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A theoretical study on the decomposition pathways ef Bind N~ clusters with low spin has been carried
out on the basis of ab initio molecular orbital theory and density functional methods. Transition states of
dissociation processes were found and characterized on the MP2/§&gdl) and B3LYP/6-31€)G(d)

potential energy surfaces (PES). Relative e

nergies were further calculated using a basis set extrapolation

similar to the G2(MP2) method for the MP2/6-33)G(d) optimized geometries. B3LYP/6-316G(3df, 2p)
single-point energy corrections were performed using the B3LYP/6-%3(d) geometries. The present study
shows that the elimination of twoNn the open-chain anionN (C,) is a concerted process, whereas in the
open-chain cation N (Cy,), it is stepwise due to the existence of stable linegt.N'he decomposition
pathway of the cyclic anion N (C,) was also investigated at the above levels. The computed results suggest
that the N ions do not seem to be stable enough as a metastable species in a practical sense.

Introduction

In recent years, nitrogen clusters have drawn considerable
attention, not only owing to their theoretical interest, but also
their potential use as environmentally friendly high-energy-
density materials (HEDMs). However, it is still a challenge to
synthesize the polynitrogen molecules. Indeed, only three all-
nitrogen chemical species in bulk compounds are experimentally
known throughout the last three centuries: namepy Ng~,
and N;*, of which the last one has been synthesized by Christe
and co-workers in 19990lah et ak attempted to acquire the
dication Ny*™ experimentally through the diazotization of the
aminodiazonium ion, obtained by the protonation of Hith
NO"BF,~ in Magic Acid/SQCIF solution at—78 °C. Unfor-
tunately, however, they failed in synthesizing the tetranitrogen
dication.

Could further varieties of nitrogens exist? In fact, many
hypothetical stable structures have been predicted theoretiéglly
in the past several years. Bartlett e'amade a systematic
investigation on the structures, energies, and spectroscopies fo
the poly-nitrogen species ranging from b N, as well as
their cations and anions. Quite recently, Gagliardi and PyA#kko
reported a theoretical search for MElystems and have found

that the presence of Sc metal seems to lead to much higher;

energetic stability with respect to dissociation products. Bartlett
et al23 also reported an investigation on the pseudo-benzene
N, ring with oxygen. Gagliardi et & pointed out that the anion

theoretical study on the structures and stability ef nd N~
clusters with low spin using ab initio and DFT methods. The
study suggested that the open-chaif" NC,) and N~ (Cy)

are the global minima on their respective potential energy
surfaces.

As high-energy-density material candidates, the critical ques-
tions for nitrogen clusters are their barrier heights to dissociation
and the methods of their synthesis. The energy barriers to
dissociation must be sufficiently high to provide stability under
the conditions in which fuels would normally be stored. It is
therefore desirable to have barriers of more than 20 kcal/mol,
and preferably more than 30 kcal/mol. Therefore, it is necessary
to examine all possible dissociation routes for any new
candidates. Only a small number of reports about the potential
energy surface (PES) of JN clusters are recorded, such as
N4,’ 710 Ng, 11713 and N;.16-17 We?6 have studied the possible
decomposition pathways ofgNCy,) and Nyt (Cy,) clusters and
determined the energy barriers for these reactions with the DFT
methods. The goal of this paper is to study the decomposition
fhechanism of N and N~ clusters with low spin with ab initio
and DFT methods. We attempt to find the possible pathways
of decomposition reactions and then determine the energy
barriers of these reactions, as well as the kinetic stability of
hese species.

Calculation Methods

Ns~ might be stable enough to be synthesized and further studied Geometries of the reactants, products, and transition states

the possibility to form Np from Ns™ and N5~ in a recent paper
of theirs.

