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Abstract Ab initio (RHF, MP2) and Density Functional 
Theory (DFT) methods have been used to examine six 
isomers of the N15- cluster with the 6-31+G* basis set. 
Different from the known odd-numbered anionic N7-, 
N9-, and Nil- clusters, in which the open-chain structures 
are the most stable species, the most stable N15- isomer is 
structure 1 (CO, which may be considered as a complex 
between the fragments cyclic Ns- (Dsh) and staggered N10 
(D2d). The decomposition pathways of structure 2 (Cs), 
containing two aromatic N5 rings connected by a N5 
chain, and the open-chain structure 3 (C2v) were studied at 
the B3LYP/6-31+G* level of theory. Relative energies 
were refined at the level of B3LYP/6-311+G(3df,2p)// 
B3LYP/6-31+G*+ZPE (B3LYP/6-31+G*). The barriers 
for N2 and Ns- (Dsh) fission reactions for structure 2 are 
predicted to be 18.2 and 14.2 kcal mol -l, respectively. The 
corresponding N2+N3- fission barrier for structure 3 is 
predicted to be 11.2 kcal mo1-1. Supplementary material is 
available for this article if you access the article at http:// 
dx.doi.org/10.1007/s00894-003-0118-0. A link in the 
frame on the left on that page takes you directly to the 
supplementary material. 
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Introduction 

Three pure nitrogen chemical species in bulk compounds 
are experimentally known, i.e., N2, N3- [1] and N5 +. [2] 
The last was synthesized in 1999. Furthermore, there is 
the new evidence for the existence of the tetranitrogen 
molecule, N4, as a metastable species whose lifetime 
exceeds 1 ps at 298 K. [3] Could other "polynitrogen 
molecules" exist? In recent years, the hypothetical 
existence of polynitrogen clusters has been the focus of 
many theoretical studies. [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 
29] Besides their theoretical interest, these intriguing 
structures have received attention because of their possi- 
ble use as high-energy-density materials (HEDM). 

Although most theoretical studies treated even-num- 
bered nitrogen clusters, [3, 4, 5, 6, 7, 8, 9, 10, 11] it is 
surprising that, besides the particularly stable nitrogen 
molecule, N2, the synthesized nitrogen clusters [Nn (n>2)] 
are not even-numbered nitrogen clusters but two ionic 
odd-numbered clusters N3- and N5 +. Therefore, more and 
more attention was paid to odd-numbered nitrogen 
clusters, such as N3-, [1] N3, [12] N3 § [13] Ns, Ns-, 
N5 +, [14, 15, 16, 17] NT, [18, 19] NT-, N7 +, [20, 21, 22] N9, 
N9-, N9 § [23, 24] Nil, N11 +, Nil-, [25, 26] and N(N3)4 + 
[21] etc. 

It is well known that the pentazole anion Ns- (Dsh) can 
be expected to be particularly stable due to the aromatic 
character of the n-electron system. [7] For NT-, Michels et 
al. [20] demonstrated that the open chain, diazidamide 
structure, (N3-N-N3)-, is a local minimum at the RHF/6- 
31+G* and MP2/6-31+G* levels of theory. Our recent 
calculation [21] for NT- also confirmed that the energet- 
ically low-lying isomer is the open-chain structure with 
Czv or C: symmetry. In addition, we have also investi- 
gated the N9- cluster. [23] Computational results showed 
that the most stable anion N9- is an open-chain structure 
but with Cs symmetry. For the larger odd-numbered 
anionic cluster, Nil-, we [26] recently found that, similar 
to the NT- and N9- clusters, the open chain structure with 
Czv symmetry is the global minimum. 
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Based on the previous investigations on the odd- 
numbered anionic clusters, it seems that generally the 
most stable known odd-numbered anionic isomers are the 
open-chain structures. Is this conclusion applicable to the 
N15- cluster? To answer this question, we now report a 
theoretical study on the N15- cluster. 

