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The structure and energy of the bicyclic nitrogen tetroxide cation,D2d NO4
+, and itsC2v transition state for

dissociation into NO2+ and O2 have been studied theoretically by the coupled-cluster (CC) and similarity-
transformed equation-of-motion coupled-cluster methods (STEOM-CC). The computed 137 kcal/mol energy
of decomposition and 370 kcal/mol gas-phase heat of formation identify NO4

+ as a highly energetic species.
Nevertheless, its low dissociation barrier (12-17 kcal/mol) and high vertical electron affinity (8.4 eV) indicate
that NO4+ will have a low stability, which will complicate its experimental observation.

Introduction

Nitrogen oxide cations, such as NO2+ and NO+, are strong
oxidizers and useful components for ionic high energy density
materials (HEDM).1 The energy content and oxidizing power
of these cations increase with the increasing oxidation state of
the nitrogen atom and number of oxygen ligands. Our search
for related, halogen-free, highly energetic cations has led to
interest in the bicyclic NO4+ cation (I ).
This novel cation contains twice as many oxygen ligands as

NO2
+, and its energy content will be much higher due to the

single-bond character of its N-O bonds. The energy barrier
toward decomposition and electron affinity of NO4+ would be
decisive for its possible experimental observation, methods of
preparation, and application. Although the lattice interactions
play a crucial role in stabilizing ions in solids, the synthesis
and application of a species that is highly unstable toward
unimolecular decomposition or has a large electronic affinity
are questionable. It can be easily predicted that the stabilizing
lattice interactions for NO4+ will be smaller than those for the
existing ammonium cation, NH4+, because of its larger size and
the higher electronegativity of oxygen ligands compared with
hydrogens, which leads to a shielding effect for the positive
charge being localized on nitrogen in NO4+.
In view of the great challenge presented by the synthesis of

NO4
+ and the potential for low-energy decomposition pathways,

it was imperative to initially perform a feasibility study using
ab initio methods. This contribution of theory offers the
synthetic chemist the benefits of avoiding the unsuccessful
pursuit of target molecules that are either vibrationally unstable
or possess very low barriers toward decomposition.
No previous references to NO4+ (D2d) could be found in the

literature, and only the results of an ab initio quantum mechan-
ical study of the isoelectronic carbon tetroxide, CO4 (D2d), have
recently been published.2 It was shown computationally that
CO4 (II ) is a vibrationally stable, highly energetic molecule,
80 kcal/mol above the dissociation products, CO2 + O2 (a 1∆g),
with an estimated barrier of∼30 kcal/mol. Carbon tetroxide,

possessing two dioxirane rings, is also unknown experimentally.
Furthermore, its close analogue, difluorodioxirane (III ), has
recently been synthesized and characterized,3 indicating that bis-
dioxirane type compounds might also become synthetically
accessible. (See Scheme 1 for structures ofI , II , andIII .)
It is possible that the actual symmetry of the transition state

for decomposition is lower thanC2v, which will allow one bond
to be broken initially; however, this may only reduce the barrier
value, which appears to be very small even if we consider our
estimate to be an upper limit. Possible tunneling effects and
intersystem crossing interactions also can only reduce the barrier
height. The same is true for decomposition pathways other than
those considered here. It is also intuitively obvious that open-
chain or branched forms of NO4+ will have biradical character,
which in addition to the charge will ensure an extreme reactivity
of these forms. Thus, we believe that no NO4

+ isomers possess
a reasonable stablity and can only be observed as short-lived
intermediates, if at all.

Computational Methods

The minimum energy structures and harmonic vibrational
frequencies ofD2d NO4

+ (I ) (see Table 1) have been character-
ized at the HF, MBPT(2), and CCSD levels4 with double-ú and
triple-ú basis sets (including polarization functions DZP and
TZ2P, respectively)5 by using the ACES II program.6 Although
single-determinant-based self-consisted field (SCF), perturbation,
and coupled-cluster methods characterized successfully the
minimum energy structureI , we failed to locate a transition
state for decomposition by using the energy-following method.7

