3137.546
−2 772.922
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Hf: obtained from PM3 (UHF) single point calculations based on the geometry
ptimized structures at UB3LYP/6-31G(d) level (energies in kJ/mol).

n Table 4. Note that G3 method known as the best one as com-
ared to others [19] (shown in Table 4), however it is very time
onsuming.

The heat of formation values for the neutral and charged
pecies have been calculated by using single point PM3
UHF) calculation over UB3LYP/6-31G(d) optimized geome-
ries. Resulting stability order in terms of the heats of formation
alues is found to be, −1 > 0 > +1 > +2 (the decomposed system
s not included, see Table 5). In the case of divalent anion of
yanogen azide, the distance calculated as the supposed bond
ength of N1 N2 is 1.664 Å (it is much longer than the normal
ond length of N1 N2 of the neutral molecule, which is 1.252 Å
35]).

Another approach to these systems, has been charging (+2,
1, −1, −2) of the geometry optimized structure of neutral
yanogen azide molecule (keeping the geometry fixed). Then,
he single point total energy value increases (its total energy is
epresented by Ei(sp). If the corresponding total energy value
f the geometry optimized structure of the neutral molecule in
hese calculations is represented by E0(opt)) is taken as the refer-
nce, �E = Ei(sp) − E0(opt) energy difference follow the order
f +2 > +1 > −2 > −1. It means that cyanogen azide molecule
s more tolerant to negative charging than the positive one in
he fixed geometry. Note that Ei and E0 are the total energies
or the charged and neutral systems, respectively. Furthermore,
i(sp) is obtained by single point calculation starting from the
ptimized geometry of the neutral system and charging. The
HF/6-311+G(d) and UB3LYP/6-31G(d) levels of theory pre-
ict the above mentioned order for �E. On the other hand,
f these charged forms are allowed to optimize their geome-
ries to minimize their total energy contents (Ei(opt)), then

Ei = Ei(opt) − Ei(sp) values (energy loss by geometry opti-
ization) follow the order of −2 > −1 > +2 > +1. Note that −2

harged system is actually a fragmented structure. The calcula-
ions again were performed at the above mentioned levels of the
heory.

In the mid-1960s Milligan et al. studied the photochemistry
f matrix-isolated cyanogen azide N3CN, a suitable precursor
or the free nitrenes NCN and CNN. Due to its explosive nature,
t was only synthesized in situ, by passing a gaseous mixture
f BrCN or ClCN over NaN3 [36]. It is well known from the

iterature [37,38], that photolysis of matrix-isolated (Ar, 12 K)
yanogens azide, N3CN, led formation of expected nitrene NCN.
s a result of the present calculations, it is evident that the

nitially formed divalent anionic species dissociates forming



L. Türker, T. Atalar / Journal of Hazardous Materials 153 (2008) 966–974 971

t
c
p

w
c
a
w
t
I
n
t
t
i
d
s
a
s
m
t
m
c
i
v
r
n
s
c
l
r
i
f
s

-H
O

M
O

an
d

�
-

an
d

�
-L

U
M

O
en

er
gi

es
(ε

)
of

cy
an

og
en

az
id

e
m

ol
ec

ul
e

an
d

so
m

e
of

its
io

ns
(e

ne
rg

ie
s

in
10

−1
9

J.
�

ε
=

ε
L

U
M

O
−

ε
H

O
M

O
)

C
ha

rg
e

0
+

1
+

2
−1

−2
a

A
lp

ha
B

et
a

A
lp

ha
B

et
a

A
lp

ha
B

et
a

A
lp

ha
B

et
a

A
lp

ha
B

et
a

−1
3.

0
(−

18
.3

)
−1

3.
0

(−
18

.3
)

−2
6.

4
(−

33
.6

)
−2

6.
1

(−
31

.5
)

−3
8.

9
(−

45
.6

)
−3

8.
9

(−
45

.6
)

−0
.3

(−
7.

5)
−0

.9
(−

7.
1)

12
.2

(5
.7

)
12

.2
(5

.7
)

−3
.7

(2
.0

)
−3

.7
(2

.0
)

−1
5.

4
(−

7.
3)

−2
1.

1
(−

12
.5

)
−3

5.
1

(−
27

.7
)

−3
5.

1
(−

27
.7

)
7.

8
(9

.4
)

5.
9

(9
.3

)
15

.3
(1

6.
2)

15
.3

(1
6.

2)
9.

3
(2

0.
3)

9.
3

(2
0.

3)
11

.0
(2

6.
3)

5.
0

(1
9.

