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A small cluster model proposed earlier to examine bound Cu ions and their interaction with CO and NO in
zeolites [Schneider, W. F.; Hass, K. C.; Ramprasad, R.; Adams, J. B. J. Phys. Chem. 1996, 100, 6032] is
used to study Cu-bound dinitrosyl complexes. The possibility of a single-step, symmetric, concerted reaction
occurring between the two nitrosyl ligands to form either a N-N bond or free N2 and O2 is addressed. Density
functional theory is used to predict molecular and electronic structures and binding energies. N-down dinitrosyl
binding to Cu0, Cu+, and Cu2+ can be represented as [Cu(I)-(NO)2-], [Cu(I)-(NO)2], and [Cu(I)-(NO)2+],
respectively, with the dinitrosyl moiety closely resembling the free NO dimer, and having a long N-N bond
(≈2.8 Å). Dinitrosyl species bound to Cu through the O display two distinct binding modes, one resembling
the N-down dinitrosyl binding, again with a long N-N bond (≈2.0 Å), and the other similar to hyponitrite
binding to a metal atom, displaying a short N-N bond (≈1.2 Å). The single-step, symmetric, concerted
decomposition reaction of NO in the vicinity of Cu ion sites in zeolites is forbidden by orbital symmetry and
is anticipated to have a comparable or higher activation barrier than the same reaction in the gas phase.
Metastable hyponitrite complexes, on the other hand, display N-N coupling and may be precursors for a
multistep decomposition of NO in the presence of Cu-exchanged zeolites.

I. Introduction
Although thermodynamically unstable to decomposition to
N2 and O2 (reaction 1), free NO is unusually kinetically stable.1,2

2NO f N2 + O2

(1)

The concerted decomposition reaction, passing through a cyclic
transition state, is symmetry forbidden,2,3 and under extreme
conditions, reaction 1 instead occurs via a sequence of highenergy atom exchange reactions.4
Cu-exchanged zeolites, in particular Cu-ZSM-5, have the
highest known activities for catalyzing reaction 1,5,6 as well as
for the closely related selective catalytic reduction (SCR) of
NO in net oxidizing gas streams.5-7 Despite considerable
experimental effort aimed at understanding this catalytic
activity,8-31 many questions remain regarding both the NO
decomposition and SCR mechanisms. Speculations on these
mechanisms are based primarily on experimentally identifiable
Cu-NxOy complexes. In particular, Cu-gem-dinitrosyl species
have been suggested to play a direct role in N-N bond
formation,5,10,13,16 possibly by promoting the concerted, direct
decomposition to N2 and O2. In this work, we use density
functional theory to identify and characterize the stable and
meta-stable Cu-dinitrosyl species possible in Cu-exchanged
zeolites and assess the likelihood of their involvement in this
direct decomposition reaction.
Cu-exchanged zeolites can contain a mixture of Cu+ and Cu2+
ions, coordinated to the zeolite lattice and charge compensated
by anionic Al T-sites and possibly, in the case of Cu2+, by
extralattice ions, such as O- and OH-.5,21 The zeolite lattice
relaxes locally to accommodate the bare or ligated Cu ion, but
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the lattice structure itself remains essentially unaltered.32 Both
Cu+ and Cu2+ sites are observed to adsorb single NO molecules,
while only Cu+ appears to support the formation of gemdinitrosyl species.9-11,13-17 The tendency of NO to adsorb in
pairs has been observed on many transition metal oxide surfaces
and transition metal ion exchanged zeolites,33,34 and has been
ascribed to enhanced stability gained by the interaction of the
unpaired electron on each of the NO ligands.35
Because of the absence of detailed information as to the
location of exchanged Cu ions, and the probable absence of
unique Cu sites, we have chosen in this and previous studies36-38
to consider very simple models of Cu ions exchanged in zeolites
that focus primarily on the oxidation state and the immediate
coordination environment of the Cu ion. Thus, the coordination
of Cu to its nearest neighbor framework oxygen atoms (modeled
using water ligands) and adsorbed gas molecules (Viz., NO) are
treated explicitly. Symmetry constraints are imposed to maintain “zeolite-like” coordination, and geometry optimizations
within these constraints are performed to simulate the relaxation
of the zeolite lattice and adsorbates. Clearly, these simple
models neglect some important details of the zeolite environment, but these simplifications allow a focus on the qualitative
characteristics of the Cu-NO interactions. In fact, previous
studies of adsorbates on zeolite-bound Cu indicate that the use
of more sophisticated zeolite models produces only minor
perturbations on the dominant effects modeled here.36-41
Recently, a number of larger clustersalbeit less comprehensivescalculations for Cu-dinitrosyl species have been
reported.42,43
This paper is organized as follows. Section II outlines the
computational approach. Section III presents results for neutral
and anionic free NO dimers. In section IV, the geometric and
electronic structures and binding energies of the Cu-dinitrosyl
complexes are explored. A surprising richness of dinitrosyl
binding modes is found, including both N-down and O-down
gem-dinitrosyl and hyponitrite species. While the N-N separa© 1997 American Chemical Society
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III. Neutral and Anionic NO Dimers

Figure 1. Schematic structures of Cu-bound dinitrosyl [Cu(H2O)x(NO)2]n+ (A ) N, B ) O) and [Cu(H2O)x(ON)2]n+ (A ) O, B ) N)
complexes for x ) 0, 1, 2, or 4.

