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Molecules consisting entirely or predominantly of nitrogen have been extensively investigated for their potential
as high-energy density materials (HEDM). Such molecules react to produmedNarge amounts of energy,

but many such molecules are too unstable for practical applications. In the present study, cage isomers of
NsCsHs are studied using theoretical calculations to determine the structural features that lead to the most
stable cages and determine the energetics of dissociation for the various isomers. The isomers are evaluated
for thermodynamic (isomer vs isomer) stability and kinetic (with respect to dissociation) stability. Density
functional theory (B3LYP), perturbation theory (MP2), and coupled-cluster theory [CCSD(T)] are employed,

in conjunction with the cc-pVDZ basis set of Dunning. Trends in isomer stability and dissociation energies
are calculated and discussed.

Introduction due to triangles in the cage structure. A recent sttdf/larger
. . nitrogen molecules M, Nz, and Ng showed significant

N|_trogen molecules haye been _the SUbje_CtS of many recentyeyiations from the pentagon-favoring trend. Each of these
studies because of their potential as high-energy density n,,iecule sizes has fullerene-like cages consisting solely of
materlalg (HEDM)X' An aII-nltrogen molecule,ftan undergo pentagons and hexagons, but a large stability advantage was
the reaction N— (72)N2, a reaction that can be exothermlc by found for molecules with fewer pentagons, more triangles, and
50 keal/mol or more per nitrogen atoffi.To be a practical - o overall structure more cylindrical than spheroidal. Stdéifés
énergy source, however, a moleculg Would have to resist ot intermediate-sized molecules NN, and Ng also showed
d|SSQC|<'i\t7|on well enough to be a stable fuel. Theoretical that the cage isomer with the most pentagons was not the most
StUd.'?é have shown that r_1umerousxl‘1<_holecqles are not — giahle cage, even when compared to isomer(s) containing
suff|c_|er_1tly stable_to be practical HEDM’ including cyclic and triangles (which have 60angles that should have significant
acyclic isomers with 812 atoms. Cage isomers og&nd N, angle strain). For each of these molecule sizes, spheroidally

0 . -
have also beenl sho by theorencal calculat!ons to be shaped molecules proved to be less stable than elongated,
unstable. Experimental progress in the synthesis of nitrogen cylindrical ones

molecules has been very encouraging, with thg Bnd N5~ S . . - .
y Jing e " However, while it is possible to identify in relative terms

ions having been recently produéééfin the laboratory. More JUNE . .
recently, a network polymer of nitrogen has been prodticed which nitrogen cages are the most stable, it has been shiown

under very high pressure conditions. Experimental successedN® case of b that even the most stable;Ncage is unstable
have sparked theoretical studiéls on other potential all- with respect to dissociation. The number of studies demonstrat-

nitrogen molecules. More recent developments include the I the!nstablllty ofva_rlous all-nitrogen molecules has resulteq
experimental synthesis of high-energy molecules consisting N conS|d.erabIe attention toyvard compounds that are predoml-
predominantly of nitrogen, including azidés” of various nantly nitrogen but contain heteroatoms that stabilize the

molecules and polyazidtsi® of atoms and molecules, such as  Structure. In addition to the experimental studfe¥’ cited
1,3,5-triazine. Future developments in experiment and theory @00Ve, theoretical studies have been carried out that show, for

will further broaden the horizons of high-energy nitrogen €Xample, that nitrogen cages can be stabilized by oxygen
research. insertior?>2% or phosphorus substituticn.

The stability properties of Nmolecules have also been A study?® of carbor-nitrogen cages showed that carbon
extensively studied in a computational surffepf various ~ Substitution into an i cage results in a stables®Hs, but the
structural forms with up to 20 atoms. Cyclic, acyclic, and cage ©nly isomer considered was one in which the six carbon atoms
isomers have been examined to determine the bonding propertieseplaced the nitrogen atoms in the two axial triangles of the
and energetics over a wide range of molecules. A more recentoriginal Nio. A further study® of several isomers of §CeHs
computational study} of cage isomers of N examined the showed that, for substitutions of carbon atoms into asndsge,
specific structural features that lead to the most stable moleculesthe most stable isomers were the ones with the largest number
among the three-coordinate nitrogen cages. Those results showe@f C—N bonds. Also, the isomers with the highest number of
that molecules with the most pentagons in the nitrogen network C—N bonds also had the highest dissociation energies in the

tend to be the most stable, with a secondary stabilizing effect N—N bonds, which is significant because the N were weaker
than other bonds in the cage. The strength of the\N\bonds,

