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Molecules consisting entirely or predominantly of nitrogen are the focus of much research for their potential
as high energy density materials (HEDM). Recent theoretical predictions on cage stabilitys, fdl N Na4,

Na3o, and Ny indicate that the most thermodynamically stable isomer has 3-fold symrigtrgr(Dsq Symmetry

point group). Such molecules have a triangentagon bonding group on each end with a band of hexagons
around the midsection. However, the existence of this symmetric isomer depends on the number of nitrogen
atoms being a multiple of six. In the current study stability trends are addressed for two molecule sizes where
this symmetric option does not exist, namely, Bind Nie. ISomer energies for these molecules are calculated
using Hartree-Fock theory, density functional theory (B3LYP), and perturbation theory (MP4) along with

the correlation-consistent basis sets of Dunning. At each molecule size the most stable cage is identified, and
the structural features leading to cage stability are discussed.

Introduction

Nitrogen molecules have been the subjects of many recent
studies because of their potential as high energy density
materials (HEDM). An all-nitrogen moleculeyMan undergo
the reaction N— (x/2) N, a reaction that can be exothermic
by 50 kcal/mol or more per nitrogen atoriTo be a practical
energy source, however, a moleculg Would have to resist
dissociation well enough to be a stable fuel. Theoretical
studie$™7 have shown that numerous, Molecules are not
sufficiently stable to be practical HEDM, including cyclic and
acyclic isomers with eight to twelve atoms. Cage isomers of
Ng and N> have also been showri by theoretical calculations
to be unstable. Experimental progress in the synthesis of nitrogen
molecules has been very encouraging, with theé Bind N5~
ions having been recently produéééfin the laboratory. Those  Figyre 1. Ny, isomer 0360 D, point group symmetry).
experimental successes have sparked theoretical stiities
other potential all-nitrogen molecules, and future developments each molecule size is cylindrical with a 3-fold axis of symmetry
in experiment and theory will further broaden the horizons of (D4 or D3, point group).

all-nitrogen research. However, the geometry of those cages depends on the number
The stability properties of Nmolecules have also been of nitrogen atoms being a multiple of six, since each cage has
extensively studied in a computational surtfeyf various a triangle at each end with rings of six nitrogen atoms in

structural forms with up to 20 atoms. Cyclic, acyclic, and cage between. Which nitrogen cage is most stable when the number
isomers have been examined to determine the bonding propertie®f atoms is not a multiple of six? In the current study, cage
and energetics over a wide range of molecules. A more recentisomers of N4 and Nig will be examined to determine which
computational study of cage isomers of N examined the cage is the most stable and to determine the structural features
specific structural features that lead to the most stable moleculesthat tend to stabilize cages at those sizes. The preferred
among the three-coordinate nitrogen cages. Those results showedrrangements of triangles, squares, pentagons, and hexagons for
that molecules with the most pentagons in the nitrogen network N14 and N are necessarily different from those studied
tend to be the most stable, with a secondary stabilizing effect Previously. For each size a variety of cages will be studied that
due to triangles in the cage structure. A recent stldf/larger meet the following required mathematical boundaries (@,
nitrogen molecules M, Nso, and N showed significant ns, and ry refer to the number of three-, four-, five-, and six-
deviations from the pentagon-favoring trend. Each of these membered polygons, respectively)

molecule sizes has fullerene-like cages cqnsisting solely of 3n, + 2n, + n, = 12 (Euler's Theorem) 1)
pentagons and hexagons, but a large stability advantage was

found for molecules with fevx_/er pentagons, more triangles, an_d Ny +n, + ng+ ng = (X12) + 2

an overall structure more cylindrical than spheroidal. A theoreti-
cal study® of cages of Ng also showed a preference for
cylindrical molecules, and each of these studies (@5 Nis, The total number of polygons A+ ns + ns + ng) in each cage
N24, N3o, and Nsg) revealed that the most stable cage isomer at is 9 for Ni4 and 10 for Ne.

[x = number of atoms composing the cage] (2)
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Figure 2. Ni4isomer 1251 Cs point group symmetry).