In their exploration of the synthesis of nitrogen clusters,

have been optimized applying two different methods, viz., the
second-order perturbation theory (MP2) and the hybrid density
functional B3LYP approach, i.e., Becke's three-parameter

scientists have placed much more hope on the even_numbered]onlocal'exchange functional with nonlocal correlation func-

nitrogen clusters. Interestingly enough, however, ondy &hd

Ns* were successfully synthesized. This suggested to us that it
is perhaps more hopeful to synthesize the odd-numbered
nitrogen clusters, and Nions might evidently be the next
objective to be synthesized. WWehave recently carried out a
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tional of Lee, Yang, and Paff-28 The MP2 method employed
is one using the frozen core approximation. For the catigh N
the standard 6-31G(d) basis set is employed which is of dduble-
contraction quality plus six d-like polarization functions, while

for the anion N—, the 6-31-G(d) basis set is augmented with

diffuse functions. Vibrational frequencies calculated at the same
levels have been used for the characterization of stationary points
and zero-point energy (ZPE) correction. All the stationary points
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have been positively identified for minima (number of imaginary
frequencies NIMAG= 0) or transition states (NIMAG= 1).
Minimum energy pathways connecting the reactants and prod-
ucts were confirmed using the intrinsic reaction coordinate (IRC)
method with the Gonzalez-Schlegel second-order algodthA.

To obtain more reliable relative energies, a basis set
extrapolation similar to what is done in the G2(MP2) method
were employed, denoted here as G2*(MP2), in which G2(MP2)
is a modification of the Gaussian-2 (G2) approach by Pople
and co-workers! The G2*(MP2) energy was computed by the
G2(MP2) schem@ using MP2/6-31(+)G(d)-optimized geom-
etries as follows:

E[G2*(MP2)] = E[MP2/6-311G(d, p)t- A¥"2 + AE®C' +
ZPE+ AE™C + AFC

AVP? = E[MP2/6-31HG(3df, 2p)]—
E[(MP2/6-311G(d, p)]

AE®®' = E[QCISD(T)/6-311G(d, p)}-
E[MP2/6-311G(d, p)]

AE"¢ = —0.00019;, — 0.0059%,

wherer, andng are the numbers af andg valence electrons,
respectively. ObviouslyAMP2 is an energy correction for the
basis set extension from 6-311G(d, p) to 6-3G(3df, 2p) at
the single MP2 level, andAER®' is a correction for the
correlation effects from the MP2 to QCISD(T) level with the
same 6-311G(d, p) basis sétEH.C is a correction for the

remaining correlation energy between spin-paired electrons. The

final term, AHLC, is known as the higher-level correction for
the final G2 energy. Therefore, the quantity of E[G2*(MP2)]
is essentially an approximation to an energy calculated directly
at QCISD(T)/6-31%+G(3df, 2p)//IMP2/6-31¢)G(d) level. For
comparison, single-point energy corrections at the B3LYP/6-
31(+)G(d)-optimized geometries were also obtained with the
larger basis set size 6-3+G(3df, 2p). All the energies quoted
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Figure 1. Optimized geometrical parameters of the catiost I€-1
andTS1

TABLE 1: The Lowest Vibrational Frequency (cm~1) for

the Species Involved in Nt and N;~ Decomposition Systems

species MP2/6-3#)G(d) B3LYP/6-31()G(d)
Nt C-1(Cyp) 123 130
TS1(Cy) 595 509
N~ A-1(Cy) 44 75
TS2(Cy) 403 138
A-2 (Cy 169 210
TS3(Cy) 565
TS3-a(Cy) 185
A-3 (Cy) 75 42
TS3-b(Cy) 567 338
A-Complex (Cy) 220 129

1, the imaginary frequencies @51 are calculated as 59&and

509 at the two levels, respectively. During the deformation
process fronC-1to TS1, the bond length of N3N5 lengthens
and the symmetry changes frdy, to Cs, while the other bond
lengths and bond angles change slightly. These imply that the
bond of N3-N5 would break easily and-N would dissociate
into N and N;*. IRC calculations, performed at the same levels,
also confirm thaffS1 does connect § (Cy,) and N> + Ns*.

The calculated relative energies including zero-point correction
are summarized in Table 2. At the B3LYP/6-31G(3df, 2p)//
B3LYP/6-31G(d) level, the energy difference betwei and

and discussed in the present paper include the ZPE correctionN7+ (Ca,) is 4.8 kcallmol, whereas G2*(MP2) decreases this

without scaling. Gaussian 98 progrédmwas used for all
calculations in this study.
Throughout this paper, bond lengths are given in angstroms

bond angles in degrees, total energies in hartrees, relative an({1

value to 3.1 kcal/mol. Such small values suggest that it may be
possible to observe this isomer only as a short-lived species,
ather than being suitable for preparation and handling in bulk
uantities. Nguyen et af have discussed the decomposition

zero-point vibrational energies (unless otherwise stated) in kcal/ ¢ the cation N' (Cz) into Ns* + N, and pointed out that the

mol.