* Department of Biological Sciences. therefore, pl_ays a key rolt_e in _th(_a overall stability of the
* Department of Physical Sciences. molecules with respect to dissociation.
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NN

Figure 1. NgCgHg cage isomer 4A (symmetry point gro@p). Nitrogen . . .
atoms are shown in white, carbon atoms in black, and hydrogen atomsFigure 2. NsCgHg cage isomer 4C (symmetry point group),
in gray. Symmetry-independent nitrogenitrogen bonds are labeled. ~ displayed as described for Figure 1.

In the present study, a set of isomers afOyHs is studied
by theoretical calculations to determine trends of isomer stability
as well as trends in the dissociation energies of the\Nbonds.
These isomers are based on a previously studiggchge,
namely, the “0280” cage, which consists entirely of four- and
five-membered rings and should therefore be less affected by
ring strain considerations than the previously studig@dNs
cages. A wide range of isomers, 18 in all, is examined to
determine the energetic consequences of various arrangements
of the carbon atoms in the cage. Thermodynamic stability is
determined by energetic comparisons among the various iso-
mers. Kinetic stability is determined from dissociation energies
of the N—N bonds in the cages, and the factors that contribute
to stabilizing the N-N bonds are analyzed and discussed.

Computational Methods NN2

Geometries are optimized with density functional thé®#j Figure 3. NgCgHg cage isomer 3A (symmetry point grou@s),
(B3LYP) and second-order perturbation theBivP2). Single displayed as described for Figure 1.
energy points are calculated with coupled-cluster th&ory
[CCSD(T)]. Molecules are optimized in the singlet state, and
dissociation intermediates are optimized in the triplet state,
which is the ground state for all dissociations in this study. The
basis set is the polarized valence doubléc-pVDZ) set of
Dunning3* The Gaussian03 computational chemistry soft#are
(along with Windows counterpart Gaussian03W) has been used
for all calculations in this study.

Results and Discussion

The 18 square-pentagon isomers ofChHg are shown in
Figures +-18. The isomers are all based on the same structural
framework, differing from one another only in the placement
of the carbon (and hydrogen) atoms. For nomenclature purposes,
each isomer has a numerical name based on the number of
carbon atoms occupying the two squares in the structure. For NN2
example, the isomer with all eight carbon atoms in the squaresFigure 4. NgCgHg cage isomer 5 (symmetry point groG), displayed
is called “isomer 8. (This isomer, in fact, appeared in a previous as described for Figure 1.
study?® of 4-fold-symmetric carbonnitrogen cages.) Two or
more isomers with the same number of carbon atoms in the Table 1. The energies of each isomer are tabulated along with
squares are distinguished by alphabetic labels and are referredonding information about the number of carbararbon,
to as, for example, isomer 4A, isomer 4B, and so on. Each carbon-nitrogen, and nitrogennitrogen bonds in the frame-
isomer is shown with labels on the symmetry-independent work; in all cases the framework has a total of 24 bonds. The
nitrogen-nitrogen bonds. data in Table 1 demonstrate first and foremost that thermody-

The geometries of all 18 isomers have been optimized with namic stability is conferred by €N bonds relative to €C
B3LYP/cc-pVDZ theory and MP2/cc-pVDZ theory, with CCSD- and N-N bonds. The most stable isomers also have the largest
(T)/cc-pVDZ energies computed at the MP2/cc-pVDZ theory number of C-N bonds. This is straightforwardly explained by
level. The relative energies of the 18 isomers are shown in bond strength, since-€C, C—N, and N-N bonds have bond
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NN

Figure 5. NgCgHg cage isomer 6C (symmetry point grou@y,), Figure 8. NgCgHg cage isomer 6B (symmetry point groupy),
displayed as described for Figure 1. displayed as described for Figure 1.

NN2

Figure 9. NgCgHg cage isomer 6A (symmetry point groupy,),

Figure 6. NgCgHs cage isomer 6D (symmetry point groupy), displayed as described for Figure 1.
displayed as described for Figure 1.