Nitrogen clusters are of significant interest as HEDM 
for propulsion and explosive applications. The critical 
properties for effective HEDM molecules are high 
dissociation barrier and facile syntheses. Therefore, it is 
very valuable to search all possible synthesis and 
dissociation routes for any new fuel candidates. Although 
a large body of theoretical studies has already been 
devoted to the polynitrogen clusters, [4, 5, 6, 7, 8, 9, 10, 
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 
26, 27, 28, 29] they were mainly focused on the structures 
and energies of various polynitrogen isomers and only a 
few studies [15, 17, 22, 27, 29] on their synthesis and 
decomposition mechanism were reported. For instance, 
Wang et al. [27] predicted the synthesis reaction pathway 
of N 6 (C2h) from HINT 3 and N3F. Gagliardi et al. [15] 
reported a theoretical study on the formation of the 
nitrogen cluster Nm from the ionic species N5 § and Ns-. 
Nguyen et al. [17] have discussed the decomposition of 
the pentazole N5- (Dsh) into N3-+N2 and reinforced the 
view that the pentazole anion is a relatively stable cyclic 
species with a moderately high energy barrier (110- 
114 kJ tool-l). Our recent study [22] showed that the 
gauche C2 form N7- can very easily dissociate into 
Na-+N2+N2 with only 5.0 kcal mo1-1 and 1.2 kcal tool -I 
energy barriers at the B3LYP/6-311+G(3df,2p)//B3LYP/ 
6-3 l+G(d) and G2(MP2)//MP2/6-3 l+G(d) levels of the- 
ory, respectively. 

In the present study, besides geometric optimization 
and vibrational frequency analysis, we have also per- 
formed calculations on the decomposition pathways of 
some low-lying energetic N15- species in an attempt to 
provide a theoretical foundation for synthesizing HEDM. 

Computational method 

Geometries were fully optimized with restricted Hartree- 
Fock (RHF), density functional theory (DFT), and 
second-order perturbation theory (MP2). [30] The DFT 
method used in the present work comprises the combi- 
nations of Becke's three-parameter nonlocal functionals 
[31] with the nonlocal correlation of Lee, Yang, and Parr 

[32] or with the Perdew-Wang 1991 correlation func- 
tionals, [33] herein denoted as B3LYP and B3PW91, 
respectively. The MP2 method employed is one using the 
frozen core approximation. The basis set we used is the 6- 
3 I+G*, which is a split-valence double-zeta polarization 
basis set augmented with the diffuse functions. [34] To 
characterize the nature of the stationary points and to 
determine the zero-point energy (ZPE) corrections, har- 
monic vibrational frequencies were also calculated at the 
RHF/6-3 I+G*, B3LYP/6-3 I+G*, and B3PW91/6-3 I+G* 
levels of theory. For transition states, the minimum 
energy pathways connecting the reactants and products 
were confirmed using the intrinsic reaction coordinate 
(IRC) method with the Gonzalez-Schlegel second- 
order algorithm. [35, 36] Final energies were refined 
at the B3LYP/6-31 I+G(3df,2p)//B3LYP/6-3 I+G*+ZPE 
(B3LYP/6-31+G*) level of theory. In addition to the 
structural and energetic investigations, the natural popu- 
lation and Wiberg bond indices (WBI) analyses were also 
presented using the natural bond orbital procedure (NBO). 
[37, 38, 39, 40] All computations were carried out with 
the Gaussian 98 program package. [41] 

Throughout this paper, bond lengths are given in 
hngstrrms, bond angles in degrees, total energies in 
hartrees, and relative and zero-point vibrational energies 
in kcal tool l .  

Results and discussion 

The optimized structures for six Nls- isomers are shown 
in Figs. 1 and 2. The total energies, zero-point energies 
(ZPE), and the relative energies corrected by ZPE of the 
N15- isomers are summarized in Tables 1 and 2. The six 
isomers are all local minima on their potential energy 
surfaces (PES) at the above levels of the theory. 