The reason for this failure was a multiconfigurational character
to the wave function.
In searching for transition states and minima on the potential

energy surface (PES) crossings, we use the recently developed
similarity-transformed equation-of-motion method (STEOM)8

in its double-ionization version (i.e., DIP-STEOM). In general,
the STEOM method proceeds by first performing a similarity
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transformation of the Hamiltonian in second quantization, which
accounts mainly for dynamical correlation. In the second step,
this transformed Hamiltonian is diagonalized over a suitable
and limited set of configurations, predominantly accounting for
nondynamical correlation effects. In the present DIP case, the
transformation is carried by performing a Hartree-Fock cal-
culation on NO4-, which provides a reference determinant. Next,
a CCSD calculation for the anion is performed that yields a
first set of dynamical correlation amplitudes,T. Then, the so-
called EOM-Hamiltonian, Hh ) e-THeT, is calculated and
diagonalized over the 1-hole and 2-hole/1-particle configura-
tions. This IP-EOM-CC calculation yields principal IPs of
NO4

- and therefore describes certain states of the NO4 radical.
It also provides a second set of amplitudes responsible for
dynamical correlation effects that are used to define a doubly
transformed Hamiltonian,G) {eS}-1Hh {eS}. Finally, this new
HamiltonianG (obtained in second quantization) is diagonalized
over the 2-hole configurations,ı̂ĵ|0〉. The purpose of these
transformations is to zero out matrix-elements in the Hamilto-
nian that couple to more highly excited determinants, such that
the final diagonalization can be performed solely over a very
small subspace. This procedure is equivalent to an implicit
inclusion of dynamical correlation in the calculated energies.
The diagonalization over the 2-hole configurations yields the

relevant set of states and energies of the NO4
+. These states

are all properly symmetry and spin adapted, they contain a fair
amount of dynamical correlation, and they have the proper
multireference character. These attributes are reflected by the
form of the final wave functions∑i,jeT{eS}ı̂ĵ|0〉cij.
The DIP-STEOM scheme is a very economical way to

perform the calculations on this complicated system, the most
expensive step being the CCSD calculation on the closed shell
NO4

- ground state. In our initial optimizations of the geom-
etries, the CCSD amplitudes are replaced by their first-order
perturbative analogue (which yields the MBPT(2) energy of the
anion). In this STEOM-PT approximation, the most expensive
step becomes the calculation of the EOM-Hamiltonian. All
other steps in the correlated calculation take very little time,
and the calculation of integrals is the dominant step in the
calculation. This short time allows the use of numerical
gradients to investigate the surfaces, including intersystem
crossings, without a dramatic increase in computer time.
To locate a minimum at a crossing of two potential energy

surfaces, we minimize the functionalF ) E1 + E2 + R *(E1 -
E2), whereR is a penalty parameter that typically has a value

of ∼103-104. The DIP-STEOM calculation provides the
energiesE1 andE2, allowing the use of numerical gradients on
F in a straightforward manner.
A drawback of the DIP-STEOM method is that orbitals

optimized for the anion are used to describe the cationic states.
Orbital relaxation effects can be fairly important for the cationic
states and are difficult to describe in terms of mixing of
configurations, but we assume that those are fairly similar for
all cationic states and that our relative energetics are adequate.
Also, the STEOM scheme assumes that dynamical correlation
is rather small (otherwise the neglect of three-particle terms in
the transformed Hamiltonian is not a valid approximation),
meaning, primarily, that the CCSD calculation on NO4

- needs
to be a fair description of the anionic state over all geometries
considered. However, at theD2d geometry the lowest state of
the anion is a triplet with two electrons in degenerate E-orbitals.
In DIP-STEOM, the parent state must be a closed-shell and
therefore the A1 orbital is doubly occupied to create an anionic
state. It isnot necessary that the anion state actually exist, as
it just provides a reference. The final estimates of the
decomposition barrier have been obtained from STEOM-CCSD
single-point calculations at the CCSD/DZP (D2dminimum) and
STEOM-CCSD/DZP (C2v transition state) optimized geometries
with an augmented basis set- PBS.9 We have also computed
the CASPT210,11single-point energies with the ANO [10s6p3d]
basis set12 by using the MOLCAS program.13

Results and Discussion

The nitrogen tetroxide cation is vibrationally stable at all
levels of computation applied (see Table 1) and its lowestB1
harmonic vibrational frequency, corresponding to aD2d f D2

deformation, is 377 cm-1 at CCSD/TZ2P. The lowestB2
vibrational frequency, corresponding to theD2d f C2v deforma-
tion in the direction of the minimum energy decomposition
pathway is 716 cm-1 at that level (Scheme 2).
Although the harmonic vibrational frequencies of NO4