NN3

Figure 7. NgCgHg cage isomer 2B (symmetry point groups),

displayed as described for Figure 1. Figure 10. NgCgHg cage isomer 2A (symmetry point groufy,),

displayed as described for Figure 1.
enthalpie¥’ of 83.2, 72.9, and 39.0 kcal/mol, respectively. isomer, which is based on a different framework than the other
Replacement of EC and N—-N bonds by a pair of EN bonds molecules in this study, indicate that the molecule has energy
should stabilize the molecule by 23.6 kcal/mol. The actual of +50.3 kcal/mol with B3LYP/cc-pVDZ theory and-53.5
calculations from Table 1 suggest a stabilization of-26 kcal/ kcal/mol with MP2/cc-pVDZ theory, with respect to isomer 4A.
mol per pair of additional €N bonds. The molecule in Figure 19 is therefore less stable than several
It should be noted, however, that further stabilization of molecules from Table 1, despite having 24 carbaitrogen
NgCgHs by reducing the number of homonuclear framework bonds.
bonds to zero is not possible. A structure in which all 24  The bond enthalpy data also indicate that theNNbonds
framework bonds were €N bonds would have many more should be the weakest bonds in each molecule, a conclusion
four-membered rings and be subject to severe ring strain effects.supported by previous calculatidsn NsCsHg molecules. This
Such a structure is shown in Figure 19. Calculations on this means that the kinetic stability of the isomers is determined by
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Figure 11. NgCgHg cage isomer 7 (symmetry point gro@p), displayed
as described for Figure 1.

Figure 14. NgCgHs cage isomer 1 (symmetry point gro@p), displayed
as described for Figure 1.

Figure 12. NgCgHs cage isomer 4D (symmetry point group),
displayed as described for Figure 1.

N Figure 15. NgCgHg cage isomer 3B (symmetry point group),

displayed as described for Figure 1.

Figure 13. NgCgHg cage isomer 4B (symmetry point grou@y,), . . .
displayed as described for Figure 1. F_|gure 16. NgCgHg cage isomer 8 (symmetry point groupag),
displayed as described for Figure 1.

the dissociation characteristics of the-N bonds. Dissociation  mol less than the MP2 values.) For the purposes of investigating
energies for N-N bonds for all the molecules in this study have the variations in N-N bond strength, the NN bonds in these
been calculated with MP2/cc-pVDZ and tabulated in Table 2 molecules are classified into the following categories: class A,
as the difference in energy between the intact isomer and thenitrogen-nitrogen bonds in which both atoms belong to a four-
intermediate with one NN bond broken. The NN dissociation membered ring; class B, nitrogenitrogen bonds in which one
energies exhibit wide variations, with some bonds dissociating atom belongs to a four-membered ring; and class C, nitregen
at 39-40 kcal/mol and others requiring #80 kcal/mol to nitrogen bonds in which neither atom belongs to a four-
dissociate. (Available computational resources are insufficient membered ring.

for CCSD(T)/cc-pVDZ dissociation energies, but previous  This classification scheme is shown in Table 2. The nitregen
experienc® suggests that the results would be-1®% kcal/ nitrogen bonds are further classified by their bonding environ-
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Figure 19. NgCgHs cage isomer in which all framework bonds are
C—N bonds (symmetry point grouf). This isomer has more -€N
bonds than the other isomers in this study but suffers from ring strain
in the additional four-membered rings.

Figure 17. NgCeHs cage isomer 4E (symmetry point groug), TABLE 2: Nitrogen —Nitrogen Bond Dissociation Energies

displayed as described for Figure 1. for NgCgHg Cages
bond C—N MP2 energy
class neighbors molecule bond (kcal/mol)