tion in the dinitrosyl complexes is always >2 Å, it is only 1.21.3 Å in the hyponitrite-like complexes. In section V, the basic
features of the Cu-dinitrosyl equilibrium geometries are
explained. Finally, in section VI, we review the symmetryforbidden nature of the concerted decomposition of free NO to
N2 and O2 and consider whether the N-down or O-down binding
of the NO to a zeolite-bound Cu ion can catalyze this reaction
or otherwise promote the formation of an N-N bond.
II. Computational Details
Calculations were performed using the Amsterdam Density
Functional (ADF)44 code with all options as chosen in ref 38.
A split-valence plus polarization Slater orbital basis set was used
for all main group elements, and a double-zeta s and p and triplezeta d Slater orbital basis was used for Cu. Unless otherwise
stated, equilibrium geometries were obtained within the local
spin density approximation (LSDA)45 by gradient optimizations.
Geometries were considered converged when the maximum and
the rms forces were less than 0.001 hartrees/bohr. Improved
binding and orbital energies were obtained in all cases by the
inclusion of Becke exchange46 and Perdew correlation47 gradient
corrections (BP86), usually in single-point calculations at the
LSDA geometries. A reasonably conservative integration mesh
parameter (which controls the accuracy of the Hamiltonian
matrix elements) of 4.5 was used throughout.48
The model Cu-dinitrosyl complexes considered here are
sketched in Figure 1. They are of the general form [Cu(H2O)x(NO)2]n+, x ) 0, 1, 2, 4, n ) 0-2, for N-down binding of the
two nitrosyl ligands to Cu, and [Cu(H2O)x(ON)2]n+ for O-down
binding. All complexes were constrained to C2V symmetry
(except [Cu(NO)2]n+, n ) 0-2, for which the possible D∞h linear
geometry, not shown in Figure 1, was also examined) and were
assigned a 0, 1+, or 2+ charge. The actual coordination of
Cu ions to framework oxygen atoms in high-silica zeolites like
Cu-ZSM-5 is not firmly established. Available theoretical36,37,39
and experimental28-31 evidence suggests that Cu+ prefers to be
coordinated to about two framework oxygen atoms and Cu2+
prefers a somewhat higher coordination. In the present study,
we consider a range of possible coordination of Cu to framework
oxygen, both to examine trends that accompany increasing Cu
coordination and because of the uncertainties in the Cu
environment in zeolites. Cu was coordinated to 0, 1, 2, or 4
water ligands, with the plane of the dinitrosyl species between
adjacent water ligands (x > 1) or between O-H vectors (x )
1).49 For several selected cases, the C2V symmetry constraint
was relaxed so that the two nitrosyl ligands become symmetry
inequivalent. In such cases, the complexes reverted back to
the C2V structures, indicating a preference for this symmetry.

The spontaneous dimerization of NO has been observed in
both condensed and gas phases;50-52 experimental estimates for
the dissociation energy of free (NO)2 (to two NO molecules)
range between 1.5 and 3.7 kcal mol-1.51,53,54 This very weak
interaction is difficult to describe theoretically, with results
varying significantly with the type of electron correlation
treatment.55-58 Experimental estimates of the geometry vary
significantly with the type of experiment,51,52 and some uncertainty even exists as to whether the ground state of the dimer is
a singlet or triplet.55 In Table 1, we list the BP86 geometries
and dissociation energies (with respect to the NO (2Π) + NO
(2Π) asymptote) for the singlet (1A1) and the triplet (3B1) states
of the cis and trans forms of (NO)2. The cis-triplet state is
found to be the most stable, with the cis-singlet about 5 kcal
mol-1 higher in energy. As shown on the left side of Figure 2
for the cis-triplet, the NO dimer electronic structure derives
primarily from symmetric and antisymmetric combinations of
individual NO levels, with some mixing between 5σ and inplane 1π levels. For instance, the π1 and π4 levels are the
symmetric and antisymmetric combinations of the in-plane NO
2π levels, respectively, and the π2 and π3 levels are those of
the out-of-plane NO 2π levels. Most of the structures exhibit
long N-N separations (≈2 Å), reflecting the net weak bonding
mediated by the NO 2π combinations. For comparison, typical
N-N single, double and triple bond separations are 1.45 Å (in
N2H4), 1.21 Å (in N2F2), and 1.09 Å (in N2), respectively.61
The one exception to the long N-N separation is the 1Ag trans
structure, whose electronic structure derives from double
occupation of one of the out-of-plane NO 2π combinations. The
geometric parameters and the relative ordering and magnitude
of energies for the different structures are in good agreement
with earlier density functional studies.55,59
Reduction of (NO)2 by one or two electrons considerably
alters both its electronic and geometric structures. The BP86
optimized geometries and relative energies for the cis and trans
forms of N2O2- and N2O22- are listed in Table 1. To our
knowledge, the only previously reported study of these anions
is for the higher energy NNO2- geometric isomer.60 TransN2O2- is more stable than the cis conformer, while the opposite
is true for N2O22-. The N-N bond lengths of N2O2- and
N2O22- are typical of metal hyponitrites (1.2-1.3 Å),50,62 and
are considerably shorter than that in the neutral dimer. We focus
here on the cis forms relevant to the Cu systems discussed
below.
The electronic structure of cis-3B1 N2O2-, shown schematically in the center of Figure 2, is obtained by adding a second
electron to the π1 orbital of (NO)2; this reduction drives a
decrease in N-N separation (to 1.48 Å) and increase in N-O
separations consistent with the character of the π1 level. The
largely N-N antibonding 2b2 level is driven up in energy by
the decrease in N-N separation, and transfer of an electron
from this to the 2b1 orbital generates the 2B2 state, which has
an even shorter optimal N-N separation (1.23 Å) and longer
N-O separations. Reduction by a second electron produces
the closed-shell cis-N2O22- (hyponitrite) anion, shown on the
right of Figure 2. In all these anions, electron density accumulates on the O centers, in particular in the 2b2 level, which
rehybridizes in such a fashion to make it ideally suited to interact
with the d orbitals of a chelated metal atom. In fact, as we
will see in subsequent sections, an electron-rich metal center
can drive the reduction of two O-down NO ligands and the
formation of a short N-N bond. The charge accumulation at
the O centers, and accompanying decrease in N-N separation,
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TABLE 1: Calculated Properties (BP86) for the cis and trans Forms of Free (NO)2, N2O2-, and N2O22-: Bond Lengths in
Angstroms, Bond Angles in Degrees, and Energies in kcal mol-1
1

N-N
N-O
N-N-O
E
a

cis-(NO)2
3
A1
B1

2.080
1.165
97.1
-14a

2.049
1.167
108.1
-19a

Ag

trans-(NO)2
3
Au

1.986
1.170
107.5
-8a

1.979
1.167
112.1
-18a

1

1

Ag

1.196
1.225
146.8
-11a

cis-N2O22
B2
B1

2

1.228
1.348
117.3
+9b

1.481
1.271
114.4
+2b

trans-N2O22
Ag
1.316
1.295
121.7

cis-N2O221
A1
1.310
1.398
121.7

trans-N2O221
Ag
1.311
1.414
112.1
+2c

Energy of reaction 2NO f (NO)2. b Energy relative to 2Ag trans-N2O2-. c Energy relative to 1A1 cis-N2O22-.

