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Why Isn’t the N 2o Dodecahedron Ideal for Three-Coordinate Nitrogen?
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Nitrogen molecules are the focus of much attention for their potential as high-energy density materials. The
usefulness of such molecules as energy sources depends on the stability of the molecules with respect to
dissociation. Many such molecules dissociate too easily to be a stable fuel, and the reasons for such instability
are related to the details of structure and bonding of the molecule. Such details will be examined for isomers
of the molecule M. Ny has a highly symmetric isomer in which the 20 atoms occupy the vertexes of a
dodecahedron. This isomer is a cage molecule in which all of the faces are regular pentagons that have
interior angles of 108 These angles are very close to the known bond angles in very stable nitrogen compounds
such as ammonia. Such a structure with only pentagons should provide an ideal bonding environment for
three-coordinate nitrogen. However, by use of theoretical calculations including density-functional theory
and fourth-order perturbation theory, along with the Dunning correlation-consistent basis sets, it will be shown
that dodecahedral &yis not the most stable cage forfNThe reasons why will be discussed in terms of the
structure and bonding of the molecules.

Introduction due to triangles in the cage structure. A recent studf/larger
nitrogen molecules M, Nso, and N showed significant
deviations from the pentagon-favoring trend. Each of these
molecule sizes has fullerene-like cages consisting solely of
pentagons and hexagons, but a large stability advantage was
found for molecules with fewer pentagons, more triangles, and
an overall structure more cylindrical than spheroidal. Stdéiés
of intermediate-sized moleculesNNis and Ng also showed
that the cage isomer with the most pentagons was not the most
stable cage, even when compared to isomer(s) containing
triangles (which have 60angles that should have significant
angle strain). For each of these molecule sizes, spheroidally
shaped molecules proved to be less stable than elongated,
cylindrical ones.

Do these trends apply tozy which has a spheroidal isomer

:222:@/ I?f;;%;?g;g%gﬁgﬁ ﬁﬁig‘e:]i;asbggg%}%(ge d that is a perfect dodecahedrop’? The d.odecahedron has faces
under very high pressure conditions. Experimental successesthat are regular pentagons, Wh'c.h have internal angles df 108
have sparked theoretical studi®®¥ on other potential all- very close to the angles seen m_well-known stabl_e nitrogen
nitrogen molecules. More recent developments include the molecules such as ammonia, in which all bonds are single bonds.

. . . - ..~ Ammonia has H-N—H angles of 107.3%* The dodeca-
experimental synthesis of high-energy molecules consisting hedron, therefore, is a netg\J/vork of nitrogen ator’:%g that all have
predominantly of nitrogen, including azidé4” of various ; ’

heteroatoms and polyaico sonraf compourdssuch as & B0ANG envionment et i n some sense dea Hovever
1,3,5-triazine. Future developments in experiment and theory y

will further broaden the horizons of high energy nitrogen requirements for an N cage.llfng, N4, ns, andne are used to
research. represent the number of triangles, squares, pentagons, and

The stability properties of Nmolecules have also been hexagons, respectively, then the following bounds exists for a

extensively studied in a computational surtfeyf various cage isomer of bb
structural forms with up to 20 atoms. Cyclic, acyclic, and cage
isomers have been examined to determine the bonding properties
and energetics over a wide range of molecules. A more recent .

computational study of cage isomers of N examined the N3 Ny Mg + g = 12

specific structural features that lead to the most stable molecules (because the molecule has 20 atoms) (2)
among the three-coordinate nitrogen cages. Those results showed

that molecules with the most pentagons in the nitrogen network In the current study, calculations are carried out g ¢dage
tend to be the most stable, with a secondary stabilizing effect isomers to determine whether this seemingly ideal bonding
environment in the dodecahedron does, in fact, make this isomer
*To whom correspondence may be addressed. E-mail: dstrout@alasu.edumore stable than otherzdlcages.

Nitrogen molecules have been the subjects of many recent
studies because of their potential as high-energy density
materials (HEDM). An all-nitrogen moleculexMan undergo
the reaction N — (X/2)N,, a reaction that can be exothermic
by 50 kcal/mol or more per nitrogen atordTo 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 HEDMs, including cyclic and
acyclic isomers with 812 atoms. Cage isomers ogldnd Ni»
have also been showrl® by theoretical calculations to be
unstable. Experimental progress in the synthesis of nitrogen
molecules has been very encouraging, with thg Bnd N~

3n; + 2n, + n; = 12 (Euler’'s Theorem) (1)
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TABLE 1: Relative Energies for Nyg Isomers 00(12)0 and
2064 (Energies in kcal/mol}

00(12)0 2064
energy geometry  (dodecahedron) (C, symmetry)
HF/DZ HF/DZ 0.0 —16.1
B3LYP/DZ B3LYP/DZ 0.0 —19.6
B3LYP/aug-DZ B3LYP/aug-DZ 0.0 —17.6
B3LYP/TZ B3LYP/TZ 0.0 —-18.7
MP4/DZ HF/DZ 0.0 —25.7
MP4/Dz B3LYP/DZ 0.0 —22.7
MP4/aug-DZ B3LYP/aug-DZ 0.0 —-22.0
aBasis sets are the cc-pVDZ, aug-cc-pVDZ, and cc-pVTZ sets of

Dunning.