A 2 2B NN1 425
2B NN2 47.6
2A NN1 40.3
2A NN2 49.9
1 NN1 39.2
1 NN3 41.3
1 NN4 47.7
1 NN5 45.1
3B NN4 47.6
0 NN 43.1
A 3 3A NN1 45.8
3B NN1 42.7
A 4 3A NN2 50.5
6D NN3 514
Figure 18. NgCgHs cage isomer O (symmetry point groupag), zg ““g 22?
displayed as described for Figure 1. B 1 4AE NN3 57.6
TABLE 1: Relative Energies of NsCgHg Isomerst B 2 6/; ““i ggg
energy (kcal/mol) 1 NN2 66.8
isomer CC/CN/NN bonds B3LYP MP2 CCSD(T)/IMP2 B 3 gg NN% égi
4A 2/20/2 0.0 0.0 0.0 4D NN1 55.7
4C 2/20/2 +2.6 +3.7 +3.7 B 4 4A NN 78.3
3A 3/18/3 +16.5 +18.9 +17.4 2A NN3 67.5
5 3/18/3 +17.2 +19.7 +18.8 C 1 7 NN4 41.7
6C 4/16/4 +31.5 +35.4 +33.8 C 2 6D NN1 43.2
6D 5/14/5 +45.7 +50.7 +48.5 6B NN1 48.4
2B 5/14/5 +48.7  +53.7 +49.9 6A NN2 50.8
6B 6/12/6 +65.3 +70.7 +67.9 7 NN3 48.2
6A 6/12/6 +66.8  +73.0 +69.8 3B NN2 50.3
2A 6/12/6 +69.1  +75.0 +70.5 4D NN2 478
7 711017 +74.4 +80.9 +77.9 3 NN 44'4
4D 6/12/6 +75.7 +82.5 +78.2 c 3 6C NN 56' 3
4B 8/8/8 +79.7  +83.9 +80.4 6D NN2 56.2
1 7/10/7 +78.9  +855 +80.0 6B NN2 585

3B 7/10/7 +80.9 +87.1 +82.6 '
8 8/8/8 +87.6  +96.3 +92.7 7 NN2 95.1
4E 8/8/8 +94.3  +102.0 +96.7 4E NN4 59.9
0 8/8/8 +96.6 +105.0 +98.2 c 4 4C NN 72.9
5 NN1 71.7

a Calculated with CC-pVDZ basis set. For each molecule, the . .
numbers of &C, C—N, and N-N bonds are also shown. aEnergies were calculated with MP2/cc-pVDZ theory. Bond labels

correspond to Figures-118. The classification scheme for the-NI

ment. Each nitrogennitrogen bond has an environment of four  °°Nds is described in the text.

other bonds (each of the nitrogens is involved in two other  Class A nitroger-nitrogen bonds have MP2/cc-pVDZ bond
bonds). These four neighbor bonds are eithetNCor N—N dissociation energies of 450 kcal/mol regardless of the nature
bonds. Table 2 shows the number of neighborinrgNCbonds of the bonding environment. No strong environmental effects
for each N-N bond. (Four bonds are missing from Table 2 are shown by these bonds. Since these bonds belong to a four-
because of failed optimizations of the intermediates: NN1 and membered ring, it is likely that ring strain is the major factor
NN2 of isomer 4B and NN1 and NN2 of isomer 4E.) determining the bond strengths. Class B nitrogeitrogen



13894 J. Phys. Chem. A, Vol. 110, No. 51, 2006 Cottrell et al.

bonds show a larger variation of bond energies (from 55 to 80  (3) Chung, G.; Schmidt, M. W.; Gordon, M. $.Phys. Chem. 200Q
kcal/mol), but they also do not show any strong dependencies 194 2647- o L3 Phvs ch 106 81
on the bonding environment. Class B bonds are stronger than Esg ?Lfﬁnt’ o AJ/I 0 }/;ie%si:f%?-zsggu? é"u Bhvs. Chem. A
class A bonds because ring strain is not a consideration for class,po; 106 6850. R B Shalib o '
B bonds, sinc_e class B bonds are gdges shared between (g) (a) Li, Q. S.; Liu, Y. D.Chem. Phys. Let002 353 204. (b) Li,
pentagons, which should be nearly strain-free. Q. S.; Qu, H.; Zhu, H. SChin. Sci. Bull 1996 41, 1184.

