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Molecules containing only nitrogen atoms have been extensively studied as possible candidates for high energy
density materials (HEDMs). An all-nitrogen moleculg dan dissociate to Nwith the release of a large
quantity of energy. To be a viable HEDM, a molecule must resist dissociation well enough to serve as a
stable fuel. Recent studies of acyclig &hd N molecules suggest that these even-numbered molecules lose
N> too easily to be HEDMs. However, another study of acyclicsMggests that Nmay be stable enough.

In the current study, the dissociation pathways of acych@ahd N ; are examined extensively by theoretical
calculations to determine the stability of these acyclic odd-numbegeddiecules. Dissociation barriers for

Ny and N are calculated using Hartre€ock (HF) theory, perturbation theory (MP2 and MP4), and coupled-
cluster (CCSD and CCSD(T)) theory. The correlation-consistent basis sets of Dunning are employed. The
results indicate that fNand N; can dissociate as easily ag Bihd Ny, thereby contradicting the previous
conclusion regarding i

Introduction calculated for odd-numbered acyclic moleculesaNd Ni;. For

: . No, the reactions to be studied arg % N7 + N2, Ng — Ng +
Molecules that consist solely of nitrogen atoms have recently Ns and N — Ns + Na. For Ny, there are four reactions,

been examined as candidates for high energy density materials

(HEDMSs), on the basis of the straightforward idea that an all- corresponding to the loss 0fNNs, Na, and N;, respectively.
nitrogen molecule Ncan dissociate into Nmolecules. Such a For each molecule, if any one reaction has a barrier below the

reaction would be highly exothermic, releasing in excess &f 50 ?hoa':( C:{ng:]éhtrﬁ;?:é?e'ggli r}str;itn;faiglceuéengﬁnhdtlgsboecﬁeHaElgrlz/lg
keal/mol of energy-* The difficulty in identifying viable HEDM The poallof this study is to determine if the dis?sociation barriers.
candidates lies in finding molecules that resist dissociation andfor 3dd-numbered {\lare substantially different from the
isomerization well enough to serve as stable fuels. It has beendissociation barriers of their even-numybered counternarts
suggested that a viable HEDM should have dissociation and parts.
isomerization reaction barriers of at least 30 kcal/fol.
Several recent studies have suggested that linear, cyclic, an

small cage N molecules generally do not meet this criterion Geometries have been optimized with Hartr€eck (HF)

for Stab|l|ty Tetrahedral Nand cubic M have been ShOV@I’I7 theory and second-order perturbation thééWPZ) Energy

not to meet the stability criterion, most likely due to the highly points have been calculated using fourth-order perturbation
strained bond angles and torsional strain in the moleculgs. N theory's (MP4(SDQ)) and coupled-cluster the#ty” (CCSD and
isomers with rings and linear chains have been stddiedi  ccsSD(T)). N, and N, molecular structures are calculated in
found to decompose and/or isomerize below the 30 kcal/mol the doublet electronic state, and the dissociation transition-state
threshold. Also, a studyhas been carried out ongNsomers  stryctures are also optimized in the doublet state. The basis sets
that are I|ke|y reaction prOdUCtS of an addition reaction between are the correlation-consistent basis %ﬁDunning, Specifica”y

the azide ion Y~ and the recently synthesizedN\cation® None the polarized valence doubfe{CC-PVDZ) and tripleg (CC-

of those reaction products were found to hold any promise as pyTz) sets, as well as the doubleset with diffuse functions
viable HEDMs, again due to low reaction barriers. The’N  (AUG-CC-PVDZ). All calculations in this study have been

cation has itself been the subject of a detailed theoretical performed using the Gaussian 98 quantum chemistry padRage.
investigatio into its properties, and another theoretical s#qdy

predicted that the N anion may be stable and eventually Results and Discussion
synthesized in the laboratory. A wide variety of;Nsomers
have been investigat&ldto determine the structural properties The structure of the Nmolecule Cz, symmetry point group)
and relative stability of the N molecules. The buckminster- is shown in Figure 1, along with geometric values from the
fullerene analogue § has also been studiédalong with the HF/CC-PVDZ and MP2/CC-PVDZ geometry optimizations.
N1o units into which Np might decompose. Dissociation transition-state structures (all in thesymmetry

