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A recent study suggested the possibility that a particular isomeg©Of I8 metastable enough to be a high-
energy-density material (HEDM). Using that molecule as a starting point, other molecules are considered as
HEDM candidates. The molecules in the current study are variations©§, Naried in two ways. First,

length increases are considered, with the insertion of additional rings of nitrogen in a “tube” structure. Also,
changes in the “end-cap” of @ are considered, since the BN@nd-cap” is apparently the weakest site in

the original NOs molecule. Stability with respect to bond breaking is determined by theoretical calculations
of bond-breaking reactions. HartreEock (HF) theory and perturbation theory (MP2 and MP4) are employed,
along with the correlation-consistent basis sets of Dunning. Each molecule is examined to determine the
lowest-energy pathway to dissociation. The major results are that a new end-cap can stabilize the molecule,
but lengthening the “tube” structure actually weakens the molecule relativgQg N

Introduction shown to have low-energy paths to dissociation. The number
of oxygen atoms is an important factor in determining the degree
to which cage strain is relieved. However, since oxygen insertion
tends to dilute the per-atom energy delivery of the molecules,
oxygenation of all the NN bonds should be avoided. Instead,

Nitrogen molecules Nand their cations and anions have
attracted much attention for their potential as high-energy-
density materials (HEDM), since the reactiop N (X/2)N; is
strongly exothermic, releasing over 50 kcal/mol per nitrogen . .
atom. These molecules are being studied to determine theirfor optimal design _O_f an HEDM, only 'Fhe number of oxygens
stability and factors that influence their stability. Numerous N€cessary for stabilization should be inserted.
theoretical studies have characterized small nitrogen molecules Can the previous §0s molecule be used for a model for
as being too unstable to be practical energy sources. Cyclic andeven larger HEDM candidates with an even larger concentration
acyclic isomers with eight to twelve atoms have been stddfed  of nitrogen (and therefore greater per-atom energy delivery)?
and shown to dissociate with low barriers, thereby demonstrating The NsOg molecule from the previous study can be viewed as
their instability. Cage isomers ofg\and Ni> have also been  a ring of six nitrogens with an Nfend-cap on both ends.
showr?~8 to have low-energy routes to dissociation. Inserting another ring of six nitrogens would yield a molecule

Experimental progress in the observation and synthesis of of N14Og, and further insertions of nitrogen rings would lead to
nitrogen molecules has been encouraging. Whereasil the progressively longer tube-shaped nitrogen molecules. The
azide ion N~ were once the only known all-nitrogen molecules, stability of such molecules will be determined by theoretical
the Ns* cation has recently been produed the laboratory. calculations. Also, since the weakest bond of the previously
That result prompted a theoretical sté®lypf Ng molecules  studied NOg is an N-O bond in the end-cap, an alternative
resulting from the addition of the 8 and the azide ion. The  end-cap is considered in which a carbon atom is substituted for
Ng addition products were shown to dissociate with sufficiently the nitrogen on the end of the molecule. The stability of the

low barriers that they are unlikely to be stable HEDM. The N molecules with this alternate end-cap is compared to the original
anion has also been produéé#in the laboratory, and arecent  NgOp,

theoretical study? has suggested that a™MNs~ ion pair may
be a useful form of hb.

One of the factors tending to destabilize small dage
molecules is the angular strain in the three- and four-membered  Geometries are optimized with HartreEock (HF) and
rings in the cage network. It has been suggédtéat the  gecond-order MollerPlesset perturbation thedfy (MP2).

insertion of oxygen atoms into the nitrogen network will relieve  gjingle_point energies are calculated with fourth-order Mefler
the strain and lead to more stable structures. Such insertionp|agset perturbation thedfy (MP4). Intact molecules are

would replace an NN single bond with two N-O single bonds. o otimized in their singlet ground states, and each dissociation

Pr;wotust;tl:ctjr;éé of otxygenatlo;:_ Olf: the Nbcubécbrroleculeh intermediate is optimized in the triplet state, which is the ground
Ln tl)cae af | IirIEGDeI\)/(IISbS ?rhﬂewllp may be S?] € egoug state. The basis sets are the correlation-consistent polarized
0 be a usetu » but several isomers ofOJ have been double¢ (CC—PVDZ) of Dunning® and the augmented dou-
- - ble-< set (AUG-CC—PVDZ). Calculations are carried out using
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t Department of Biological Sciences. the Gaussian 98 and Gaussian 03 quantum chemistry software
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Figure 1. NeOsC,H, molecule Dz symmetry point group). Symmetry-

independent bonds are labeled as (A)@bond, (B) N-O bond, and

(C) N—N bond. These alphabetic labels are used in Table 1. (Nitrogen

atoms are shown in white, oxygen black, carbon gray, and a white Figure 3. NgOsC;H dissociation intermediate with an-ND bond

hydrogen atom appears at both ends of the molecule.) broken. (Nitrogen atoms are shown in white, oxygen black, carbon gray,
and a white hydrogen atom appears at both ends of the molecule.)