Results and Discussion

open-chain M is a relatively stable species with a moderately
high energy barrier (170220 kJ/mol). Thus no further discus-
sion on N seems to be necessary.

The decomposition of each species considered here will be  The Ny~ Anion. N(N3),~ has been previously investigated
presented in the following sections. As a convention, each by Michels et al8 in both C, and Cs symmetries. Our recent
structure is designated by a combination of letters. The letters papef® has reported the stationary points on the potential energy
C andA stand for cation and anion, respectively. The optimized surface of the N~ cluster, and has pointed out that the gauche
geometric structures of the species involved in the decomposi- C, form A-1 is the most stable anion;Nisomer using ab initio
tion pathways are given in Figures-B8. The lowest vibrational and DFT methods. As shown in Figure 2, the longest and
frequencies of the species involved are listed in Table 1 and weakest bond i\-1 is the central N:-N2 (or N1-N3) bond
the relative energiesEf)) and zero-point energies (ZPE) are whose length is comparable to that igHy (1.45 A)33 Mulliken
tabulated in Table 2. charge distribution analysis performed at the MP2/6-G1d)

The N7 Cation. Geometries and properties of this cationic level indicates that the excess negative charge resides mainly
system have been examined in detail in our recent p&ger, on the central nitrogen atom. The DFT Mulliken charges show
which theC,, symmetric open-chain linear structutel is the a similar pattern. These imply that the decomposition mechanism
most stable N" isomer, and thus will warrant no further of A-1 is the cleavage of a NN single bond rather than the
comments. Here we have found a transition st&@&lj for its direct N, elimination. We have found a transition stat&2
decomposition into B (Cz,) + N2 whose geometrical param-  (C;) with only one imaginary frequency (4Dand 138 at the
eters optimized at the MP2/6-31G(d) and B3LYP/6-31G(d) MP2/6-3HG(d) and B3LYP/6-31+G(d) levels, respectively).
levels, respectively, are displayed in Figure 1. As shown in Table EnergeticallyTS2 is only 5.0 kcal/mol higher thaA-1 at the
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TABLE 2: Relative Energies (Ere) (kcal/mol) with ZPE Correction and ZPE (in kcal/mol) for the Species Involved in N;* and

N7~ Decomposition Systems
MP2/6—31(+)G(d) G2*MP2 B3LYP/6—31(+)G(d)
isomers Erel ZPE Erel Erel ZPE B3LYP/6-313#G(3df,2p¥
N7 C-1(Cy)? 0.0 17.8 0.0 0.0 18.3 0.0
TS1(Cy) 7.8 16.0 3.1 4.5 16.7 4.8
Ns* (Cz,) + N2 —-56.2 15.6 —-53.0 —40.8 16.2 —44.4
N7~ A-1(Cy? 0.0 16.6 0.0 0.0 16.4 0.0
TS2(Cy) 0.3 15.9 1.2 4.9 16.0 5.0
A-2 (Cy 7.2 17.5 10.7 18.0 17.9 235
TS3(Cy 19.4 16.4 15.0
TS3-a(Cy) 241 16.8 29.0
A-3 (Cy) 4.3 17.6 5.5 12.2 16.5 15.2
TS3-b(Cy) 131 16.4 14.9 23.6 17.6 26.5
A-Complex (Cy) -5.9 16.6 8.6 18.2 17.1 20.8
N3~ + N2+ N2 —161.2 125 —140.9 -127.6 13.7 —131.6

aThe relative energies of the most stable"Nind N~ isomers were set to zero, respectivélgingle-point energy in G2*(MP2)//MP2£6
31(+)G(d) with ZPE correction in MP2/6-33)G(d) level.c Single-point energy in B3LYP/6-311G(3df,2p)//B3LYP/6-31¢)G(d) with ZPE

correction in B3LYP/6-31()G(d) level.
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Figure 2. Optimized geometrical parameters of the aniosm R-1
andTS2.