Figure 2. Schematic molecular orbital diagrams for 3B1 cis-(NO)2 (left), 3B1 cis-N2O2- (center), and 1A1 cis-N2O22- (right). Levels below those
indicated by arrows are all doubly occupied, and those above are empty.

is perhaps best illustrated by the Lewis diagrams for the neutral
dimer and hyponitrite anion:

IV. Minimum Energy Structures for Cu-Dinitrosyl
Complexes
A. N-Down Structures. We now examine the equilibrium
geometries, electronic structure, and binding energies of N-down
Cu-dinitrosyl complexes ([Cu(H2O)x(NO)2]n+, n ) 0, 1, 2).
The high degree of covalency in the Cu-(NO)2 interaction
makes assignment of the Cu oxidation state in these complexes
somewhat ambiguous. Using the notation of Enemark and
Feltham,36,64 the dinitrosyl systems with overall charges of 0,
1+, and 2+ can be described as {Cu(NO)2}13, {Cu(NO)2}12,
and {Cu(NO)2}11, respectively, where the superscript indicates
the total number of electrons in the Cu d and NO 2π levels.
For each electron count we consider first the bare [Cu(NO)2]n+
complexes, which illustrate the essential features of the Cu(NO)2 interactions, and then consider the peturbations introduced
by including water ligands. The important structural parameters

for these complexes are summarized in Table 2. In all cases
examined here, the two NO ligands adopt equivalent conformations; that is, we find no tendency for formation of a mixed
linear-bent dinitrosyl complexes such as those found for early
transition metal dinitrosyl species.65-68
[Cu(H2O)x(NO)2]2+. Both linear (D∞h) and bent (C2V) [Cu(NO)2]2+ minima exist, with the latter more stable by 5.0 kcal
mol-1. A curious feature of the bent structure is a leaning
inward of the two NO ligands toward each other, so that the
O-O separation is less than the N-N separation; the latter
separation is even longer than in free (NO)2. This bonding motif
persists in all the N-down dinitrosyl species considered here,
and we will consider its origin in section V. Only the bent
structure persists when additional ligands are added to Cu, and
we focus on this conformation. The electronic structure of 2A1
[Cu(NO)2]2+ (Figure 3a) is strikingly similar to that of the free
NO dimer, with the Cu d levels inserted between orbitals of
NO 5σ/1π and of NO 2π origin. A single electron is transfered
to the Cu d from the NO 2π manifold, reflecting a partial
reduction of Cu and oxidation of the NO ligands, accompanied
by a shortening of the N-O bond. The electronic structure
can thus be represented as [Cu(I)-(NO)2+]. A similar reduction
of Cu2+ by a single NO ligand has been noted previously.36
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TABLE 2: Selected LSDA Geometric Parameters, Cu d Population and BP86 Fragmentation Energies for [Cu(H2O)x(NO)2]n+
Complexes: Bond Lengths in Angstroms, Bond Angles in Degrees, and Energies in kcal mol-1
state

Cu-N

N-N

N-O

O-O

Cu-OH

2+

N-Cu-N

Cu-N-O

Cu d pop.

Ea

180.0
140.6
89.8
86.1
84.8

180.0
142.0
133.0
131.5
130.8

9.65
9.68
9.59
9.55
9.65

-216.4
-221.4
-271.7
-311.8
-350.7

b

x)0
x)0
x)1
x)2
x)4

2

Πg
2A
1
2
A1
2
A1
2
A1

1.855
1.959
1.968
1.987
2.028

3.710
3.688
2.778
2.713
2.735

1.102
1.103
1.111
1.116
1.121

Cu Systems (n ) 2)
5.914
2.866
2.698
1.896
2.499
1.954
2.470
2.163

x)0
x)1
x)2
x)4
x)0
x)0
x)1
x)2
x)4

1A

1.947
1.926
1.899
1.903
1.732
1.871
1.861
1.870
1.921

2.865
2.713
2.642
2.656
3.464
2.816
2.618
2.619
2.613

1.141
1.147
1.153
1.158
1.138
1.146
1.149
1.154
1.159

Cu+ Systems (n ) 1)
2.274
2.223
1.935
2.216
2.032
2.231
2.218
5.740
2.626
2.492
1.933
2.455
2.046
2.356
2.237

94.8
89.6
88.2
88.5
180.0
98.5
89.4
88.8
85.7

117.6
122.9
125.3
125.2
180.0
126.0
132.2
131.5
130.8

9.67
9.63
9.58
9.62
9.53
9.65
9.62
9.60
9.66

-68.2
-99.6
-118.5
-129.9
-68.4
-59.6
-94.7
-113.3
-123.0

x)0
x)0
x)1
x)2
x)4

2

1.679
1.874
1.869
1.860
1.887

3.358
2.904
2.730
2.704
2.689

1.176
1.184
1.189
1.194
1.196

Cu0 Systems (n ) 0)
5.710
2.244
2.182
2.011
2.192
2.171
2.237
2.312

180.0
101.6
93.8
93.3
90.9

180.0
113.0
119.8
121.0
123.7

9.45
9.65
9.65
9.64
9.64

-58.9
-59.3
-70.3
-75.9
-76.7

a

1

1

A1
1A
1
1
A1
3Σ g
3
B1
3B
1
3B
1
3
B1
Πu
2B
1
2
B1
2B
1
2B
1

Energy of reaction Cun+ + xH2O + 2NO f [Cu(H2O)x(NO)2]n+. b Energy referenced to spherically averaged Cu2+ ion.

TABLE 3: Successive BP86 N-Down NO Binding Energies
and Isomerization Energies to O-Down Dinitrosyl and
Hyponitrite Structures, in kcal mol-1
+1st NOa

+2nd NOb
Cu2+

Cu2+
Cu(H2O)2+
Cu(H2O)22+
Cu(H2O)42+

-159
-99
-73
-35

Systems
-63
-44
-29
-19

Cu+
Cu(H2O)+
Cu(H2O)2+
Cu(H2O)4+

-35
-35
-15
-16

Cu+ Systems
-34
-25
-23
-18

Cu
Cu(H2O)
Cu(H2O)2
Cu(H2O)4

-27
-37
-35
-41

Cu0 Systems
-33
-31
-35
-37

∆EcO-down

∆Edhypo

+19
+17
+17
+16

+44
+33
+31
+19

+6
-5
-5
-21

a Energy of reaction [Cu(H O) ]n+ + NO f [Cu(H O) NO]n+; also
2
x
2
x
see ref 63. b Energy of reaction [Cu(H2O)x(NO)]n+ + NO f
[Cu(H2O)x(NO)2]n+. c Energy difference between 1A1 [Cu(H2O)x(ON)2]+
and 1A1 [Cu(H2O)x(NO)2]+. d Energy difference between 3A2
[Cu(H2O)xO2N2]n+ and 1A1 [Cu(H2O)x(NO)2]n+.