Figure 4. NgOsC:H dissociation intermediate with an-\N bond
Figure 2. NgOgC.H, dissociation intermediate with a-€O bond broken. (Nitrogen atoms are shown in white, oxygen black, carbon gray,
broken. (Nitrogen atoms are shown in white, oxygen black, carbon gray, and a white hydrogen atom appears at both ends of the molecule.)
and a white hydrogen atom appears at both ends of the molecule.)

TABLE 1: Bond-Breaking Energies of NsOgC,H, (energies

Results and Discussion in keal/mol)®

c-0 N—O N—N

Effects of a Carbon End-Cap.Figure 1 shows a molecule method basis set bond (A) bond (B) bond (C)

with a carbon atom at either end bonded to three oxygens, with "¢ CC—PVDZ 1463 4276  +11.2
a ring of six nitrogens in the middle. This is the variation of Mmp2 CC-PVDZ +72.6 +72.8 +43.1
NgOs with carbon end-caps (a hydrogen atom has been added MP4//HF ~ CC-PVDZ +66.0  +60.0  +325
to each end to provide the fourth bond to carbon). The molecule ME"’”MPZ ACSEF:\é%Z_PVDZ i%-é igg-g iﬁ-s
has the formula D¢CzH, and belongs to th®zy symmetry MP2 AUG—CC—PVDZ +748 +760 +473
point group. The molecule has three symmetry-independent MP4/HF  AUG-CC—PVDZ +67.5 +62.1 +35.7
bonds between heavy atoms: the-Q bond, the N-O bond, MP4//MP2 AUG-CC-PVDZ +689  +63.1  +380

and the N-N bond. Bond-breaking intermediates for the three  a Alphabetic bond labels refer to Figure 1.

symmetry-independent bonds are depicted in Figures 2, 3, and

4, respectively. MP2 and MP4 is most likely due to the change of spin state
Dissociation energies for all three bonds are shown in Table between the intact molecule and the dissociation intermediates,

1. As with the NOg molecule, the HF dissociation energies are and the effect has been documented in tR®dstudyl® As in

low relative to MP2 and MP4. This contrast between HF and the NsOg study, all of the dissociation intermediates have large
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] ] Figure 6. N1206C;H, molecule D3, symmetry point group). Sym-
Figure 5. N140s molecule Dan symmetry point group). Symmetry-  metry-independent bonds are labeled as (A)abond on end-cap,
independent bonds are labeled as (A)®lbond on end-cap, (B) NO (B) N—O bond on the side of the molecule, (CY-N bond within a
bond on the side of the molecule, (C)-Nl bond within a ring of ring of nitrogen, and (D) NN bond between two rings of nitrogen.
nitrogen, and (D) N-N bond between two rings of nitrogen. (Nitrogen  (Njtrogen atoms are shown in white, oxygen black, carbon gray, and
atoms are shown in white, and oxygen atoms are shown in black.) a white hydrogen atom appears at both ends of the molecule.)

HOMO—-LUMO gaps, which suggests that the single-reference TABLE 2: Bond-Breaking Energies for N340 and
approach used in this study should be reasonably accurate. ByN12OsC2H> (energies in kcal/moly

contrast with NOg, none of the bond breaks ing,O¢H are N14Os Ni1,06C:H;
predicted by HF to be exothermic. All bond breaks are 5;cc_pypz

. . . N—O (C—-0) end-cap (A) —12.6 +40.8
endothermic with HF theory, and MP2 and MP4 give endo- N—O alongside (B) +10.4 +26.2
thermicities that are even greater. MP2 energies are much greater N—N within _ring((():) +%.9 —1.2

i i i i N—N ring—ring (D +46.5 +47.
mgz H'T ?”er?'e,;b‘g"t?r? ”&%deratfe '0‘{‘."9””9 %thzgg@eges bY Mp2icc-PVDZ N-0O (C-0) end-cap (A) +25.6  +69.6
relative to Miz. The diffuse functions in the AL N—O alongside (B) +327  470.0
PVDZ basis set have the effect of raising the dissociation N—N within ring (C) +32.6  +29.8
energies by a few kcal/mol across the board. Most importantly, N—N ring—ring (D) +782 14815

at the MP4 level of theory, all dissociations are endothermic = ajphabetic bond labels refer to Figure 5 ford®s and Figure 6

by more than 30 kcal/mol, indicating that theQ§C,H, may for Nq20sCoH,.

be a viable high-energy-density material (HEDM). Replacing

the relatively weak N-O end-cap bonds of §0s with C—O and Ni2OsC>H> belong to theDa, point group and have four

bonds has strengthened the molecule overall. The lowest energysymmetry-independent bonds, namely an®l(or C-0) end-

dissociation for NOgC;H3 is endothermic by 3540 kcal/mol cap bond, and NO bond along the side of the molecule, an

(compared to 2625 kcal/mol for NOg (ref 15)), which N—N bond within a ring of nitrogen and an-\N bond between

indicates more resistance to dissociation than the correspondinghe two rings of nitrogen.