Minimum energy N15- isomers 

It can be seen in Table 2 that the energetic stability 
ordering of the six N15- isomers is 1>2>3>4>5>6 at all 
levels of the theory. Energetically speaking, 1 (C1), as 
shown in Fig. la, is the most stable species among these 
six isomers. Examining the structure of 1, as well as its 
NBO results, this anion may be considered as a complex 
between the fragments cyclic Ns- (Dsh) and staggered Nt0 
(D2d). At the B3LYP/6-31 I+G(3df,2p)//B3LYP/6-3 I+G* 

Table 1 Total energies [E 
(Hartrees)] and the zero-point 
energies [(ZPE) (kcal mol-~)] 
for six Nls- isomers 

Isomers 
N~5- 

1 (C1) 
2 (IA',Cs) 
3 (IAI,C2v) 
4 (C1) 
5 (Cl) 
6 (1A',Cs) 

RHF/6-31+G* B3LY~6-31+G* B3PW91/6-31+G* MP2/6-31+G* 
E 

E ZPE E ZPE E ZPE 

-816.44156 51 .3  -821.06478 44 .2  -820.75017 45 .1  -818.97315 
-816.42183 51 .0  -821.05711 44.1 -820.74104 4 5 . 0  -818.93051 
-816.32341 45 .6  -820.97922 40 .2  -820.64987 4 1 . 0  -818.82897 
-816.30758 45 .6  -820.96725 40 .2  -820.63835 41.0 
-816.28025 47 .4  -820.94664 41 .2  -820.62272 42.0 
-816.22811 48 .6  -820.91163 41 .8  -820.59310 42.8 



Fig. 1 Structures (a) 1, (b) 2, 
and (c) 3 of the N15- cluster, 
showing bond distances in A 
and bond angles in degrees 
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Fig.  2 Structures (a) 4, (b) 5 and (e) 6 o f  N15- cluster, showing  bond distances i n / ~  and bond angles in degrees 



Table 2 Relative energies 
(kcal mol -I) with zero-point 
energy corrections for six Nls- 
isomers 

Isomers RHF/6-3 I+G* B3LYP/6-31 +G* B3PW91/6-3 I+G* MP2/6-31 +G* 

l (CO 0.0 0.0 0.0 0.0 
2 QA',Cs) 12.1 4.7 5.6 26.8 
3 QAt,Czv) 68.4 49.7 58.8 90.5 
4 (C~) 78.4 57.2 66.1 
5 (C:) 97.3 71.1 76.9 
6 QA',Cs) 131.2 93.7 96.3 
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Table 3 Dissociation energies 
(kcal mol -l) to 6 N2+N3- at the 
B3LYP/6-31 l+G(3df,2p)// 
B3LYP/6-3 I+G* and MP2/6- 
31+G* levels of theory 

N15-isomer 1 (C0 2 (Cs) 3(C2v) 4(Cl) 5(C1) 6(Cs) 

B3LYP 263.4 267.0 306.5 314.3 330.4 355.3 
MP2 264.9 291.7 355.4 

level, the binding energy for 1 is calculated to be 
9.7 kcal mol t .  Natural population analysis confirms that 
this complex consists of two moieties, Ns- and N10. The 
sum of the charges on the N6 (-0.230), N8 (-0.230), N10 
(-0.174), N12 (-0.182), and N14 (-0.174) atoms is about 
-1.0, corresponding to that of the Ns- moiety, and that on 
the other nitrogen atoms is about 0.0, corresponding to 
that of a neutral Ni0 moiety. As the distance (2.743- 
2.985 ~)  between the N3 and N6 atoms is so long, we 
predict the interaction between the atoms of the above N5 
ring and the atoms of the other two N5 rings appears to be 
a long-range Coulomb induced force. 