+ do
not include a very lowB2 frequency mode related to theC2V

TABLE 1: Bond Lengths (in angstroms) and Harmonic Vibrational Frequencies (in cm-1) of D2d NO4
+a

method

HF/ MBPT(2)/ CCSD/

parameter /DZP /TZ2P /DZP /TZ2P /DZP /TZ2P

bond lengths
RNO 1.290 1.292 1.346 1.347 1.335 1.335
ROO 1.455 1.467 1.620 1.613 1.576 1.571

frequencies
B1 472 (0) 466 (0) 341 (0) 340 (0) 376 (0) 377 (0)
E 556 (56) 553 (46) 511 (18) 499 (16) 505 (26) 499 (24)
A1 696 (0) 689 (0) 563 (0) 571 (0) 554 (0) 567 (0)
B2 942 (1) 942 (4) 664 (14) 692 (15) 679 (10) 716 (12)
E 1212 (24) 1173 (17) 967 (10) 949 (10) 1024 (16) 1005 (26)
A1 1231 (0) 1218 (0) 913 (0) 929 (0) 981 (0) 998 (0)
B2 1882 (100) 1832 (100) 1350 (100) 1355 (100) 1514 (100) 1502 (100)

zero-point energies
12.52 12.29 9.70 9.70 10.24 10.25

aRelative infrared intensities are given in parentheses.
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symmetry decomposition pathway, the high exothermicity of
the decomposition of NO4+ shown in eq 114 raises concerns
about its experimental observation and the magnitude of its
decomposition barrier:

The gas phase heat of formation of NO4
+ (370 kcal/mol) has

been estimated from eq 1 and the experimentally known heat
of formation of NO2+ (233 kcal/mol).16 Although the heat of
formation of ions in the solid state is considerably lower because
of the lattice energy effect, the large endothermicity of its gas
phase heat of formation indicates that NO4

+ is a very energetic
species.
The symmetry-forbiddenC2v minimum energy decomposition

pathway links the ground-state NO4+ (1A1) with the lowest
singlet state of the decomposition products, NO2

+ (X 1Σg) and
O2 (1∆g). The corresponding spin-forbidden decomposition
pathway leads to the lowest triplet state, which is the combina-
tion of NO2

+ (X 1Σg
+) and O2 (3Σg

-). The energy difference
between the lowest singlet and triplet state of decomposition
products is the singlet-triplet energy gap in O2, which is well-
known experimentally to be 0.98 eV (22.6 kcal/mol).15 Because
the energy difference between NO4+ and its decomposition
products, NO2+ and O2, is large, the biradical combination of
the dissociation products, NO2(2A1) + O2

+(X 2Πg), which is∼54
kcal/mol above NO2+(X 1Σg

+) + O2(X 3Σg
-), but>80 kcal/mol

below NO4+,16 should also be considered as being a possible
important contributor in the multireference wave function of
the decomposition transition state (Scheme 3).
Even a visual comparison of the occupied and unoccupied

molecular orbitals ofI and its decomposition products, NO2+

and O2 (see Figure 1) shows that several MOs may change their
character and occupation at the transition-state geometry, leading
to a complicated pattern of the low-lying potential energy
surfaces, including crossings and avoided crossings.
Our previous ab initio studies of the symmetry-forbidden

minimum energy pathways for insertion of Be into H2 (C2v

pathway)17 and for decomposition of N4 (D2d pathway)18 provide
sufficiently accurate upper estimates of the corresponding
reaction barrier energies, which are close to the energies of the
lower symmetry transition states (N418,19) and to the barriers
found in multireference type computations (BeH2

17 and N420).
These encouraging results prompted us to use a similar approach
in our search for the transition barrier energy and TS structure
in the NO4+ decomposition.
To estimate stability of NO4+, we used the DIP-STEOM

method to search for the transition state and minima at the
crossings of the NO4+ ground state (1A1 in theC2v symmetry
group) and the lowest singlet (1B1, 1A2, 1B2) and triplet (3A1,

3B1, 3A2, 3B2) excited-state potential energy surfaces. The
transition state and two intersystem crossing minima have been
located within a very narrow energy range of 11-13 kcal/mol
aboveI at the STEOM-CCSD/PBS//STEOM-CCSD/DZP level
(see Table 2).21 All other crossings occur at energies that are
essentially lower than the transition barrier for decomposition,
and their geometries show these structures to be “behind the

SCHEME 3

Figure 1. Highest occupied and lowest unoccupied molecular orbitals
of NO4

+ (1A1) and separated NO2+(1Σg
+) and O2 (3Σg

-).

