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A previously reported density-functional-theory-based model of NO decomposition in Cu-exchanged zeolites
(Schneider, W. F.; et al.J. Phys. Chem. B1997, 101, 4353) is extended to consider more generally the
Cu-zeolite catalyzed chemistry of nitrogen oxides. The catalyst active site is considered to be an isolated,
zeolite (Z)-bound Cu ion, which can exist in either a reduced (Z--Cu(I)) or an oxidized (Z--Cu(II)-O-)
state. Three different cluster models are used to study the affinity of ZCu and ZCuO for gaseous molecules
(e.g., NO, NO2, or N2O), the structures and vibrational spectra of the stable complexes thus formed, and the
possible reactivity between active sites and gaseous species. The reduced and oxidized states are found to
react with nitrogen oxides via two types of O atom transfer reactions, one in which ZCu adds an O atom to
form ZCuO, and the other in which ZCuO adds an O atom to form ZCu+ O2 via a dioxygen (ZCuO2)
intermediate. Potential energy surfaces for several key reactions are explored, and the results combined into
a mechanistic model which can be used to rationalize much of the known catalytic chemistry of nitrogen
oxides on Cu zeolites.

I. Introduction

Nitrogen oxidessubiquitous byproducts of combustionsare
key ingredients in a number of undesirable atmospheric
processes, such as the generation of photochemical smog and
of acid rain. Consequently, considerable effort has been
expended in attempting to control their release, in particular
through the use of catalysts that return the oxides to elemental
nitrogen.1 A variety of catalysts are known to effect this and
other transformations of nitrogen oxides. Among these, Cu-
exchanged zeolites, and in particular Cu-ZSM-5, exhibit the
highest known activity for decomposition of NO to the elements
(1)2 and are also active for the decomposition of N2O (2)3 and
the oxidation of NO to NO2 (3).4 The mechanisms of these

reactions remain to be fully elucidated, and in particular, in the
case of reaction 1, have spurred considerable research and

discussion.5-11 Proposed mechanisms for reaction 1 have been
surveyed elsewhere;2 while the specifics vary, most involve
diffusion of reactant molecules through the zeolite pores to
isolated Cu-containing active sites, where the catalytic chem-
istry occurs. To assess such proposals, accurate microscopic
descriptions of the active sites and reliable predictions of their
reactivity are required. To date, spectroscopic and other
laboratory studies have been the primary tools used to infer this
information; more recently, however, atomistic models have
begun to provide complementary insight into Cu zeolite catalyst
chemistry.
In a high silica zeolite such as Cu-ZSM-5, exchanged Cu is

believed to exist as isolated Cu(I) and Cu(II)12 ions charge
compensated by some combination of framework Al tetrahedral
(T) sites13 and extralattice species, such as O-.14,15 Electronic
structure methods applied to simple cluster models of the zeolite-
bound Cu ions have been quite successful in describing both
the binding and coordination environment of Cu ions to the
zeolite lattice and the structure, thermodynamics, and vibrational
spectroscopy of Cu-bound species.16,7c,17 An even more promis-
ing application of these models is to the prediction of chemical
(catalytic) reactivity through the calculation of reaction pathways
and barriers, but to date such investigations have been very
limited.16d,e Using this approach, we recently proposed16d a
mechanism for reaction 1 that involves the successive transfer
of two oxygen atoms to a Cu ion bound near a single framework
Al. Using the symbol Z to represent a formally monoanionic
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2 NOf N2 + O2 (1)

N2Of N2 + 1/2O2 (2)

NO+ 1/2O2 T NO2 (3)
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portion of the zeolite lattice, the mechanism can be summarized
as follows:

The key catalytic intermediates in this model are ZCu, a
zeolite bound Cu(I) ion, and ZCuO, a (nominally) Cu(II) ion
charge compensated by both the zeolite and an extra-lattice
oxygen. The ability to cycle between these states and thus to
serve as an oxygen atom shuttle was identified as the key
function of the Cu centers in the catalytic process. We present
here a more complete density functional theory (DFT) examina-
tion of the binding, spectroscopy, and reactivity of nitrogen
oxides with ZCu and ZCuO. The results allow us to propose a
reaction scheme that accounts for the observed catalytic activity
of the Cu zeolites and that is consistent with many experimental
observations.
A central difficulty in applying electronic structure methods

to the reactivity of Cu-zeolite catalysts is representation of the
active site. ZSM-5, for instance, has a large (288 atom) unit
cell containing a small number of nearly randomly distributed
Al T-sites and associated Cu ions. The precise nature of the
Cu environment, and its relationship to the observed reactivity,
is unknown. A brute force approach to modeling this system
is clearly impractical and, given the necessarily limited scope
of such an approach, potentially misleading. In this and previous
work we instead focus on obtaining a correct description of the
Cu oxidation state and Cu-ligand (L) interactions and system-
atically study how these are modified by secondary zeolite
coordination. In general, we find that a simple (Cu-L)+ cluster
(i.e., with the zeolite coordination ignored) correlates remarkably
well with models containing sophisticated representations of the
zeolite. In the present work, in addition to the (Cu-L)+ model
(1a), we examine two single T-site models in which the Cu ion