0)
3.

8
(1

7.
9)

3.
8

(1
7.

9)
8.

1
(1

6.
4)

6.
8

(1
6.

4)
3.

1
(1

0.
5)

3.
1

(1
0.

5)

U
B

3L
Y

P/
6-

31
G

(d
)

le
ve

l.
T

he
va

lu
es

in
pa

re
nt

he
se

s
ca

lc
ul

at
ed

at
U

M
P2

(f
ul

l)
/6

-3
1+

G
(d

)
le

ve
l.

ss
oc

ia
te

d
sy

st
em

.

Scheme 1.

wo new structures, NCN and N2. On the other hand, other
harged forms are stable according to the calculations performed
resently.

Experimental studies show that the N1 N2 bond is the
eakest bond in the molecule [39]. According to the present cal-

ulations, the bond rupture of this bond takes place in the divalent
nionic form. The valence bond formalism may give some clue
hy the divalent anionic form is decomposed rather than the neu-

ral or cationic forms. As seen in Scheme 1a, canonical structure
I leads to nitrene and nitrogen molecule formations. When the
egative charge density on the N1 atom in the canonical struc-
ure II is high enough, the bond rupture takes place easily (see
he Mulliken atomic charges of cyanogen azide molecule and
ts ions in Tables 4 and 5). Scheme 1a and b outline the thermal
ecomposition of the neutral cyanogens azide and the decompo-
ition by negative charging, respectively. Note that in Scheme 1a
nd b, cyanogen azide skeleton, for the sake of simplicity, is
hown linear albeit the fact that cyanogen azide is a V-shaped
olecule. Furthermore, bond dissociation energy of N1–N2 for

he neutral form is calculated (at G3 level) considering the frag-
entation pattern shown in Scheme 1a. In the case of neutral

yanogen azide molecule BDE value is 63 kJ/mol. This value
s quite low considering the average bond dissociation energy
alue for N N and N N bonds (158 kJ/mol and 418 kJ/mol,
espectively) [32]. Indeed cyanogen azide molecule even in the
eutral form is not very stable [2]. In the light of Scheme 1b, a
imilar calculation was carried out for N1 N2 bond (it is not real
hemical bond because of its highly long value, 2.282 Å at G3
evel) of cyanogen azide dianion. The result of the calculation

evealed that bond dissociation energy of that hypothetical bond
s 21 kJ/mol. Note that the homolytic BDE [40,41] is defined
or the present case as BDE = E(X) + E(R) − E(R–X), where E
tands for the respective total electronic energy corrected for Ta
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Table 7
Fundamental normal modes (cm−1) of cyanogen azide calculated at different levels of theory and experimental values

UB3LYP/6-31G(d) UHF/6-311G(d) ROB3P86/6-311+G(d) UMP2/6-31+G(d) Experimental [42,43] Assignment

170.2 193.2 171.9 162.5 184 N N C bend
453.9 524.4 461.4 416.6 451 N C N bend
463.8 558.9 469.1 453.5 451 N C N bend
523.1 597.2 513.0 473.1 520 N N N bend
662.4 771.2 666.2 660.9 666 N N N bend
921.5 983.4 917.1 922.8 929 N C stretch

1 1
2 2
2 2

t
r

e
U
t
e
t
m
i
t
i

i
c
n
i
R

c
a
p
[
T
v
t
e
d
i
a
i
m
v

T
F

U

2

1
2
2

U

2

1
1
2

351.5 1328.2 1348.9
305.8 2553.8 2289.2
350.9 2611.7 2338.7

he zero-point energy for each species involved in the general
eaction shown as R − X → R + X.

Table 6 contains the �- and �-type HOMO and LUMO
nergies obtained by means of the UB3LYP/6-31G(d) and
MP2/6-31+G(d) calculations, respectively. As seen in Table 6,

he cation formation generally lowers all the molecular orbital
nergies of cyanogen azide, whereas the anion formation raises
hem up as expected. The effect of charging on the frontier

olecular orbitals (the HOMO and LUMO) is more pronounced
n the case of the anion rather than the cation. However, note that
he dianionic case is a split system because of decomposition so
ts frontier orbital energies stand for the composite system.