Figure 3. Molecular orbital diagrams for N-down dinitrosyl binding
to bare Cu2+ (a), Cu+ (b), and Cu0 (c). For ease of interpretation, the
orbitals are shifted vertically so that the top of the Cu d orbital manifolds
have the same energy. Levels below those indicated by arrows are all
doubly occupied, those above are empty, and those with a dominant
Cu d component are indicated by bold lines.

The inclusion of additional oxygen coordination (as water
ligands) at the Cu center does not alter this qualitative
description of NO binding to Cu2+. The water ligands donate

additional charge to the Cu2+ center, decreasing somewhat its
ability to accept electron density from the NO ligands, and the
water-based levels mix with the Cu-based d levels, but the
characterization as [(H2O)xCu(I)-(NO)2+] remains accurate. The
NO bond lengths increase slightly with increasing coordination,
reflecting the decreasing reducibility of the Cu center. The
additional coordination also forces the two NO ligands closer
together, decreasing both the N-N and O-O separations and
the N-Cu-N angle. Further, the first and second NO binding
energies decrease monotonically with increasing Cu coordination
(Table 3).
The reduction of Cu2+ by NO has interesting implications
for the successive binding energies of two NO ligands. As seen
in Table 3, regardless of coordination, the first NO binds to
[Cu(H2O)x]2+ (column 2) much more strongly than the second
(column 3), due to significantly different electrostatic attractions: the first NO binds to a formally Cu2+ center, while the
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TABLE 4: Selected LSDA Geometric Parameters and BP86 Relative Energies for Cu+-Bound N-Down Dinitrosyl and O-Down
Dinitrosyl and Hyponitrite Species for Model 1], Constrained to Cs Symmetry: Bond Lengths in Å, Bond Angles in Degrees,
and Energies in kcal mol-1
species

state

[Al(OH)4Cu(NO)2]

1

[Al(OH)4Cu(ON)2]

1

[Al(OH)4CuO2N2]

3

A′

d

A′d
A′′ e

Cu-Aa

N-N

N-O

Cu-OH

A-Cu-Aa

Cu-A-Ba,b

1.866
1.875
1.996
1.999
1.882
1.912

2.604

1.165
1.162
1.188
1.185
1.301
1.299

1.956

88.2

1.940

75.1

1.943

79.6

126.4
126.1
126.3
126.3
113.6
112.3

1.772
1.239

Ec

18
17

a

A ) N for N-down complexes; A ) O for O-down complexes. b B ) O for N-down complexes; B ) N for O-down complexes. c Energy
relative to [Al(OH)4Cu(NO)2]. d Correlates to 1A1 under C2V symmetry. e Correlates to 1A2 under C2V symmetry.

second binds to effectively a Cu+ ion. Previous work has
demonstrated stronger NO binding to Cu2+ than to Cu+.36,37
The large disparity in first and second NO binding energies may
in part account for the lack of experimental evidence for Cu2+dinitrosyls in Cu-exchanged zeolites. In addition, the preference
for high coordination to the lattice and/or extralattice ions may
prevent two NO from coordinating to a zeolite-bound Cu2+.
[Cu(H2O)x(NO)2]+. Both linear and bent conformations of
[Cu(NO)2]+ exist, the former a triplet (3Σg-) and the latter a
singlet (1A1), with a negligible difference in energy between
the two (Table 2). As with bent [Cu(NO)2]2+, the O-O
separation is less than the N-N separation in bent [Cu(NO)2]+,
but the N-O separation (1.141 Å) is close to that in free NO
(1.15 Å) and [CuNO]+ (1.137 Å).36 Figure 3b shows the
molecular orbital diagram for bent [Cu(NO)2]+ (1A1). Its
electronic structure is derived from [Cu(NO)2]2+ by the addition
of an electron to the singly occupied NO 2π manifold in a spinpaired (resulting in the singlet state shown in Figure 3) or in a
spin-aligned fashion. Here again, the ordering of the NOderived levels is identical to that of the free NO dimer. The
bonding situation in [Cu(NO)2]+ can thus be described as [Cu(I)-1,3(NO)2]; that is, no net electron transfer occurs between
the Cu+ ion and the pair of nitrosyl ligands. Inclusion of
additional water coordination does not alter this qualitative
picture, but only introduces relatively minor perturbations on
the N-O, N-N, and O-O separations.
As shown in Table 3, the first and second binding energies
of NO to Cu+ are very similar, but decrease slightly with
increasing Cu coordination. The first NO binding leaves the
oxidation state of Cu unchanged, so that the second NO interacts
with a Cu in approximately the same oxidation state. The
second NO might be expected to have a lower binding energy
than the first because of the tendency of Cu+ to low coordination,36 but the favorable interaction between the pair of nitrosyl
ligands apparently offsets this effect. Slight differences do arise
due to particular preferences in geometries; for instance, the
preference of Cu+ for tetrahedral coordination makes the second
NO binding energy to [Cu(H2O)2]+ greater than the first. The
similarity in first and second NO binding energies to Cu+ is
consistent with the ready generation of dinitrosyl species on
Cu+ sites in Cu-exchanged zeolites.
We have recently reported calculated symmetric and antisymmetric NO stretching frequencies for Cu+-dinitrosyl species,38 using the same models as those considered here. The
results are in good agreement with the observed infrared
spectrum of these species in Cu-exchanged zeolites.9-11,13-17
Estimates of the N-Cu-N angle based on vibrational frequency
measurements yield a value of 104° if the integrated intensities
are used and 90° if the peak intensities are used.17 Our
calculations consistently yield a value of about 90° in all
complexes with at least one water ligand, in agreement with
the latter experimental estimate.