As shown in Fig. lb, structure 2 (Cs) contains two 
five-membered rings connected by an N5 chain. It is the 
second most stable isomer and energetically less stable 
than I by 12.1, 4.7, 5.6, and 26.8 kcal mo1-1 at the RHF/6- 
3 I+G*, B3LYP/6-3 I+G*, B3PW91/6-3 I+G*, and MP2/ 
6-3 I+G* levels of theory, respectively. Different from the 
structure of the corresponding neutral molecule, [28] 
structure 2 is not a planar molecule; there is a dihedral 
angle (about 150 ~ between the two five-membered rings 
and the center N5 chain. As shown in Fig. 1, most of its 
bond lengths in the two terminal Np rings are close to the 
aromatic N-N bond length (1.350 A). [7] In the center Ns 
chain, the bond lengths of N1-N2 (or N1-N3) and N2-N4 
(or N3-N5) are also close to the aromatic N-N bond 
length (1.350 ]k). However, the bond lengths of the two 
bridge bonds N4-N6 and N5-N7 are closer to the single- 
bond length of H2N-NH2 (1.449 ~). All the WBI of bonds 
in the two terminal N5 rings of 2 are more than 1.2, the 
corresponding values in the center chain are more than 
1.3, but the WBI of the two bridge bonds N4-N6 and N5-  
N7 are about 1.0. Therefore, the two terminal N5 rings and 
the center N5 chain may form three small isolated 
conjugation systems. Natural population analysis indi- 
cates that the net negative charges of this isomer mainly 
lie on the atoms N1, N4 (N5), N10 ( N l l )  and N12 (N13), 
which are -0.208, -0.116, -0.120, and -0.115, respec- 
tively. 

Structure 3 is an open-chain structure with C2v 
symmetry, different from the anions of NT- (C2v or C2), 
[21] N9- (Cs) [23] and Ni l -  (C2v); [26] this isomer is not 
the most stable species in the N~5- system. As listed in 
Table 2, it is energetically higher than 1 by 68.4, 49.7, 

Table 4 Electron affinities (eV) of N15- isomers corresponding to 
neutral molecules 

Isomer Electron affinity 

B 3LYP/6-31 +G* MP2/6-31 +G* 

1 (C0 6.47 7.96 
2 (IA',Cs) 5.93 8.07 
3 (tAbCzv) 5.31 8.87 
4 (Cl) 5.05 
5 (Cl) 5.14 
6 (1A',Cs) 5.21 

58.8, and 90.5 kcal mol -t at the RHF/6-3 I+G*, B3LYP/6- 
31+G*, B3PW91/6-31+G*, and MP2/6-31+G* levels of  
theory, respectively. Natural population analysis gives the 
result that the net negative charges of this isomer lie 
mainly on the atoms N1, N4 (N5), N8 (N9) and N10 
(Nl l ) ,  which are -0.176, -0.163, -0.105, and -0.190, 
respectively. 

As shown in Fig. 2a--c, the remaining three structures 
4-6  are all local minima on their PES at the above levels 
of the theory, but they are all high-lying energetic species, 
about 57-132 kcal mo1-1 less stable than 1. In view of 
their instability, they will be no further discussion for 
these isomers. 

The energy differences relative to 6N2+N3- molecules 
are listed in Table 3 and it appears that these six N15- 
isomers would be very energetic materials. Based on our 
investigations on the neutral N15 molecules, [28] the 
electron affinities (EAs) of all N15- isomers can then be 
easily calculated and they are tabulated in Table 4. 

Transition structures and reaction barriers 
for decomposition reactions 

Since the low-energy species always receive attention, we 
shall, in the present study, examine their possible 
decomposition pathways with B3LYP. However, isomer 
1 is a weak ion-molecule complex. Since the decompo- 
sition of a weak complex is generally a simple and easy 
bond cleavage and barrier-free process, we need not 
further explore its decomposition mechanism. Therefore, 
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Fig. 3 Structures of dissocia- 
tion products Nl0 (Cs), Ns- 
(Dsh), NI3- (El), NI0 (C2h), N3-, 
and N2, showing bond distances 
in/~ and bond angles in degrees 
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Table 5 Total energies [E (Hartrees)] and the zero-point energies [(ZPE) (kcal moll)] for the reactants, complex, transition states, and 
products 

