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Abstract: The structures and energies offNand N+ were calculated by using the density functional theory
method at the B3LYP/cc-aug-pVTZ level. Ti@&, symmetric form1 and Do, form 5 were found to be the
stable minima for B+ and N2, respectively. Dissociation dfinto 5 and N was computed to be endothermic
by 25.1 kcal/mol.l>N NMR chemical shifts and vibrational frequencies Iofind 5 were also calculated.
Interactions ofl and5 with azide ions were also probed representing &hd Nio.

Introduction

Christe et al. recently reportédhe preparation of the
remarkable N cation. The highly energetic cation was
characterized as thesNAsFs~, Ns"SbR~, and N"ShyF;~ salts
by 5N NMR, IR, and Raman spectroscopysNs considered,
besides Mand Ns~, only the third known compound containing
a stable homoleptic polynitrogen moiety. Ab initio and density
functional theory (DFT) calculations show the preferi@g
symmetrical structure for the N cation? Recently Christe et
al. also obtained the structure ogNby single-crystal X-ray
diffraction studies.
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In 1991 PyykKoand Runeberg calculated a series of ABCBA-

type compounds including N at the MP2/6-31G* levet.In
1992 one of us (GR) also proposed and calculated giechtion

by the ab initio method and suggested its possible synthesis

from FN,™ and Ny~.5 However, this was not further pursued or
published. Christe’s pioneering work thus rightly deserves full
credit.

Previously we have reportéthe ab initio calculation of the
suggested bisdiazonium dication?N which showed that the
linear tetranitrogen dication is a minimum on the potential
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Recently Bartlett calculatédhe structures and energies of
neutral, monocationic, as well as monoanionic forms of poly-
nitrogen species ranging fromphd Nip using DFT and ab initio
methods. All of them were found to be stable minima on their
potential energy surfaces. NeithegZN nor N,2* was, however,
considered in this comprehensive study. Previously, Glukhovtsev
et al. have calculated the structure and stability of neutral
polynitrogen molecules (N N, Ng, N1, and N) by ab initio
and DFT method§.

We report now the investigation of the dicationg?Nand
N42" by the DFT theoretical method. We also report their DFT
calculated vibrational frequencies and ab initio GIAO-MP2
calculated®N NMR chemical shifts. We also calculated reaction
energies of these intriguing tetra- and hexanitrogen dications
with the azide (N™) anion, resulting in A, and Ny, respec-
tively.
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Results and Discussion

Calculations were carried out with the Gaussian 98 program
system? The geometry optimizations were performed by the
density functional theory (DF Ty method employing the B3LYP
functional! and using the correlation consistent aug-cc-pVTZ
basis set (i.e. B3LYP/aug-cc-pVTZ level). Vibrational frequen-
cies at the B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ level

energy surface (PES). We have also attempted to generate the (7) Bartlett, R. J.Chem. Ind 200Q 4, 140. For more information see

dication experimentalfyby the diazotization of the aminodi-
azonium ion, obtained by protonation of HMNith NOTBF,~
in Magic Acid/SQCIF solution at—78 °C. However, no
diazotization of the aminodiazonium ion was observed.
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Figure 1. B3LYP/aug-cc-pVTZ optimized structures df—4 and
GIAO-MP2/tzp calculated®N NMR chemical shifts ofl.

(for N7 to N12 at the B3LYP/6-31G*//B3LYP/6-31G* level)
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Figure 2. B3LYP/aug-cc-pVTZ optimized structure and GIAO-MP2/
tzp calculated®N NMR chemical shifts ob.

515N (N1) 296.1
515N (N2) 186.3

Table 1. Relative Energies (kcal/mal)

no. rel energy (kcal/mol)
1 0.0
2 4.7
3 10.2
4 8.7
5+ N, 25.1
9N1, 0.0
10N1, 20.7

aRelative energies at the B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-
pVTZ + ZPE level.

Table 2. B3LYP/aug-cc-pVTZ Calculated Frequenciesd IR
Intensities

no. freq in cnT! (IR intensities in km/mol)
1 140 (0), 157 (0), 294 (0), 309 (0), 497 (0), 537 (25), 559 (0),

750 (14), 883 (0), 1520 (0), 2338 (335), 2351 (0)
5 235(1), 457 (0), 915 (0), 2277 (330), 2400 (0),

aNot scaled.

From the bond lengths it appears that there is little resonance
interaction between the terminal triple bonds and central double
bond. Resonance interactions involving the lone pairs of the
central nitrogen atoms (N3 and N4) in fact create unfavorable

were used to characterize stationary points as minima (numberstrain and chargecharge repulsions.

of imaginary frequencies (NIMAG) 0) or transition states
(NIMAG = 1) and to evaluate zero-point vibrational energies
(ZPE) which were scaled by a factor of 0.96. Final energies
were calculated at the B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-
pVTZ + ZPE level. Heat of formationAHs) values were
computed with the Gaussian-2 (G2) the&y™N NMR chemical
shifts were calculated by the GIAO meth&dGIAO-MP214
calculations using a tzp basis ¥&fhave been performed with
the ACES Il progrant® The 1N NMR chemical shifts were
referenced to Nki(calculated absolute shift, i.ei(N) = 284.0).