A recent stud}? of neutral and cationic Nlinear chains  point group) corresponding to loss 0fNN3, and N, are shown
indicated that neutral, acyclicgMnay be a candidate for HEDM,  in Figures 2-4, respectively. The N molecule Cz, symmetry
but that study did not contain results of all dissociation pathways. point group) is shown in Figure 5, and the transition states (all
A study of acyclic No has show#t that molecule to lose N in the Cs symmetry point group) for losses of2NN3, N4, and
too easily to be an HEDM. This apparent contradiction motivates Ns are shown in Figures-69, respectively.
further investigation of the dissociation pathways for acyclic ~ The Ny dissociation barriers for calculations with the CC-
Nx molecules. In the current study, dissociation barriers are PVDZ basis sets are shown in Table 1. At all levels of theory,
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Figure 1. Ng molecule Cz, symmetry point group). Bond lengths in

J. Phys. Chem. A, Vol. 106, No. 29, 2002381

176
(1.95)

122
1.23)

126
(131

1.29 1.35
(1.30) (1.39)

1035 126
112 (100.0)

(1.14) 108.9

(104.2)

110
11

(114.0)

1077

1728
(176.9)

1032
(106.6)

107.9
(106.2)

1073
(104.5)

Figure 7. Ni; — Ng + N3 transition state@s symmetry point group).

angstroms and bond angles in degrees are shown as HF/CC-PVDZ-gonq |engths in angstroms and bond angles in degrees are shown as

optimized values, with MP2/CC-PVDZ values in parentheses.
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Figure 2. Ng — N7 + N; transition state@s symmetry point group).
Bond lengths in angstroms and bond angles in degrees are shown
HF/CC-PVDZ-optimized values, with MP2/CC-PVDZ values in pa-
rentheses.
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Figure 3. Ng — Ng + Nj transition state@s symmetry point group).
Bond lengths in angstroms and bond angles in degrees are shown
HF/CC-PVDZ-optimized values, with MP2/CC-PVDZ values in pa-
rentheses.
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HF/CC-PVDZ-optimized values, with MP2/CC-PVDZ values in pa-
rentheses.
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agigure 8. Ni1 — N7 + N, transition state@s symmetry point group).

ond lengths in angstroms and bond angles in degrees are shown as
HF/CC-PVDZ-optimized values, with MP2/CC-PVDZ values in pa-
rentheses.

1.26

138
123
127 048 (s

1.77
(1.89) 127

1.26

132 (1.29)

1077
(104.8)

102.9
(104.3)

110
(1.13)

1093
(104.9)

110
(111)

1100

a15.1) 173.0

(172.4) (i

102.7
(103.1)

1072
(103.3)

Figure 9. N1 — Ng + Ns transition state@s symmetry point group).

a8ond lengths in angstroms and bond angles in degrees are shown as
HF/CC-PVDZ-optimized values, with MP2/CC-PVDZ values in pa-
rentheses.

TABLE 1: N g Dissociation Barriers for Calculations with
the CC-PVDZ Basis Set (kcal/mol)
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COAT ams Lio Ne— N7+ Nz Ne—Ng+ Nz No— N5+ Ns
(1.13)

e HF 12.7 215 29.7
MP2 20.2 47.5 43.0
Figure 4. Ng — Ns + N, transition state@s symmetry point group). MP4//HF 16.9 30.5 37.4
Bond lengths in angstroms and bond angles in degrees are shown asCCSD/HF 17.0 20.8 26.6
HF/CC-PVDZ-optimized values, with MP2/CC-PVDZ values in pa- CCSD(T)/IHF 17.7 18.0 24.0
MP4/IMP2 16.5 37.9 40.1