Species B3LYP/6-3 I+G* 

E ZPE 

B3LYP/6-31 I+G(3df,2p)//B3LYP/6-31 +G*+ZPE 
(B3LYP/6-3 I+G*) 
E 

2N15- (Cs) -821.05711 
N13- (C1) -711.56546 
N2 (D~h) -109.52978 
TS1 C1) -821.02253 
Ns- (DsB) -273.76309 
Nlo (Cs) -547.26741 
Complex (C1) -821.05087 
TS2 (C1) -821.03011 
3N15- (C2v) -820.97922 
N~0 (C2h) --547.24212 
N3- (D~h) -164.24473 
TS3 (Cs) -820.95537 

44.1 -821.29874 
36.6 -711.77905 
3.5 -109.56684 

41.5 -821.26558 
13.5 -273.84178 
28.3 -547.43516 
42.6 -821.29622 
42.2 -821.27311 
40.2 -821.22952 
26.8 -547.41372 

6.7 -164.29706 
37.8 -821.20782 

we only predict the possible decomposition mechanisms 
for isomers 2 and 3. 

The geometric structures and the optimized geometric 
parameters for the reactants, products, transition states, 
and complex are shown in Figs. 1, 2, 3, and 4. The total 
energies, zero-point energies (ZPE), and the relative 
energies corrected by ZPE of the reactants, products, 

transition states, and complex are tabulated in Tables 5 
and 6. Figure 5 plots an energy diagram that presents the 
relative energies including ZPE corrections of stationary 
points on the PES of isomers 2 and 3. In the following 
discussions, we will mainly use the B3LYP/6-311+ 
G(3df,2p)//B3LYP/6-3 I+G*+ZPE (B3LYP/6-3 I+G*) re- 
suits unless otherwise indicated. 



Fig. 4 Structures of TS1-3 and 
Complex, oshowing bond dis- 
tances in A and bond angles in 
degrees 
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Table 6 Relative energies 
(kcal mol 1, corrected by ZPE) 
of species on the N15- PES 

Species B3LYP/6-3 I+G* B3LYP/6-311 +G(3df,2p)//B3LYP/6-31 +G*+ZPE 
E (B3LYP/6-3 I+G*) 

E 

2 NIS- (Cs) 0.0 0.0 
N13- (C1) +N2 -27.9 -33.6 
N10 (Cs)+N5- (D5h) 14.4 11.4 
TS1 (Cl) 19.1 18.2 
Complex (C1) 2.4 0.1 
TS2 (C1) 15.0 14.2 
3 N15- (C2v) 0.0 0.0 
Nl0 (C2h)+N3-+N2 -26.7 -34.4 
TS3 (Cs) 12.6 11.2 

Decomposition process of 2, Nls-  (Cs)---~TS1 
(C1)-+N13 - (CI)+N 2 

The ring breaking reaction of 2 (Cs) into N13- (C1) and N2 
was studied at the B3LYP/6-31+G* level of  theory. The 
search for a transition state leads to a structure with C1 

symmetry. The calculation of the harmonic vibrational 
frequencies confirmed that the structure is a transition 
state, with one imaginary frequency equal to 531i cm -1. 
As shown in Fig. 4, we can note that, compared with 
structure 2, the two bond lengths of  N10-N12 and N 6 -  
N14 in TS1 are stretched whereas that of  N12-N14 is 
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Fig. 5 Potential energy surfaces 
of 2, Nj5- (Cs) and 3, NI5- (Czv) 
at the B3LYP/6-31 l+G(3df, 
2p)//B3LYP/6-31 +G*+ZPE 
(B3LYP/6-31+G*) level of 
theory 
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actually compressed and almost becomes a triple N=-N 
bond. A barrier for dissociation of 19.1 kcal mo1-1 was 
obtained at the B3LYP/6-31+G* level of theory. Single 
point calculation at the B3LYP/6-311+G(3df,2p)// 
B3LYP/6-31+G*+ZPE (B3LYP/6-31+G*) level decreas- 
es this value to 18.2 kcal tool -1. Since the dissociation 
barrier is close to 20 kcal tool "l [29], it seems reasonable 
to consider 2 as a candidate for HEDM along this 
dissociation path. 