At the B3LYP/aug-cc-pVTZ level th€,, symmetric forml
is found to be a stable minimum for thegN dication as
indicated by frequency calculations at the same level (i.e.
number of imaginary frequency NIMA& 0). The correspond-
ing cis isomer €, symmetry) was also calculated at the same
B3LYP/cc-aug-pVTZ level. However, it was not found to be a

true minimum as it contains one imaginary frequency. Energeti-
cally the cis isomer is also 10.2 kcal/mol less stable than the

trans isomef. The terminal N+N2 bond distance it is 1.102
A. This is significantly shorter than the NN3 bond (1.361
A) and also shorter than the central NS4 bond (1.235 A).
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Structures2 and 3 were also found to be minima on the
potential energy surface (PES) ofN. Each of the structures
can be considered as a complex betwegi bnd N.. However,
the structure® and 3 are less stable thah by 4.7 and 10.2
kcal/mol, respectively (Table 1).

We have located the transition structude(Figure 1), for
the N, elimination process il which lies 8.7 kcal/mol higher
in energy (Table 1). This elimination process proceeds through
complex?2 as indicated by IRC (intrinsic reaction coordinate)
calculation€ Thus,1 has a moderate kinetic barrier fop bbss
and the process is endothermic by 25.1 kcal/mol. Dissociation
of linto 2N,* and N,, however, was computed to be exothermic
by 17.9 kcal/mol. The possible dissociationlointo N4+ and
N2" could not be computed as theNcation was found not to
be a minimum. The heat of formationK) of 1 was calculated
by using G2 theory. Expectedly, the dication has a very high
heat of formation of 742 kcal/mol.

We have also calculated th8N NMR chemical shifts ofl
by the correlated GIAO-MP2 meth&tusing B3LYP/aug-cc-
pVTZ geometry as depicted in Figure 2. Calculat#dN of
N1, N2, and N3 ofl are 296.7, 260.9, and 472.3, respectively.
The 615N of N3 (azo nitrogen) of 472.3 can be compared with
the experimentad!®N of trans-azobenzene of 508.0. However,
we have to remember that these calculdf®8INMR chemical
shifts, even at the correlated GIAO-MP2 level, refer to the
idealized gas phase and differ significantly from experimental
values. The experimenta®N NMR chemical shifts are very
dependent on the nature of solvents and temperature. Calculated
vibrational frequencies of are given in Table 2.

The linearD. structure5 was found to be a minimum on

»the PES of N?" (Figure 2) at the B3LYP/aug-cc-pVTZ level.

No other minima were found. R is isoelectronic with oxalyl
dication OCCQ@G".17 Similar linear structure of M+ was also
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Figure 3. B3LYP/aug-cc-pVTZ optimized structures 6f10.

found to be a minimum for OCC®O at the MP2/6-31G* leveY!
It is interesting to note that the dimer of carbon monoxide,
ethylenedione (&C—C=0), is kinetically and thermodynami-

Olah et al.

cally unstable with respect to dissociation into 2 equiv of €0.
The terminal N:+N2 and central N2N3 bond distances &
are 1.111 and 1.285 A, respectively, representing bisdiazonium
character. The heat of formationlf;) of 5, calculated by G2
theory, was found to be 763 kcal/mol. The calculat@eN of
N1 and N2 of5 are 296.1 and 186.3, respectively. The value
of 296.1 for terminal nitrogen is very close to théN value
of the terminal nitrogen ofl (296.7). Calculated vibrational
frequencies ob are also given in Table 2.

Interactions ofl and5 with azide (N;) ions yielding N,
N1z, N7t, and Ny, respectively, were also calculated (Figure
3). Reactions 0b with 1 and 2 equiv of N~ to give Ny 6 and
N1o 7, respectively, were calculated to be highly exothermic by
422.8 and 585.4 kcal/mol. Similarly, reactionslofvith 1 and
3 equiv of Ns~ to give Ny™ 8 and N2 (9 and10), respectively,
were calculated. These interactions were computed to be also
highly exothermic by 338.4 and 503.7 kcal/mol, respectively.
The calculated global minimum structure ofJ Nvas found to
be of Con symmetry,9 (Figure 3). TheC,, symmetric structure
10is also a minimum on the potential energy surface. However,
10is 20.7 kcal/mol less stable th@&n(Table 1). The heat of
formation AH;) of 9 was computed to be 315.9 kcal/mol
(B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-pVTZt+ ZPE level).
Calculated structures 6f-10 agree well with those reportéd.

Conclusions

The present DFT study at the B3LYP/aug-cc-pVTZ level
shows that the M* dication1 is a minimum on its potential
energy surface. Structuiewith C,, symmetry was characterized
as a bisdiazo azo compound. Similar studies also show that the
N42" dication 5 with Den Symmetry is also a minimum.
Interactions ofl and5 with azide (Ny~) ions were computed to
be highly exothermic yielding N and Ny, respectively >N
NMR chemical shifts and vibrational frequencies Iond 5
were also calculated.
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