B3LYP/6-31H-G(3df, 2p)//B3LYP/6-3#G(d) level. The
G2*(MP2) calculation decreases the barrier height to 1.2 kcal/
mol. Compared withA-1, the bond length NEN2 in TS2
increases, with a decrease in the bond length of- N2 and

an increase in the bond NMN5. Starting fromTS2, IRC
calculations lead directly to dissociation into three parts N

+ N2 + Na. Two bonds (N:N2 and N3-N5) are broken to
produce these products. The simultaneous bond breaking is
presumably due to the instability of the lineas, Mausing its
dissociation into two B molecules. However, from the very
low barrier height ofA-1, it is more than doubtful if this isomer
can be observed experimentally.

Our previous studd? has shown that the cyclic isomér2
(Figure 3) with Cs symmetry and the cage-like isoméw
complex (Figure 3) withCs symmetry are all true minima on
the potential energy surface ofN With the zero-point energy
correction,A-2 is 23.5 and 10.7 kcal/mol less stable thai
at the B3LYP/6-11+G(3df, 2p)//B3LYP/6-31%+G(d) and G2*-
(MP2) level, respectively. Both levels of theory predict that
A-complex possesses energies similarAe2. A-complex is
more stable thai\-2 by 2.7 and 2.1 kcal/mol at the B3LYP/
6-311+G(3df, 2p) and G2*(MP2) levels, respectively. Mulliken

considered as a rather weak temolecule complex between
the Ny ring and an azide anionN.

The decomposition pathway &2 (Cs) has been examined
at the MP2/6-3+G(d) and B3LYP/6-31+G(d) levels of theory.
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Figure 3. Optimized geometric parameters of the structures involved
in the decomposition of the anion/NA-2.

predicted dissociation process of the cyclic isomdeR is
strongly dependent upon the methods employed. As usual, the
MP2 method is liable in overestimating the electron correlation
charge distribution analyses indicate that the excess negativeeffects that can result in some calculated bond lengths being
charge resides mainly on N2 and N3. So this structure can belonger than their real values for nitrogen clusters. It seems also
that the difference of the decomposition pathways between the
MP2 and B3LYP results from overestimating the electron
correlation effects. We have located a transition structi8g
as shown in Figure 3, at the MP2/6-8G(d) level. Compared

From the results presented here, it is noted that the theoreticallywith the stable isomeA-2, TS3 still possesse€s symmetry,
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with the bond distances of N2N4 and N3-N5 lengthened by
about 0.3 A, whereas the distance of-N45 shortened greatly.
EnergeticallyTS3 is only 4.3 kcal/mol higher thaA-2 at the
G2*(MP2) level (Table 2). The decomposition process of
A-2(Cs) — TS3(Cs) — N3~ + N2 + Ny proceeds through
A-complex (Cs) as indicated by IRC calculation performed at
the MP2 level. However, the pathway th&t2 deforms into
A-complex via an isomerization reaction was found at the
B3LYP/6-31+G(d) level. Two transition state$ $3-aandTS3-

b) have been located on the B3LYP potential energy surface,
as depicted in Figure 3. Indeed, tke symmetric formA-3
was found to be a stable point for the aniop Nvith all real
vibrational frequencies at the B3LYP/6-8G(d) and MP2/6-
31+G(d) levels of theoryA-3 is 8.3 kcal/mol and 5.2 kcal/
mol more stable thaA-2 at the B3LYP/6-31%(3df, 2p) and
G2*(MP2) levels, respectively. IRC calculation verifies that
TS3-ais connected td\-2 on the reactant side and #3 on

the product side. The energy difference betwé&gg-aandA-2

is 5.5 kcal/mol at the B3LYP/6-3H(3df, 2p)//B3LYP/6-3#-G-

(d) level of theory. The low barrier suggests that isomerization
can happen easily. On the other han83-b was confirmed to
connect the two minimad-3 andA-complex, by IRC calcula-
tion at the B3LYP levelTS3-b (shown in Figure 3) was also
found to be a transition state that conne&t8 andA-complex

on the potential energy surface at the MP2/6-8Kd) level of
theory. On the basis of the energy difference betw&ehand
TS3-b, the reaction potential barrier heights are predicted to
be 11.3 and 9.4 kcal/mol at the B3LYP/6-32G&(3df, 2p) and
G2*(MP2) levels, respectively. The modest decomposition
barrier heights suggest that it seems possible to defedt
experimentally as a short-lived species. However, in view of
such low barrier height at the MP2 and B3LYP levels of theory,
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