The general geometric features that we find for the Cu+dinitrosyl complexes (specifically, a planar structure, with NO
ligands tilted inward) differ qualitatively from a number of
earlier descriptions. Moser2 speculated that the N ends of two
N-down nitrosyls would tend to pair up, perhaps with one NO
ligand bound linearly and the other bent; we find no evidence
for such a binding mode. Larger cluster calculations on twocoordinated Cu+ sites have recently been reported by two
groups.42,43 Yokomichi et al.42 appear to have constrained the
NO ligands in a trans-like structure, which we do not find to
be a favorable binding mode. Trout et al.43 find that the CuN-O angle is always very nearly 180° in both mono- and
dinitrosyl complexes, in direct opposition with our results. The
NO vibrational frequencies obtained in these earlier studies are
in poor agreement with experiment. In order to demonstrate
the robustness of our results with respect to the Cu coordination
environment, we have performed calculations on Cu+-dinitrosyl
complexes using a zeolite model similar to those in refs 42 and
43 (1) and report structural results for this model in Table 4.

The ligand geometry predicted using this larger model agrees
nearly quantitatively with the two-water-ligand model results.
Further, LSDA dinitrosyl vibrational frequencies calculated with
the larger model (1717, 1844 cm-1) are in excellent agreement
with experiment.9-17,38 The structural features reported heresin
particular, the preference of NO ligands for bending toward one
anothersare robust with respect to the choice of zeolite model.
[Cu(H2O)x(NO)2]. Isolated uncharged Cu atoms are not
anticipated to be found in zeolites. For completeness, however,
we consider NO binding to bare and water-ligated Cu(0). Linear
N-Cu-N (2Πu) and bent N-Cu-N (2B1) [Cu(NO)2] structures
are found to be nearly identical in energy. The N-O bond
length in the bent structure (1.184 Å) is greater than that in
free NO (1.15 Å). As shown in Figure 3c, the electronic
structure of [Cu(NO)2] is derived from that of [Cu(NO)2]+ by
the addition of another electron into the NO 2π manifold,
reflecting an effective transfer of electronic charge from Cu to
the NO ligands, which manifests itself in increased N-O bond
lengths. The bonding situation can thus be represented as [Cu(I)-(NO)2-]. Increasing the coordination of Cu does not alter
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TABLE 5: Selected LSDA Geometric Parameters, Cu d Population, and BP86 Fragmentation Energies for [Cu(H2O)x(ON)2]+
and [Cu(H2O)xO2N2]n+ Complexes: Bond Lengths in Å, Bond Angles in Degrees, and Energies in kcal mol-1
state

Cu-ON

N-O

N-N

Cu-OH

O-Cu-O

Cu-O-N

Cu d pop.

Ea

80.4
77.0
75.5
72.4
80.9
80.0
74.4
71.0

123.5
127.0
127.6
130.1
121.9
125.6
121.8
124.8

9.83
9.75
9.71
9.78
9.87
9.78
9.72
9.78

-49.4
-83.1
-101.9
-114.3
-42.2
-76.7
-100.7
-113.8

82.5
80.1
80.6
80.9
79.1
78.3
78.3
76.5

105.9
109.9
109.6
110.4
100.3
113.4
113.0
114.3

9.57
9.45
9.49
9.46
9.61
9.51
9.48
9.49

-18.4
-62.7
-78.4
-108.7
-24.4
-66.5
-87.9
-110.7

85.8
83.3
83.3
79.5

106.4
109.8
109.5
111.9

9.65
9.58
9.62
9.61

-53.5
-74.8
-81.1
-97.5

[Cu(H2O)x(ON)2]

+

x)0
x)1
x)2
x)4
x)0
x)1
x)2
x)4

1

x)0
x)1
x)2
x)4
x)0
x)1
x)2
x)4

1

x)0
x)1
x)2
x)4

A1
1A
1
1
A1
1
A1
3
B1
3
B1
3B
1
3
B1

2.060
2.043
2.034
2.093
2.056
1.986
2.169
2.254

1.153
1.159
1.168
1.170
1.160
1.164
1.176
1.179

2.010
1.965
1.902
1.916
1.964
1.962
1.778
1.755

A1*
1A*
1
1 *
A1
1A*
1
3A
2
3
A2
3
A2
3A
2

1.927
1.875
1.900
1.894
1.953
1.924
1.928
1.940

1.270
1.286
1.285
1.308
1.255
1.263
1.276
1.284

1.161
1.170
1.170
1.182
1.259
1.266
1.242
1.261

2

1.883
1.871
1.886
1.958

1.319
1.329
1.333
1.348

1.215
1.216
1.218
1.221

1.907
2.009
2.166
1.986
1.924
2.126
[Cu(H2O)xO2N2]+
1.882
2.063
2.161
1.896
2.011
2.167
[Cu(H2O)xO2N2]

a

B2
2B
2
2B
2
2B
2

1.938
2.146
2.247

Energy of reaction Cun+ + xH2O + 2NO f [Cu(H2O)x(ON)2]+ or [Cu(H2O)xO2N2]n+.

this description. Table 3 contains the successive binding
energies of the first and second nitrosyl ligands to bare and
water-ligated Cu(0). The second NO binds more strongly to
Cu than the first; the first NO binds to a neutral Cu, while the
second binds to effectively a Cu+ center. The first and second
NO binding energies do increase slightly as the Cu coordination
increases, i.e., as the Cu center becomes a better electron donor.
B. O-Down Structures. NO can also bind to Cun+ centers
through its O atom. Stable O-down mononitrosyl complexes
exist for Cu0 and Cu+ with 0-4 water ligands and for highly
coordinated Cu2+. In each case, the O-down complex is less
stable than the corresponding N-down complex by 10-15 kcal
mol-1. The geometric and electronic structures of the O-down
complexes are similar to that of the N-down variety, with N-O
separations slightly longer in the O-down complexes. For both
orientations, bent binding of NO is preferred to linear binding
in neutral and 1+ cases by about 10-15 kcal mol-1.
Although the addition of a second NO ligand is not expected
to change this preference for N-down binding, it is useful to
consider possible O-down structures, as such less stable species
may in fact play a greater role in NO decomposition (cf. section
VI). O-down chelating and bridging transition metal hyponitrite
complexes are known to exist.69 Copper hyponitrites have been
observed70,71 but have not been structurally characterized;
platinum hyponitrites have been shown to have an O-down
bidendate structure with a relatively short N-N bond (≈1.21
Å).62
Two distinct types of O-down dinitrosyl complexes are found
within the water-ligand model. The first, which we denote
[Cu(H2O)x(ON)2]n+, are similar in geometric and electronic
structure to the N-down complexes just discussed: the N-O
separations are small, and the two NO tilt inward, so that the
N-N separation is less than the O-O separation. The second,
which we denote [Cu(H2O)xO2N2]n+, are more closely akin to
the anionic hyponitrites discussed in section III than to a
dinitrosyl species: the N-N separation is considerably reduced
and the N-O separations increased compared to both N-down
and O-down dinitrosyl complexes. Neither of these binding
modes is stable to dissociation on Cu2+; we focus here on the
Cu+ and Cu0 complexes.