Table 7 shows the calculated raw IR frequencies and exper-
mental data [42,43] for the neutral cyanogen azide molecule

−1
onsidered. Whereas, fundamental normal modes (cm ) of
eutral cyanogen azide molecule and its monovalent and divalent
ons calculated at different levels of theory are given in Table 8.
egression analysis [44] was carried out for the observed and

c
w
o

able 8
undamental normal modes (cm−1) of neutral cyanogen azide molecule and its mono

HF/6-311G(d) ROB3P86/6-311+G(d)

1 Neutral −1 −2a 2 1 Neutra

183 174 193 223 104 176 172 172
340 404 524 282 115 246 369 461
405 421 559 535 136 350 430 469
468 431 597 674 244 423 448 513
637 695 771 810 783 574 635 666
899 775 983 954 800 816 875 917
413 1271 1328 1173 1364 1322 1325 1349
040 1863 2554 1500 2089 1936 2019 2289
711 2429 2612 2430 2663 2257 2333 2339

B3LYP/6-31G(d) UB3LYP/aug-cc pVDZ

1 Neutral −1 −2a 2 1 N

175 170 170 186 37 171 168
264 356.1 454 270 72 234 350
335 416.3 464 457 128 310 407
413 432.2 523 577 326 402 427
574 627.3 662 704 650 580 636
789 834.9 922 807 652 789 835
304 1291.1 1352 1090 1241 1285 1275 1
922 2023.1 2306 1680 1960 1905 2006 2
247 2293.3 2351 2215 2115 2232 2282 2

a For the dissociated system.
329.0 1253 N N N sym stretch
197.0 2208 N N N asym stretch
326.0 2239 C N stretch

alculated (unscaled) IR frequencies for the neutral cyanogen
zide molecule. The experimental data cover statistical sam-
le size of n = 9 IR frequencies excerpted from the literature
42,43]. The details of the regression analysis can be found in
able 9. In all the cases, the coefficient of determination (R2)
alue and the simple correlation coefficient (rYX) are greater
han 0.99. Therefore, the regression equations are all good. How-
ver, the tabulated F-distribution [45] value with k − 1 and n–k
egrees of fredom (where n is the number of observations and k
s the number of parameters estimated, F1,7 presently) is 12.25
t 1% probability [45]. Thus, the regression equations involv-
ng UB3LYP/6-31 G(d) and ROB3P86/6-311+ G(d) results are

ore significant than the others because for those relevant F1,7
alues far exceed the tabulated value.
As mentioned in the introduction part, there are some studies
oncerning the IR spectra of cyanogen azide molecule [12–18],
hereas there is no corresponding study about the charged forms
f cyanogen azide molecule in the literature, to the best of our

valent and divalent ions calculated at different levels of theory

UMP2/6-31+G(d)

l −1 −2a 2 1 Neutral −1 −2a

186 66 166 167 162.5 179 84
274 68 262 490 416.6 260 140
469 146 343 537 453.5 445 163
588 347 371 564 473.1 531 304
733 630 577 799 660.9 716 534
848 638 763 863 922.8 835 573

1112 1234 1195 1485 1328.7 1111 1172
1701 1902 1929 2544 2196.8 2128 1852
2213 2169 2016 3910 2325.7 2517 1934

UB3LYP/aug-cc-pVQZ

eutral −1 −2a 2 1 Neutral −1

170 204 65 174 172 173 204
453 215 86 249 368 467 216
462 533 130 335 427 477 540
515 575 361 416 443 540 586
667 608 645 581 642 678 605
922 815 658 789 836 919 794
337 1143 1222 1298 1286 1348 1147
284 1727 1948 1894 2006 2290 1732
331 2197 2108 2235 2287 2336 2201
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Table 9
Statistics of regressed equations for the observed vs. calculated IR frequencies for neutral cyanogens azide molecule

UB3LYP/6-31G(d) UHF/6-311G(d, p) ROB3LYP/6-311+(d) UMP2/6-31+G(d)

A 0.9411848 0.8620429 0.9488208 0.9620698
B 26.57587 19.48462 21.67725 33.19427
R2 0.9991747 0.9965041 0.9990267 0.9978702
r
F

Y 1, res

k
t
t
a

4
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g
a
m
a
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o
o
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p
r
m
n
v
i
l
a
i
v
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[

[

[

[

[

[
[

[
[
[

[

[

[

[

[

[

YX 0.9995872 0.9982505
8474.909 1995.362

= AX + B, where Y and X are observed and calculated IR frequencies in cm−

nowledge. Since (to the best of our knowledge), no experimen-
al data are available for the charged forms of cyanogen azide in
he literature; we could not compare the calculated IR data with
ny experimental one.