Decomposition process of 2, N15- (Cs)--*TS2 
(Ct)---+Complex~N5- (Dsh)+N10 (Cs) 

With the distance between N4 and N6 atoms lengthening, 
the structure transfers into an intermediate (Complex) 
through TS2 (C0. The Complex is a local minimum on 
the PES, as shown by its all real harmonic frequencies at 
the B3LYP/6-31+G* level of theory. Natural population 
analysis confirms that the complex consists of two 
moieties, Ns- and N10. The sum of the charges on N6, 
N8, NI0, NI2, and N14 atoms is -1.0, corresponding to 
that of Ns- moiety, and that on the other nitrogen atoms is 
about 0.0, corresponding to that of neutral N10 moiety. As 
shown in Fig. 4, in the structure of the Complex, the N6 
atom of Ns- (Dsh) connects the N4 atom of N10 (Cs) 
through long-range Coulomb induced force. The long 
distance (3.126 ~) between N4 and N6 atoms in the 
Complex suggests that the charge attraction force 
between N4 and N6 is greatly weakened. Thus, the bond 
of N4-N6 would break and N15- (Cs), 2 would be 
decomposed into Nt0 (Cs) and Ns- (Dsh). To verify that 
the transition state really connects the Complex and 
structure 2, an IRC calculation was also performed 
beginning with the transition state TS2 at B3LYP/6- 
31+G*. The geometries of the two species obtained from 
IRC calculation are very close to those from the geometry 
optimization calculations. 

The dissociation barrier at the B3LYP/6-311+ 
G(3df,2p)//B3LYP/6-31+G* +ZPE (B3LYP/6-31+G*) 
level is 14.2 kcal tool -1. It is not high enough to regard 
2 as a suitable candidate for preparation and handling in 
bulk quantities. 

Decomposition process of 3, Nts- (C2v)--~TS3 (Cs)--~N10 
(Czh)+N3- (Dooh)+N2 

The dissociation of 3 (C2v) was investigated at the 
B3LYP/6-31+G* level of theory. A transition state 
TS3 (Cs) with one imaginary frequency 333i cm -1 was 
found lying about 11.2 kcal mor ~ above 3 at the B3LYP/ 
6-311 +G(3df,2p)/B3LYP/6-3 I+G*+ZPE (B3LYP/6-31 + 
G*) level of theory. The typical bond distances and 
angles of TS3 are shown in Fig. 4. TS3 leads to the 
formation of the neutral N10 (C2h) species and N2, N3- 
fragments. This is rather obvious by looking at the 
structure of the TS and the vibrational mode of the 
imaginary frequency that corresponds to the breaking of 
the N4-N6 and N8-N10 bonds. Natural population 
analysis confirms the presence of the N3- part. The 
negative charges reside mainly on the atoms N10 and N14 
of the N3-, which are -0.299 and -0.183, respectively. 

Summary 

Six minimum energy isomers of NI5- cluster are reported 
in this paper. Different from the known odd-numbered 
anionic N7-, N9-, and Nil- clusters, in which the open- 
chain structures are most stable, the most stable Nts- 
isomer is structure 1 (C1), which may be considered as a 
complex between the fragments cyclic Ns- (D5h) and 
staggered Nlo (D2d). We have examined the decomposi- 
tion mechanisms of isomers 2 and 3. For isomer 2, the N2- 
eliminating barrier, close to 20 kcal mol 1, suggests that it 



seems reasonable to consider it as a candidate for HEDM 
along this dissociation path, but the corresponding value 
for the N5- (Dsh) fission reaction is only 14.2 kcal mol -I. 
Since a reaction generally proceeds through the pathway 
that has the lowest barrier, it does not seem reasonable to 
regard 2 as a new fuel. With respect to isomer 3, the small 
dissociation barrier for the N2+N3- fission reaction of 
only I 1.2 kcal mol -~ indicates that this isomer of NIs- is 
not stable kinetically. 
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