Table 2 shows that class C bonds demonstrate a strong (;) (I‘_"‘_) b‘ g %h Zmao'géh!:lsp hysé ﬁ?%?& ’ffgojeéoa 5367. (b)

. : . u, H.; LI, Q. 5. u, H. IN. SCI. bu A " .
dependence on the environment of ne|ghbor!ng bonds. If'a class (8) Gagliardi, L. Evangelisti, S.. Widmark, P. O.: Roos, B.Theor.
C b_ond has only one or two -€N bonds in _the bonding  chem. Acc1997 97, 136.
environment, the MP2/cc-pVDZ bond energy is—&D kcal/ (9) Gagliardi, L.; Evangelisti, S.; Bernhardsson, A.; Lindh, R.; Roos,
mol, about the same as a class A bond. Class C bonds withB. O. Int. J. Quantum Chen200Q 77, 311.
three G-N bond neighbors have an MP2/cc-pVDZ dissociation 20(()10) GSCgm'dt, M. W.; Gordon, M. S.; Boatz, J. At. J. Quantum Chem.
energy between 55 and 60 kcal/mol, and bonds with fouNC (21)7 éﬁri;‘t'e K. O.: Wilson, W. W.: Sheehy, J. A.: Boatz, J Ahgew
bond neighbors have dissociation energy above 70 kcal/mol. chem,, int. Ed1999 38, 2004, yol A ' '
Slnce the class C bonds are farthgst from 'ghe four-.membered (12) () Vij, A; Pavlovich, J. G.; Wilson, W. W.; Vij, V.; Christe, K.
rings, they are the least susceptible to ring strain effects. O. Angew. Chem., Int. EQ002 41, 3051. (b) Butler, R. N.; Stephens, J.
Therefore, class C bonds are most affected by the bondingc-?(‘f;rkg’ L. At-Cf'\‘/leT- gomr_?”f‘f%& #01_6- L A Daivenko. DL A
: remets, M. I.; Gavriliuk, A. G.; lrojan, 1. A.; Dzivenko, D. A.]

environment. The presence of-@l bonds around an NN bond. Boohler, RNat. Mater. 2004 3, 558.
appears to structurally reinforce the-Nl bond and make it (14) Fau, S.; Wilson, K. J.: Bartlett, R. J. Phys. Chem. 2002 106,
stronger and, therefore, less susceptible to dissociation. 4639.

(15) Dixon, D. A.; Feller, D.; Christe, K. O.; Wilson, W. W.; Vij, A.;
Vij, V.; Jenkins, H. D. B.; Olson, R. M.; Gordon, M. 8. Am. Chem. Soc.
2004 126, 834.

A variety of NsCgHg cage isomers, based on a framework (16) Knapp, C.; Passmore, Angew. Chem,, Int. EC2004 43, 4834.
with two four-membered rings and eight pentagons, have beenlm(lgg ;'g(')%ejéRigsi%h”e'de" S.; Schroer, T.; Christe, KAGew. Chem.,
studied. Arranging the atoms so as to maximize the number of (18) Huynh, M. V.: Hiskey, M. A.; Hartline, E. L.: Montoya, D. P.:
C—N bonds leads f[o _the most stable isomers, but changing thegilardi, R. Angew. Chem., Int. E®004 43, 4924.
framework to maximize the number of-@\N bonds does not (19) (a) Klapotke, T. M.; Schulz, A.; McNamara, J. Chem. Soc.,
lead to enhanced stability. Nitrogenitrogen bonds, as the \E,)valtORthfgni/-l %A996 29?:5;1- (b) rlﬁpgzlégbgé g/l-él'\égth(, )HKI SCQE“, %F

; ; e archhold, M.Angew. Chem., Int. , . (c) Klapotke, T.
weakest bonds in the molecule, determine the stability pf the M. Krumm, R. Mayer, P.. Schwab, Angew. Chem., Int. E2003 42,
molecule as a whole, but the strength of the-Wl bonds is 5843,
strongly dependent on the bond’s position within the molecule  (20) Glukhovtsev, M. N.; Jiao, H.; Schleyer, P. v.IRorg. Chem1996
and/or the environment in which the-NN bond is located. The 35 7124.
results of this study provide design principles that may lead to _(21) Bruney, L. Y.; Bledson, T. M.; Strout, D. linorg. Chem2003

. . 42,8117
stable structures of even larger high-energy carhutrogen (22) Strout, D. L.J. Phys. Chem. 2004 108, 2555.

cages. (23) Sturdivant, S. E.; Nelson, F. A.; Strout, D. L. Phys. Chem. A
2004 108 7087.
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