[Cu(H2O)x(ON)2]+ and [Cu(H2O)xO2N2]+. Both dinitrosyl
(with N-N separations of ≈1.9-2.0 Å) and hyponitrite (with
N-N separations of ≈1.2 Å) binding modes exist, and for each
type both singlet and triplet states are accessible. The important
structural parameters, Cu d populations, and BP86 binding
energies are summarized in Table 5. The singlet dinitrosyl
states, although of the same symmetry, are electronically distinct
from the singlet hyponitrite ones; the former are labeled 1A1
and the latter 1A*1 in Table 5 to highlight this difference.
The electronic structure of [Cu(ON)2]+ (1A1, Figure 4a) is
similar to that of the N-down isomer, [Cu(NO)2]+ (Figure 3b);
the ordering of the NO-derived levels is preserved and is
identical to that of free (NO)2. The bonding situation in this
and the water-coordinated homologues can thus be represented
as [(H2O)xCu(I)-(ON)2], with little effective charge transfer
between the Cu and (ON)2 fragments. The Cu d populations
(Table 5) are consistent with this representation and are in fact
even larger than the corresponding N-down populations (Table
2). The singlet states are again slightly more stable than the
triplet, although the separation is small and decreases with
increasing Cu coordination. Increasing coordination also drives
a decrease in N-N separation to a value less than that in the
free NO dimer and with the separation in the triplet states less
than in the singlet states.
The electronic structure of [CuO2N2]+ (Figure 4b) is qualitatively different from the N-down and O-down dinitrosyls
considered thus far. The Cu d and NO derived levels are
strongly mixed, making assignment of the Cu oxidation state
more difficult. Both the Cu d populations (Table 5) and
decomposition of the molecular orbitals indicate an oxidation
state closer to Cu(II) than to Cu(I). Comparison of the
molecular orbital diagrams in Figure 2 with that of [CuO2N2]+
indicates a similarity to an N2O2- anion; a decomposition in
terms of fragment molecular orbitals reinforces this separation
into Cu2+ and N2O2- fragments, with mixing occuring almost
exclusively between the b2 Cu d orbital and the 1b2 and 2b2
levels of N2O2- (Figure 2). The bonding situation can thus be
characterized as [Cu(II)-(O2N2)-]. Electron transfer from Cu
to the NO ligands drives formation of the hyponitrite structure
and thereby of a short N-N bond. This metal-mediated N-N
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Figure 5. (a) Variation of total BP86 energy of [Cu(NO)2]+ as a
function of N-Cu-N angle for both linearly constrained and relaxed
Cu-N-O angle. (b) Corresponding variation of relaxed Cu-N-O
angle. All other geometric parameters are optimized.

Figure 4. Molecular orbital diagrams for O-down dinitrosyl binding
to bare Cu+ (a), hyponitrite-like binding to bare Cu+ (b), and
hyponitrite-like binding to bare Cu0 (c). For ease of interpretation, the
orbitals are shifted vertically so that the top of the Cu d orbital manifolds
have the same energy. Levels below those indicated by arrows are all
doubly occupied, those above are empty, and those with a dominant
Cu d component are indicated by bold lines.

bond formation suggests a possible role for Cu+ in catalyzing
NO decomposition.
Inclusion of water ligands does not alter this qualitative
bonding picture, nor does it significantly alter the hyponitrite
geometry, although it does modify the relative energies of
various binding modes, by increasing the electron density at
the Cu+ center. As shown in the fourth column of Table 3, the
singlet N-down dinitrosyl structure is more stable than the singlet
O-down form by approximately 20 kcal mol-1, regardless of
coordination. The triplet hyponitrite structure is much less
favorable at low coordination; as the Cu coordination (and
electron-donating ability) increases, the hyponitrite form becomes increasingly favorable (Table 3, column 5). In fact, using
the explicit Al-containing zeolite model introduced earlier (1),
the same O-down binding modes are observed (Table 4), but
with the hyponitrite slightly lower in energy than the dinitrosyl
complex. While the Cu+-hyponitrites may not be stable enough
to be observed experimentally in Cu-zeolites, they may play
an important role in N-N bond forming processes in these
materials.
[Cu(H2O)xO2N2]. A neutral Cu atom is a much stronger
electron donor than a Cu+ ion; consequently, the only stable
O-down structure in this case is the hyponitrite. In fact, with
the exception of the bare Cu atom, the hyponitrites are more
stable than the N-down dinitrosyl complexes (last column of
Table 3). The electronic structure of [CuO2N2] (Figure 4c) is
closely related to the monocation, and charge and orbital

analyses are consistent with the description [(H2O)xCu(I)O2N2-]. Unlike the dinitrosyl complexes, the hyponitrites do
bind water ligands strongly (last column in Table 5), as a result
of the Cu oxidation. The geometries of the neutral hyponitrites
are similar to the Cu+ hyponitrites, with some modifications
associated with the greater electron donation of Cu(0). The
structures [Cu(H2O)xO2N2] are typical of metal hyponitrites.50
V. Coupling between Nitrosyl Ligands in Cu-Dinitrosyl
Complexes
As noted above, a feature common to all the Cu-dinitrosyl
complexes is the “leaning inward” of the nitrosyl ligands,
suggesting some electronic interaction between the ligands, but
mediated through the atoms not directly bound to the Cu center.
In this section, we further interrogate the origins of this structure,
focusing on [Cu(NO)2]+ as a prototype.
A single NO binds to a Cu+ ion in a bent fashion, both to
minimize overlap between the filled Cu d and partially filled
NO 2π orbitals and to allow mixing of the partially filled 2π
and vacant Cu 4s.36 A second NO can bind to Cu in a spinpaired or spin-aligned manner. The global minimum of [Cu(NO)2]+ is a completely linear (D∞h) 3Σg- structure, in which
the two unpaired electrons are delocalized in πu orbitals
extending across the whole molecule. Pairing both electrons
in one of the πu orbitals produces a singlet state (1∆u) 16 kcal
mol-1 higher in energy. As shown in Figure 5a, if the
N-Cu-N angle is varied while the NO are constrained to
remain linear, both singlet and triplet states rise monotonically
in energy. In contrast, if the Cu-N-O angles are allowed to
relax inward while varying the N-Cu-N coordinate and
keeping the entire system planar, both states are stabilized, and
in particular, a 1A1 minimum energy structure is obtained. This
stabilization occurs only if the ligands bend toward one another;
bending only one ligand, or bending away from each other, does
not lead to the same stabilization.
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Figure 6. Evolution of BP86 energy levels (a) and BP86 total energy
(b) of [Cu(NO)2]+ as a function of the Cu-N-O angle. The Cu-N
bond length, N-Cu-N angle, and N-Cu-N-O dihedral angle are
fixed at 1.95 Å, 95°, and 0°, respectively (corresponding to a N-N
bond length of 2.87 Å), and the N-O bond length is optimized for a
range of Cu-N-O angles.