Figure 4. Ni4isomer 2142 ¢, point group symmetry). Figure 7. Ny isomer 1332 G point group symmetry)
. 14 1 .

Computational Details double (cc-pVDZ) and tripleg (cc-pVTZ) setd? of Dunning.

Geometry optimizations were carried out using HartrEeck All calculations in this study are carried out using the Gaussian
theory as well as the B3LYP density functional meth&eP 98 quantum chemistry software pack&ge.
(Some of the B3LYP optimizations are dissociative, a problem
previously documented for other nitrogen cages.) Single energy
points are carried out using fourth-order perturbation théory Ten cage isomers of pare shown in Figures-110. Relative
(MP4(SDQ)). The basis sets are the correlation-consistentenergies of these molecules are shown in Table 1. General trends

Results and Discussion
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TABLE 1: Relative Energies (in kcal/mol) for Cage Isomers
of Ni4 (calculations with cc-pVDZ basis set)
HF B3LYP MP4//HF MP4//B3LYP
0360 0.0 0.0 0.0 0.0
1251 —4.8 -1.9 —5.5 —6.0
O 2223 —-5.2 —-1.4 9.1 —10.1

2142 +8.3 a +3.5 a
3033 +19.9 +15.6 +15.5 +12.6
0441 +34.6 +36.2 +34.7 +34.5
1332 +40.7 a +37.6 a
0522 +71.2 +67.7 +69.3 +69.5
0603 +78.9 +78.5 +76.1 +74.2
2304 +87.2 a +81.5 a
a Geometry optimization failed.

TABLE 2: Relative Energies of N;4 Cage Isomers with

cc-pVDZ and cc-pVTZ Basis Sets (energies in kcal/mol)

HF/DZ HF/TZ B3LYP/DZ B3LYP/TZ

Figure 8. Ni4isomer 0522 C,, point group symmetry). 0360 0.0 0.0 0.0 0.0
1251 —4.8 —4.5 -1.9 -1.9
2223 —5.2 —4.6 —-1.4 -15
2142 +8.3 +8.9 a a
3033 +19.9 +21.5 +15.6 +16.1
0441 +34.6 +34.2 +36.2 +35.8
1332 +40.7 +40.7 a a
0522 +71.2 +70.4 +67.7 +66.9
0603 +78.9 +78.0 +78.5 +77.6
2304 +87.2 +87.4 a a

“ “ a Geometry optimization failed.

Figure 9. Ni4 isomer 0603 Dz, point group symmetry).

Figure 11. Nigisomer 2062 €, point group symmetry).

0522, and 3033 versus 1332. One difference betwegraid

the multiples of six from previous studies is the lack of a single
dominant isomer for N, For Ny, the 2060 isomer is clearly
most stable, and the 2063 isomer is easily the most stable for
Nis. However, for N4 the four most stable isomers all have
energies within 13 kcal/mol of each other, and the two most
stable are within four kcal/mol of each other. The inability of
Ni4 to form the highly symmetric cages as in the previous

Figure 10. Nus isomer 2304 €z, point group symmetry). studies, along with the triangtgentagon substructures that
stabilize N, Nig, Nas, etc., leads to the lack of a single
are evident that correspond to previous studies gfaid Ng. energetically dominant isomer. Table 2 shows that basis set

For example, higher numbers of pentagon3 yield more stable  effects are not substantial for.jl as HF and B3LYP energy
molecules, as the 0360, 1251, and 2142 isomers are among théesults with the larger cc-pVTZ basis set do not appreciably
most stable. (The stability of the 2223 isomer is exceptional differ from the cc-pVDZ results.

and will be addressed later.) Also, between two isomers of equal The 12 Ng cages under consideration in this study are shown
ns, the one with the most trianglessjnis generally the most  in Figures 11+19. Relative energies of these cages are shown
stable, as seen by comparing 2142 versus 0441, 2223 versui Table 3. Unlike the N, cages, the N cages have a single
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Figure 13. Njsisomer 2143 C; point group symmetry).