TABLE 2: Energies of Rotation around the N—N Bond of
Hydrazine (NH,)

rotation angle B3LYP/cc-pVDZ B3LYP/aug-cc-pvVDZ

0° (eclipsedy 0.00 0.00
5° —0.07 —0.07
10 -0.28 —0.26
15° —0.62 —0.59
20° —1.08 —1.02

aZero degrees refers to the eclipsed conformation, and other angle
measures are rotations from the eclipsed conformation. Energies are
in kcal/mol relative to the energy of the eclipsed conformation.

Figure 1. Ny, dodecahedron 00(12)0,(point-group symmetry).

triangle in Ny 2064 is surrounded by two pentagons and a
hexagon, as opposed to three pentagonsimaNd N The
structural similarities betweenp2064 and the stable isomers
at other molecule sizes make the 2064 a good choice for
comparison to the 00(12)0 dodecahedron.

Relative energies between the 00(12)0 dodecahedron and the
2064 isomer are shown in Table 1. The data show an across-
the-board energetic advantage for the more cylindrically shaped
2064 isomer. (Basis set effects are limited te2lkcal/mol.)

This result for No is in agreement with the preference for
cylindrical isomers shown in previous studies, but it seems to
defy the advantages thef\dodecahedron should have structur-
ally. The 108 angles that predominate on the dodecahedron

Figure 2. Na isomer 2064 C, point-group symmetry). should provide a .virtually.strain-free bpnding environment, as
opposed to the triangles in the 2064 isomer.
Computational Methods How can the energetic disadvantage on the part of a seemingly

ideal isomer be explained? One characteristic of the regular
pentagons in the ) dodecahedron is that the dihedral angles
between any four consecutive atoms in the same pentagon are
always zero. Simply put, the pentagons are planar. From the
point of view of any two nitrogen atoms bonded to each other,
the two atoms’ other bond partners are always in a perfectly
eclipsed conformation. Consequently, any two bonded atoms
3will also have their lone pairs in perfect eclipse as well. This is
an energetically unfavorable interaction that is cumulative over
the spherical surface of the molecule, resulting in an energetic
penalty relative to the 2064 isomer, whose polygons are
The Ny dodecahedron is shown in Figure 1. This is the so- generally not planar. An estimate of the energy penalty of
called “00(12)0” isomer of Bh (O triangles, 0 squares, 12 eclipsing is shown in Table 2. By use of hydrazine as a model,
pentagons, and 0 hexagons). The moleculelha®int-group relative energies are calculated between the eclipsed conforma-
symmetry, and all 12 faces are planar five-membered rings with tion of NH4 and dihedral rotations away from perfect eclipsing.
internal bond angles of exactly 108 his isomer is energetically ~ Small angle rotations result in very small energy changes, but
compared to an isomer that is somewhat structurally similar to the energies change rapidly, up to about 1 kcal/mol &t 2be
the cylindrical Ng and Nos isomers from previous studies. This 2064 isomer has some intrapolygon dihedral angles up to 20
isomer, shown in Figure 2, is designated 2064 undenjhsng 30° (or more), so the 2064 isomer does not pay the eclipsing
numbering system and lacks the 3-fold symmetry of the N penalty like the Ny dodecahedron does. Over the surface of a
and N4 cylindrical molecules. It does have€; point-group 20-atom spheroid, the cumulative eclipsing penalty is substantial
symmetry, and it has the triangle on each end, just as the mostenough that the 2064 isomer is more stable despite thbd&td
stable Ng and N4 molecules do. The difference is that each angles in the triangles.

Geometry optimizations are carried out with Hartré®ck
theory and the B3LYP density-functional methd?¢ Single-
energy points are calculated with fourth-order perturbation
theory” (MP4(SDQ)). The basis sets are the correlation-
consistent doublé-(cc-pVDZ), augmented doublg{aug-cc-
pVvDZ), and triple¢ (cc-pVTZ) sets of Dunning® All calcu-
lations in this study have been carried out using the Gaussian0
computational chemistry software pack&§e.

Results and Discussion
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Conclusion
Despite an apparently ideal structural environment, thg N
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