A subtle interplay of metal-ligand and ligand-ligand
interactions combine to produce the equilibrium dinitrosyl
geometry. The molecular orbital diagram for [Cu(NO)2]+ is
shown in the center of Figure 3 and is highly reminiscent of
that for the NO dimer (Figure 2). For a qualitative understanding of the final structure, it is sufficient to focus on the two
highest lying occupied orbitals: the NO-based 5a1 (2) and the
Cu d-based 3b2 (3).

The 3b2 level is representative of the antisymmetric metalligand σ -bonding interaction, which helps bind the NO ligands
to Cu but tends to force the ligands away from each other,
because of its ligand-ligand antibonding character. In contrast,
the 5a1 level is bonding both between the Cu and NO and
between the two NO and thus tends to draw the NO together.
A balance is achieved at an N-Cu-N angle of approximately
90° and an O-O separation of about 2.2 Å. Figure 6 shows
the change in orbital and total energies for fixed (equilibrium)
Cu-N separation and N-Cu-N angle, for a range of values
of the Cu-N-O angle. Bending inward of the NO ligands is
accompanied by a stabilization of the 5a1 level and decrease in
the total energy by approximately 25 kcal mol-1 (Figure 6b).
This equilibrium geometry is essentially constant with respect
to additional coordination for a given Cu oxidation state (Table
2). Oxidation or reduction of [Cu(NO)2]+ by one electron only
alters the occupation of the NO 2π -derived orbitals (5a1 and
3b1) and diminishes or enhances the ligand-ligand coupling,
respectively.
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Similar orbital arguments hold in the case of the O-down
dinitrosyls, with the roles of the N and O centers reversed. The
ligand-ligand interactionssnow mediated through the N
centerssare increased compared to the N-down analogs, because
of the larger N contribution to the 2π levels. The metal-ligand
interactions are similarly decreased, producing a net destabilization compared to the N-down complexes.
It is interesting to contrast the Cu-dinitrosyl with Cudicarbonyl complexes, in which the 2π levels are vacant and
ligand-ligand coupling is weak or nonexistent.38 CO ligands
are found to always bind linearly to a Cu cation, with the
C-Cu-C angle in a dicarbonyl complex determined primarily
by interligand repulsions and always greater than the N-Cu-N
angle in the corresponding dinitrosyl complex. Further, the
splitting between symmetric and antisymmetric C-O stretching
modes is considerably less than the splitting between the
corresponding N-O modes.38
The strong ligand-ligand interactions and similarity in
electronic structure between free (NO)2 and dinitrosyl complexes
suggest that it may be appropriate to view (NO)2 as a single,
bidentate ligand. Evidence does exist for the enhanced dimerization of NO within zeolite nanopores.74 It is possible that
(NO)2 may adsorb directly onto a Cu site in either the N-down
or O-down orientation, with charge transfers from and to the
ligand depending on the Cu oxidation state.
VI. NO Decomposition and N-N Bond Formation
A. Free NO Decomposition. We now attempt to assess
the likelihood of participation of the dinitrosyl complexes in
NO decomposition. We begin by considering the decomposition
of free NO (reaction 1) by a concerted process in which two
NO molecules pass through a symmetric-cis form of (NO)2,
simultaneously forming N-N and O-O bonds and breaking
N-O bonds. The decomposition reaction 1 is exothermic by
about 44 kcal mol-1 at the BP86 level of theory, in good
agreement with the value of 43 kcal mol-1 determined from
experimental atomization energies.61,75 Figure 7 shows a
schematic orbital correlation diagram76-78 along such a pathway,
including the evolution of 1π, 5σ, 2π, and 6σ derived levels of
two isolated NO molecules (left), cis-(NO)2 (middle), and N2
and O2 (right), with C2V symmetry maintained throughout. Each
of the three sets of molecules has a triplet ground state; the
unpaired electrons are indicated by arrows in Figure 7. The
occupied orbitals of two NO correlate with those of (NO)2, and
thus NO dimerization is symmetry allowed. The further
decomposition to N2 and O2 is clearly symmetry forbidden:
among majority spin levels, occupied (5σ) and vacant (6σ) levels
of NO correlate, respectively, with vacant (2π) and occupied
(1π) levels of N2 and O2 ; additional forbidden crossings occur
among the minority spin levels. It follows that a major
reorganization of charge density is necessary to decompose
(NO)2 to N2 and O2 and that the direct decomposition reaction
will have a large energy barrier. The formal symmetry
forbidden nature disappears when the molecular symmetry is
relaxed (to Cs, for instance), but its effects will persist in the
form of a large energy barrier.
An alternative argument can be made based on state correlations (Figure 8). The ground state of two isolated NO molecules
and of the decomposition products is 3B1, but the dominant
configuration of the latter state (a2 × b2) differs by a quadruple
excitation from the leading configuration of the former (a1 ×
b1).79 Because the states are of the same total symmetry, they
can mix along the reaction coordinate, allowing the entire
reaction to proceed on the ground-state potential energy surface
and avoiding the intended orbital crossing. Nevertheless, the
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Figure 7. Orbital correlation diagram for two isolated NO molecules (left), the cis-symmetric dimer (NO)2 (center), and N2 and O2 (right). Levels
below those indicated by arrows are all doubly occupied, and those above are empty. Levels involved in forbidden crossings are connected by solid
lines, and the levels themselves are darkened and pictured. The majority spin level crossing is indicated by a circle.

an increase or decrease by one electron of the occupancy of
the 2π levels with variation in the formal Cu oxidation state.
The direct decomposition of any of these complexes to produce
N2 and O2 (reaction 2) is thus forbidden by orbital symmetry
in the same way that the free decomposition reaction is.
Reaction 2 is expected to have an energy barrier at least as large
as that of the free decomposition reaction (because Cu coordination stabilizes the reactants but not the products) and is not an
important reaction pathway for Cu-dinitrosyl complexes in Cuexchanged zeolites.