NgOs. Bond-breaking energies are shown in Table 2. Both molecules
What is the effect of the carbon end-cap on the energy show weakening of the structure (lowering of the bond dis-

delivery of the molecule as it decomposes? Bond energy sociation energies), relative to their one-ring counterpantg§ON

comparisoft of the two reactions indicates the following: shows the weakest bond to be in the end-cap, as it is vi@s,N
but at the MP2/CEPVDZ level of theory, N4Os dissociates
NgOg — 4N, + 30, Energy release= 577 kcal/mol with an energy of 26 kcal/mol as opposed to 29 kcal/mol at the
corresponding level of theory ford®s. The effect is even more
NgOgC,H, — 3N, + l/202 +2CQ,+ H,0 pronounced for NOsCoH>, which dissociates a bond within
Energy release= 497 kcal/mol the nitrogen ring at an energy of 30 kcal/mol versus 43 kcal/

mol for a similar bond in the smaller §®C,H,. Considering
Replacing the nitrogen end-cap with a carbon end-cap resultsthat MP4 energy points would likely lower all of the bond
in approximately a 15% loss of energy release per molecule, dissociation energies for both l0s and Ni2OsCoHo, it is likely
but the enhanced stability of the molecule is still advantageous that both molecules dissociate too easily to hold promise as
to a high-energy-density material (HEDM). HEDM.

Length Effects: Insertion of the Second Nitrogen Ring. Third Ring of Nitrogen. The structural weakening calculated
For either NOs or NsOsCzHz, an end-cap may be removed, a with the second ring of nitrogen is even more pronounced for
second ring of six nitrogens added, and the end-cap reattachedthe third ring. Bond dissociation energies for a molecule
The resulting molecules would have the formulag® and (molecular formula NsOsCoH>, shown in Figure 7) with three
N1206CoH3, respectively, and a correspondingly higher con- rings of nitrogen and carbon end-caps are shown in Table 3.
centration of nitrogen atoms than their respective predecessorsThe weakest bond in this molecule is the-N bond in the
These two molecules are pictured in Figures 5 and 6. BeidiN center ring of the molecule. This bond dissociates with energy
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Figure 7. N1506C;H, molecule Dsn symmetry point group). Sym-
metry-independent bonds are labeled as (A)GCbond on end-cap,
(B) N—0O bond on the side of the molecule, (C}-N bond within the
end-most ring of nitrogen, (D) NN bond between two rings of
nitrogen, and (E) NN bond within the central ring of nitrogen.
(Nitrogen atoms are shown in white, oxygen black, carbon gray, and
a white hydrogen atom appears at both ends of the molecule.)

TABLE 3: Bond-Breaking Energies for N1gOsC,H, (energies
in kcal/mol)

N1606CoH>
HF/CC-PVDZ C—0 bond (A) +40.6
N—O bond (B) +19.4
N—N bond within end ring (C) -15
N—N bond between rings (D) +42.6
N—N within center ring (E) —-12.6
MP2/CC-PVDZ  C—-O bond (A) +69.7
N—O bond (B) +57.7
N—N bond within end ring (C) b
N—N bond between rings (D) +66.2
N—N within center ring (E) +16.5

a Alphabetic bond labels refer to Figure 7Geometry optimization
was unsuccessful.

of only 16.5 kcal/mol at the MP2 level of theory, with further
lowering expected if the MP4 energy were calculated. As the

Sturdivant and Strout

TABLE 4: Symmetry-Independent Angles for N;gC,0¢H
Molecule (angles in degrees)

angle HF/CC-PVDZ MP2/CC-PVDZ
0-C-0 110.0 1115
C-O—N1 110.8 110.1
O—N1-N1 106.6 104.7
N1—-N1-N1P 111.0/111.8 112.1/1131
N1—N1—-N2 107.3 105.8
N1—-N2—N2 107.8 106.2
N2—N2—-N2 111.3 112.8

a2N1 denotes a nitrogen atom in an outer ring, and N2 denotes a
nitrogen atom in the center ringTwo symmetry-independent N1
N1—-N1 angles exist.

Conclusion

The weakness of §Dg with respect to dissociation in its NO
end-cap can be remedied by substitution of an analogous carbon-
based end-cap. The insertion of the second ring of nitrogen had
a substantial weakening effect on the-N bonds composing
each nitrogen ring. Insertion of a third ring weakened the
structure even further, such that bonds at the midsection of the
N180sCoH, are susceptible to dissociation at low energy. It
seems that the NN bond is strengthened by the polar
environment near the oxygens in the end-cap, and the more an
N—N bond is surrounded by a nonpolar all-nitrogen environ-
ment, the weaker the NN bond will become. This would
suggest that the best candidates for nitrogen cage HEDM are
smaller molecules that also contain highly electronegative atoms,
such as the oxygens in the stableQyC,H, molecule.
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