NO4
+ f NO2

+ + O2(
3Σg

-) ∆E) 137 kcal/mol (1)
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barrier” on the side of the decomposition products. These
structures are not important for assessing the stability of NO4

+.
An intricate multiconfigurational character of the ground and

excited states of NO4+ at the geometry of the transition state is
demonstrated in Figure 2. The five different single-determinant
configurations shown for the lowest1A1 state have large
coefficients (>0.1). Two lowest singlet and triplet states of
each symmetry have been computed at the transition state
geometry (see Table 3). Three singlet (1B1, 1A2, and second
1A1) and three triplet states (3B1, 3A2, and3B2) have energies
within only a(5 kcal/mol range of that of the lowest1A1 state.
All low-lying states except for the first triplet state ofA1

symmetry have a multiconfigurational character presented by
CI coefficients in Table 3.
To verify our barrier energy estimate by another multicon-

figurational approach, we have computed the single-point
CASPT2/ANO energies for the minimum (CCSD/DZP) and the
transition state (STEOM-CCSD/DZP). Eight orbitals (two of
each symmetry) and 10 electrons have been included in the
active space based on the character of the molecular orbitals
and the corresponding (low)-energy single determinants of the
minimum and transition state (see Figures 1 and 2). The 16.9
kcal/mol decomposition barrier energy computed at CASPT2
is in fair agreement with the 12 kcal/mol estimate obtained by

Figure 2. The character and the weights of the determinants in a multireference wave function for the NO4
+ transition state generated by the

DIP-STEOM method from the single reference NO4
- wave function.
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the STEOM method. Because we have imposed theC2v

symmetry of the decomposition path, our estimate of the barrier
is an upper limit and the actual barrier value may be even lower
because of the symmetry reduction and an avoided crossing of
the molecular orbitals and the electronic states. We have not
investigated lower thanC2v symmetry paths because of high
computational costs.
Other characteristics important for the definition of stability

and an experimental observation of a charged species are the
electron affinity (electron attachment energy) of a cation and
the (lowest) ionization potential (electron detachment energy)
of an anion. Because NH4+, which is the cationic component
of ammonium nitrate NH4NO3, is well characterized and may
serve as a good reference species, we have computed the vertical
electron affinities (EAv) for NO4

+ and NH4+ by the electron
attachment method using the PBS basis set and the optimized
coupled-cluster geometries (EOM-CCSD/PBS//CCSD/DZP).22

TheEAv of NO4
+ (8.4 eV) was much higher than that of NH4+

(4.5 eV). The high electron affinity is an additional indication
of the low feasibility for the existence of NO4+, particularly
taking into account that the lattice stabilization effect is expected
to be smaller for NO4+ than for NH4+. Nitrogen tetroxide has
a larger size and the reverse electronegativity difference between
the central nitrogen atom and ligands compared with ammonium
cation. Although Mulliken charges are highly sensitive to the
basis set, the trends and qualitative comparisons can be easily
derived in this case. Thus oxygen atoms are almost neutral
and provide a shielding effect for the positive charge toward
external anions in NO4+, whereas in NH4+ the positive charge
is enchanced and delocalized at hydrogen atoms, which allow
strong interactions with an anionic shell.

Conclusion

The bicyclicD2d NO4
+ cation is a highly energetic species

with an estimated decomposition energy of 137 kcal/mol and
gas-phase heat of formation of 370 kcal/mol. However, its low
decomposition barrier (12-17 kcal/mol) and high vertical
electron affinity (8.4 eV) will make its experimental observation
difficult and would severely limit its potential usefulness.
It is possible that the actual symmetry of the transition state

for decomposition is lower thanC2v, which will allow one bond
to be broken initially; however, this situation may only further
reduce the barrier value, which appears to be very small even
if we consider our estimate to only be an upper bound. Possible
tunneling effects and intersystem crossing interactions also can
only reduce the barrier height. The same is true for decomposi-
tion pathways other than those considered here. It is also
intuitively obvious that open-chain or branched forms of NO4

+

will have biradical character that in addition to the charge, will
ensure an extreme reactivity for such forms. Thus, we believe
that no NO4+ isomer possesses a reasonable stability; therefore,
these isomers can only be observed as short-lived intermediates,
if at all.
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