Figure 8. State correlation diagram for two isolated NO molecules
(left), the cis-symmetric dimer (NO)2 (center), and N2 and O2 (right).

presense of an underlying orbital crossing, and the expected
large difference in energy between the ground and quadruply
excited states, implies that the reaction barrier will be large.
B. NO Decomposition and N-N Bond Formation on
Zeolite-Bound Cu Ions. The preceeding results make clear
the origin of the large barrier to direct decomposition of NO.
As we have seen above, the character and ordering of the NOderived levels in Cu-bound dinitrosyl complexes (either [Cu(NO)2]n+ or [Cu(ON)2]n+) are essentially unchanged from those
shown in Figure 7 for two isolated NO molecules or for free
(NO)2. The only modification introduced by the Cu center is

A number of workers have considered short N-N bondcontaining structures, 3, for N-down transition metal dinitrosyl
complexes with d electron counts lower than the Cu systems
studied here. Kersting and Hoffmann80 used extended Hückel
orbital and total energies to investigate ReCl4 (NO)2-, which
has a {Re(NO)2}6 core, but found that N-N bond formation
was not energetically favorable. Casewit and Rappé81 used ab
initio (GVB-CI) methods to support a short N-N bond structure
in FeCl2 (H2O)2(NO)2, which has a {Fe(NO)2}8 core. Formation
of a N-down hyponitrite structure with a short N-N bond from
adsorbed dinitrosyl species has also been suggested to occur
on Rh surfaces,3 and Moser2 long ago proposed such a structure
(4) for Cu dinitrosyl species.
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None of the N-down dinitrosyl results presented in section
IV suggest this type of N-N coupling. Decreasing the
N-Cu-N angle in [Cu(NO)2]+ below its equilibrium value
while relaxing all other geometric parameters (Figure 5a) leads
to dissociation into Cu+ and 1A1 or 3B1 (NO)2 fragments rather
than N-N bond formation. If instead of varying the N-Cu-N
angle, the N-N separation is artificially decreased, the energy
of the system again rapidly increases, and an initially vacant
out-of-plane bonding combination of NO 2π orbitals is stabilized
below one of the Cu d levels, reflecting an approximate oneelectron oxidation of the Cu center. The resultant electronic
state is reminiscent of the “hyponitrite-like” O-down structures
discussed earlier, and in fact geometric relaxation of this
configuration does return the system to an O-down structure.
In a similar fashion, we find no evidence for N-N coupling in
the [Cu(NO)2] or [Cu(NO)2]2+ systems.
We conclude then that the stable Cu dinitrosyl complexes
identified in experimental investigations do not contain an N-N
bond, nor are they precursors to the formation of N-N bondcontaining products: they are likely spectators and not participants in NO decomposition. The only structures identified in
this study that do suggest the forming of a new N-N bond on
a Cu cation are the hyponitrites, [Cu(O2N2)]+. Because of the
difference in electron configurations, it is unlikely that the
metastable hyponitrite structure can be formed directly from
either an N-down or O-down dinitrosyl. More likely, if they
exist, the hyponitrites are formed by the sequential addition of
two NO in an O-down fashion on a single Cu+ center. Although
their stability is enhanced by increasing electron density at the
Cu center (for instance, by high Cu coordination or proximity
to a strong Lewis base site), the hyponitrites may exist only
transiently in zeolites, making their experimental identification
difficult.
It is easy to verify that decomposition of the hyponitrite
complexes to N2 and O2 is symmetry forbidden, and we
conclude that an NO decomposition mechanism based on a
single-step disproportionation of Cu-bound dinitrosyl or hyponitrite-like species to free N2 and O2 is highly unlikely. NO
decomposition on a single Cu site, if it occurs at all, must occur
in a multistep process, for instance, by the formation of a N2O
intermediate.10,13,16,17 The N-N bond forming step in such a
mechanism is unlikely to involve dinitrosyl (N-down and
O-down) complexes; however, the hyponitrite-like complexes
identified here hold considerable promise as precursors for such
a multi-step decomposition process.82
VII. Summary and Conclusions
We have used simple cluster models to examine Cudinitrosyl complexes in zeolites and to address the question of
N-N bond formation on a Cu center. Our main conclusions
can be summarized as follows.
1. N-down binding is the preferred binding mode for two
NO ligands to Cu2+ or Cu+. The NO ligands adopt a tilted
conformation, in which the N-N separation is larger (≈2.8 Å)
than the O-O separation. Electron transfer maintains the Cu
in an effective Cu(I) oxidation state, with binding on Cu2+ and
Cu+ represented as [Cu(I)-(NO)2+] and [Cu(I)-(NO)2], respectively.
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2. Two different metastable O-down binding modes are
observed on Cu+, but not on Cu2+. The first is similar in
structure to the N-down dinitrosyl complex, with the N and O
atoms reversed in position and some additional coupling between
the N centers (N-N bond length ≈ 2 Å); it can be described as
[Cu(I)-(ON)2]. The second is a Cu-bound hyponitrite, formed
by electron transfer from Cu+ to the two NO and having a short
N-N bond (N-N bond length ≈ 1.2 Å); it is characterized as
[Cu(II)-O2N2-]. Both N- and O-down dinitrosyls are more
stable than the hyponitrites, but the energy difference decreases
with increasing Cu coordination.
3. A Cu ion does support the coupling between two bound
NO ligands, but the primary interaction occurs through the atoms
not directly coordinated to Cu, i.e., through the O centers in
N-down systems and through the N centers in O-down systems.
True N-N bond formation occurs only in the hyponitrites.
4. The symmetry-forbidden nature of the direct decomposition of NO to N2 and O2 is not altered by NO binding to Cu,
regardless of Cu oxidation state, and this mechanism is unlikely
to account for the NO decomposition activity of Cu-exchanged
zeolites. Cu+ centers can promote the formation of N-N bonds
via Cu-hyponitrites; these complexes may participate in more
complex multistep NO decomposition processes. Such processes are currently under investigation in our laboratories.82
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