rentheses.
CCSD//IMP2 16.6 31.6 37.6
CCSD(T)/IMP2 16.6 307 36.0

TABLE 2: N g Dissociation Barriers for Calculations with
the CC-PVTZ and AUG-CC-PVDZ Basis Sets (kcal/mol)
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Figure 5. N1; molecule Cz, symmetry point group). Bond lengths in N7+ Nz Ng+ Nz Ns+Ng
angstroms and bond angles in degrees are shown as HF/CC-PVDZ- B}

optimized values, with MP2/CC-PVDZ values in parentheses. HEZ ggz\\gé g% %ig iéé
. MP4/IHF CC-PVTZ 18.4 33.6 40.3
(126) (11-2287) 132 13 MP4/IMP2  CC-PVTZ 18.7 41.1 435
108 T ONGRICED) 1.26 HF AUG-CC-PVDZ 13.2 225 31.3
of o ame N MP2 AUG-CC-PVDZ 20.7 50.7 452
(154.9) (6 1076 sy Lo MP4//HF AUG-CC-PVDZ 16.7 32.0 39.2
} MP4//IMP2  AUG-CC-PVDZ 16.7 39.9 42.1

Figure 6. N1; — No + N, transition state@s symmetry point group). reaction, HF theory predicts the lowest barrier and MP2 predicts

Bond lengths in angstroms and bo_nd angles in degrees are §hown a%he highest barrier, with the MP4, CCSD, and CCSD(T) results
HF/CC-PVDZ-optimized values, with MP2/CC-PVDZ values in pa- falling between those of HF and MP2

rentheses. . . .
Basis set effects are tested by calculations with the CC-PVTZ

the N, loss pathway has the lowest barrier. At both the HF- basis set, and the influence of diffuse functions is tested by
and MP2-optimized geometries, MP4, CCSD, and CCSD(T) calculations with the AUG-CC-PVDZ basis set. Results from
predict reaction barriers of less than 20 kcal/mol. These barriersboth basis sets are shown in Table 2. Relative to the CC-PVDZ
are certainly too low for a viable HEDM, and these barriers are calculations, the CC-PVTZ calculations tend to raise the
approximately the same as similar barriers calculated for acyclic dissociation barriers by-12 kcal/mol for Ny — N7 + N2 and
isomers of N and Ny. Also, at the MP2 geometries, thesN by 1—3 kcal/mol for the other reactions. The basis set effects
loss process i Ng + N3 has barriers of 37.9, 31.6, and 30.7 are small enough that the CC-PVTZ results should be considered
kcal/mol with MP4, CCSD, and CCSD(T), respectively. These converged with respect to the basis set. The influence of the
barriers are in good agreement with the-N Ng + N3 density diffuse functions in AUG-CC-PVDZ is less than 1 kcal/mol
functional theory results from the previous WNstudy. For each relative to the corresponding CG&PVDZ results.
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TABLE 3: N 1; Dissociation Barriers for Calculations with dissociate with approximately the same ease as their even-
the CC-PVDZ Basis Sets (kcal/mol) numbered counterparé4 The accumulation of theoretical data
Ni— Ny — Ni— Ni— on Ng, No, N1g, and N1 seems sufficient to draw the conclusion
Ng+Nz  Ng+Ns N7+Ng  Ng+Ns thatall acyclic nitrogen molecules will lose Nand possibly
HF 11.6 21.8 31.9 25.0 other fragments) too easily for any such molecule to be a viable
MELZWHF ii-z gg-g fé-g ?3’,3'? HEDM. A viable all-nitrogen HEDM will have to take some
CCSDIHE 147 20. 29.6 19.4 form other thgn acycllc molecules, perhaps nitrogen cages or
CCSD(T)/IHF 154 175 26.4 171 other three-dimensional forms.
MP4//MP2 14.0 36.7 43.2 325
CCSD/IMP2 14.3 29.8 41.3 28.5 Acknowledgment. The Alabama Supercomputer Authority
CCSD(T)/IMP2 14.1 28.5 39.8 26.5
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