TABLE 3: Relative Energies (in kcal/mol) for Cage Isomers
of Ny (calculations with cc-pVDZ basis set)

HF B3LYP MP4//HF MP4//B3LYP
2062 0.0 0.0 0.0 0.0 . . .
0280 +17.0 +17.3 +21.4 +21.7 Figure 14. (&) Nisisomer 2224A C; point group symmetry). (b) N
2143 +40.9 +34.6 +38.6 +38.8 isomer 2224B Czn point group symmetry).
2224A +41.2 +38.9 +36.7 +36.4 .
22248 +49.8 4482 4459 +455 TABLE 4: For Each N 14 or Njs Cage, the Maximum
1252A  +50.6 a +51.7 a Distance (MaxR) from the Center of Mass of the Cage to an
12528 +54.1 a +53.0 a Atom in the Cage (based on HF/cc-pVDZ geometries,
0361 +54.3 a +57.1 a distances in angstroms)
1333 +93.3 a +92.7 a N14 cages Ns cages
4006A +117.6 +97.4 +108.9 +105.8
4006B  +122.3  +101.8  +112.1 +109.2 cage name MaxR cage name MaxR
0604 +135.2 +126.3 +135.9 +135.3 0360 1.74 2062 2.37
S . 1251 2.07 0280 1.92
a Geometry optimization failed. 2923 239 2143 207
2142 2.11 2224A 2.50
dominant isomer, namely, the 2062 isomer. At the MP4 level ggii igi igggi %fé
of theory, every cage isomer is at least 20 kcal/mol less stable 1332 197 1252B 214
than the 2062 isomer. The 2062 isomer oM very much 0522 1.92 0361 1.90
like the 2063 isomer of I in this regard. Although the N 0603 217 1333 2.04
does not have the highly symmetric substructure in which each 2304 1.92 4%%%%'0‘ 21'1%5
triangle is surrounded by three pentagons, the2062 isomer 0604 207

does have two pentagons around each triangle, which is less

advantageous than three but still stabilizing. The; R062 2224A and 2224B, that seem to have exceptional stability

isomer also has an elongated, roughly cylindrical structure thatdespite a small number of pentagons.
has also been shown to be energetically favorable. Since 0280 How can the apparent exceptional stability of4/2223 and

isomer is the second most stable, the I$ also showing the N5 2224A/2224B be understood? Previous studies of nitrogen
pentagon-favoring general trend seen fot Mnd previously cages have demonstrated the stability of cylindrical structures
studied nitrogen cages. However;ghhas a pair of isomers, over spherical ones due to the favorability of structures that
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Figure 15. (a) Nys isomer 1252A Cs point group symmetry). (b) N
isomer 1252B Cs point group symmetry).

Figure 18. (a) Ny isomer 4006A Ty point group symmetry). (b) ¥
isomer 4006B D2, point group symmetry).

Figure 16. Nisisomer 0361 Cs, point group symmetry).

longest molecules in this study for their respective molecule
permit pyramidalization of three-coordinate nitrogen. For each sjzes. Therefore, the strain of the triangles and squares in these
cage in this study (N and Ng) Table 4 shows the distance  molecules is most likely being offset by advantageous pyrami-
from the center of mass of the molecule to the atom that is ga|ization of the nitrogen atoms. This explains the stability of

farthest from the center of mass. This “maximum radius” 2223 2224A, and 2224B despite the apparent contradiction of
(denoted MaxR in Table 4) gives a qualitative measure of the previously established trends.

structure of the molecule to distinguish spherical molecules from
elongated ones. The HF/cc-pVDZ geometries are used to ;

, Conclusion
calculate MaxR. A roughly spherical molecule would have the
smallest MaxR because all of the atoms are more or less the Despite the inability to form the highly symmetric structures
same distance from the molecule’s center. The most elongatedthat are available when the number of atoms is a multiple of
molecules have the largest MaxR values. Table 4 shows thatsix, Ni4 and N generally follow established trends for cages
the exceptional molecules 2223, 2224A, and 2224B are the of three-coordinate nitrogen atoms. At these molecule sizes
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