. Conclusion

In the present study, a highly explosive material, cyanogen
zide and its monovalent and divalent ions have been investi-
ated quantum chemically. The presently performed ab initio
nd DFT type calculations indicate that cyanogen azide and its
onovalent cation, monovalent anion and divalent cation forms

re stable in the isolated state. Although certain bonds undergo
ond elongation or bond contraction parallel to the charge devel-
pment in those systems, no bond cleavage happens. However,
ne should keep in mind that only the ions which are not in the
ulk of the material are considered (single molecule or ion).
n the case of the divalent anion form, bond cleavage takes
lace at N1 N2 bond. This decomposition pattern has some
esemblance to the thermal decomposition of cyanogen azide
olecule in solution which is a suitable precursor for the free

itrene, NCN. To the best of our knowledge, no report on the
ibrational analysis on charged species of cyanogen azide exists
n the literature. Thus, the present study sheds some valuable
ight on to this highly sensitive (sensitive to thermal, electrical
nd mechanical shocks) explosive and its univalent and divalent
ons, by exploring their structural, energetic, electrostatic and
ibrational properties.
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[5] P. Pyykkö, N. Runeberg, Ab initio studies of bonding trends. Part 8. The 26-
electron A. tplbond. B C. tplbond. Dn and the 30-electron A = B = C = Dn
systems, J. Mol. Struct. (THEOCHEM) 80 (1991) 269–277.

[6] B. Bak, P. Jansen, H. Stafast, Cyanogen azide: ionization potentials and

ab initio SCF MO calculation, Chem. Phys. Lett. 35 (2) (1975) 247–
250.

[7] D. McNaughton, S.C. Ross, Theoretical predictions and high resolution
spectroscopy in the analysis of molecules undergoing large amplitude
motions, J. Mol. Struct. 348 (1995) 221–224.

[

[

0.9995132 0.9989346
7185.144 3279.704

pectively.

[8] V.W. Niessen, P. Tomasello, Many-body effects in the ionization spectra of
azides, J. Electron Spectrosc. Relat. Phenom. 48 (1–2) (1989) 187–201.

[9] M. Eisenstein, F.L. Hirshfeld, Electron-density maps of bent bonds in non-
cyclic molecules, Chem. Phys. 38 (1) (1979) 1–10.

10] G. Maier, A. Bothur, J. Eckwert, H.P. Reisenauer, Bromocyanocarbene
and Bromoisocyanocarbene: a combined matrix-spectroscopic and density
functional theory study, Chem. A Eur. J. 4 (10) (1998) 1964–1968.

11] D.J. Benard, C. Linnen, A. Harker, H.H. Michels, J.B. Addison, R.
Ondercin, Dissociation of cyanogen azide: an alternative route to synthesis
of carbon nitride, J. Phys. Chem. B 102 (31) (1998) 6010–6019.

12] A. Almenningen, B. Bak, P. Jansen, T.G. Strand, Molecular structure of
gaseous cyanogen azide and azodicarbonitril, Acta Chem. Scand. 27 (5)
(1973) 1531–1540.

13] J.O. Jensen, Vibrational frequencies and structural determination of
cyanogen azide, Theochemistry 730 (1–3) (2005) 235–239.

14] C.L. Huang, S.Y. Tseng, T.Y. Wang, N.S. Wang, Z.F. Xu, M.C. Lin, Reac-
tion mechanism and kinetics of the NCN + NO reaction: comparison of
theory and experiment, J. Chem. Phys. 122 (18) (2005) 184321–184329.

15] G.L. Blackman, K. Bolton, R.D. Brown, F.R. Burden, A. Mishra, An anal-
ysis of the four nuclear quadrupole problem: the microwave spectrum of
cyanogen azide, J. Mol. Spectrosc. 47 (3) (1973) 457–468.

16] C.C. Costain, H.W. Kroto, Microwave spectrum, structure, and dipole
moment of cyanogen azide, NCN3, Can. J. Phys. 50 (13) (1972) 1453–1457.

17] B. Bak, P. Jansen, The symmetry of azodicarbonitrile, J. Mol. Struct. 11
(1) (1972) 25–31.

18] D.E. Milligan, M.E. Jacox, Matrix-isolation study of the reaction of atomic
and molecular fluorine with carbon atoms. Infrared spectra of normal and
13C-substituted CF2 and CF3, J. Chem. Phys. 48 (5) (1968) 2265–2271.

19] I.N. Levine, Quantum Chemistry, Prentice Hall, New Jersey, 2000.
20] K.B. Lipkowitz, D.B. Boyd, Reviews in Computational Chemistry, VCH,

New York, 1990.
21] Hyperchem Computational Chemistry, Hypercube, Canada, 1996.
22] A.R. Leach, Molecular Modelling, Longman, Essex, 1997.
23] W. Kohn, L. Sham, Self-consistent equations including exchange and cor-

relation effects, J. Phys. Rev. 140 (1965) 1133–1138.
24] R.G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules,

Oxford University Press, London, 1989.
25] A.D. Becke, Density-functional exchange-energy approximation with cor-

rect asymptotic behavior, Phys. Rev. A 38 (1988) 3098–3100.
26] S.H. Vosko, L. Vilk, M. Nusair, Accurate spin-dependent electron liquid

correlation energies for local spin density calculations: a critical analysis,
Can. J. Phys. 58 (1980) 1200–1211.

27] C. Lee, W. Yang, R.G. Parr, Development of the Colle–Salvetti correlation-
energy formula into a functional of the electron density, Phys. Rev. B 37
(1988) 785–789.

28] D.E. Woon, T.H. Dunning Jr., Gaussian basis sets for use in correlated
molecular calculations. III. The atoms aluminum through argon, J. Chem.
Phys. 98 (1993) 1358–1371.

29] B. Miehlich, A. Savin, H. Stoll, H. Preuss, Results obtained with the corre-
lation energy density functionals of Becke and Lee, Yang and Parr, Chem.
Phys. Lett. 157 (1989) 200–206.
30] J.P. Perdew, Density-functional approximation for the correlation energy
of the inhomogeneous electron gas, Phys. Rev. B 33 (1986) 8822–8824.

31] M.J. Frisch, G.W. Trucks, H.B. Schleged, G.E. Scuseria, M.A. Robb, J.R.
Cheesman, et al., Gaussian 98, Revision A.6, Gaussian Inc., Pitsburg, PA,
1998.



9 zardo

[
[

[

[

[

[

[

[

[

[

[

74 L. Türker, T. Atalar / Journal of Ha

32] G.M. Barrow, Physical Chemistry, McGraw-Hill, New York, 1966.
33] M.A. Cook, The Science of High Explosives, Robert E. Krieger Pub. Co.

Inc., New York, 1971.
34] D.K. Cheng, Field and Wave Electromagnetics, Addison-Wesley, Reading,

1983.
35] C.C. Costain, H.W. Kroto, Microwave spectrum, structure, and dipole

moment of cyanogen azide, NCN3, Can. J. Phys. 50 (1972) 1453–
1457.

36] D.E. Milligan, M.E. Jacox, A.M. Bass, Matrix isolation study of the pho-
tolysis of cyanogen azide. The infrared and ultraviolet spectra of the free
radical NCN, J. Chem. Phys. 43 (1965) 3149–3160.
37] D.E. Milligan, M.E. Jacox, A.M. Bass, Matrix-isolation study of the
infrared and ultraviolet spectra of the free radical CNN, J. Chem. Phys.
44 (1966) 2850–2856.

38] L.J. Schoen, Flash photolysis of matrix-isolated cyanogen azide in solid
nitrogen, J. Chem. Phys. 45 (8) (1966) 2773–2776.

[

[
[

us Materials 153 (2008) 966–974

39] O.D. Krogh, C.H. Ward, J.M. Hollenbeck, Reaction dynamics during
warm-up of matrix-isolated cyanogen azide after photolysis, J. Phys. Chem.
86 (1982) 2892–2895.

40] B.M. Rice, S. Sahu, F.J. Owens, Density functional calculation of bond
dissociation energies for NO2 scission in some nitroaromatic molecules, J.
Mol. Struct. (THEOCHEM) 583 (2002) 69–72.

41] L. Türker, T. Atalar, Quantum chemical study on 5-nitro-2,4-dihydro-3H-
1,2,4-triazol-3-one (NTO) and some of its constitutional isomers, J. Hazard.
Mater. A 137 (2006) 1333–1344.

42] B. Bak, O. Bang, F. Nicolaisen, O. Rump, Assignment of vibrational fre-
quencies in the infrared and Raman spectra of cyanogen azide, Spectrochim

Acta. A 27 (1971) 1865–1871.

43] H.F. Shurvell, D.W. Hyslop, Infrared spectrum of cyanogen azide, J. Chem.
Phys. 52 (1970) 881–887.

44] N. Draper, H. Smith, Applied Regression Analysis, Wiley, New York, 1966.
45] D. Salvatore, Statistics and Econometrics, McGraw Hill, New York, 1982.


	Quantum chemical treatment of cyanogen azide and its univalent and divalent ionic forms
	Introduction
	Methods
	Results and discussion
	Conclusion
	References