is two-coordinated to Si(OH)4 (1b) or Al(OH)4- (1c). Previous
theoretical16a,band experimental work18 is consistent with a low
coordination environment for low valent Cu. These models are
of a computationally convenient size, provide a reasonable
representation of the zeolite coordination, and allow us to
consider the effects of an environment ranging from very weakly
to very strongly electron donating. All three models yield
qualitatively similar results for nitrogen oxide binding and
reactivity and differ quantitatively in chemically sensible ways.
We believe that the use of models such as these, in which the
coordination environment is varied in a rational manner, is
ultimately the most efficient and productive route to modeling
Cu-zeolite chemistry.
This paper is organized as follows. The computational

approach is described in the following section. We then
examine the binding modes, energetics, and vibrational spec-
troscopy of a range of small molecules coordinated to ZCu,

including NO, N2, O2, CO, N2O, and NO2, followed by
consideration of a similar series for ZCuO. Next we examine
some reactions of these species with ZCu and ZCuO leading to
cleavage of N-O and formation of N-N and O-O bonds.
Finally, we combine these pieces into a mechanistic model of
nitrogen oxide chemistry on Cu zeolite catalysts.

II. Computational Details

Energies and energy gradients were calculated using the
Amsterdam Density Functional (ADF) code.19 Geometries and
vibrational spectra were determined within the local spin density
approximation (LSDA)20 and the final energies improved by
perturbative application of Becke exchange21 and Perdew
correlation22 gradient corrections (BP86). In previous studies
of model Cu clusters, we have found that this approach gives
results very similar to those obtained by the self-consistent
application of gradient corrections in both the geometry
optimization and energy calculation steps and that it is consider-
ably more efficient computationally. A valence double-ú plus
polarization Slater-type basis was used for all atoms, save Cu,
for which a double-ú s and p and triple-ú d Slater-type basis
was used. The numerical integration mesh parameter, which
determines the approximate number of significant digits in the
internal numerical integrations in ADF, was set to at least 5.0,
and in most cases 6.0.19b With these mesh parameters, total
energies are converged to<0.1 kcal mol-1 and geometries to
<0.001 Å. Geometry optimizations were performed in one of
two ways: for simpler systems, the algorithms implemented in
ADF were used directly, while for most of the larger T-site
model calculations, the efficient natural internal coordinate and
geometry optimization algorithms as implemented in GAMESS-
US25were used. Geometries were converged to maximum and
root-mean-square gradients of less than 10-4 and 4× 10-5

hartree bohr-1, respectively. Vibrational frequencies were
obtained by two-sided numerical differentiation of the analytic
gradients. In most cases all atoms were varied in the frequency
evaluations, but in some the Z model was held fixed to reduce
the number of gradient calculations necessary. Test calculations
indicated essentially no difference in the vibrational frequencies
obtained with either method. LSDA harmonic frequencies
generally reproduce the experimental fundamentals of molecules
within a few percent;24 because this error is small but variable,
we compare calculated vibrational frequencies directly with
experimental results.

III. Results

Small Molecules. The calculated structures and harmonic
vibrational frequencies of several key small molecules are listed
in Table 1. The LSDA geometries agree very well with
experiment. The LSDA harmonic frequencies overestimate the
experimental fundamental frequencies by 0-6%, save for NO3,
in which case vibronic coupling strongly perturbs the e′ modes.25
Mulliken populations and spin densities are reported for
comparison with bound molecules and have unsurprising values.
The binding energies reported in Table 1 and elsewhere are with
respect to hypothetical, spin restricted atoms, and are meaningful
only when combined to calculate the energies of chemical
reactions.
ZCu Chemistry. Tables 2-4 contain calculated structural,

energetic, and population data for the bare Cu+, Cu+[Si(OH)4],
and Cu+[Al(OH)4-] models, respectively. Each of these is
closed shell and formally d10, but the Cu(I) center becomes
progressively more electron rich across the series (compare, e.g.,
the Cu Mulliken charges). During geometry optimization,

ZCu+ 2 NOf [ZCuONNO]q f ZCuO+ N2O (4)

ZCuO+ N2Of [ZCuOONN]q f ZCuO2 + N2 (5)

ZCuO2 f ZCu+ O2 (6)
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Cu+[Si(OH)4] relaxes to aC2V structure with a Cu-O separation
of 2.01 Å, while the more strongly bound Cu+[Al(OH)4-] adopts
a slightly puckeredCs conformation with a Cu-O separation
of only 1.92 Å (Figure 1). TheCsCu+[Al(OH)4-] structure is
less than 1 kcal mol-1 more stable than aC2V-constrained one,
and presumably other conformations of similar energy and other
or no symmetry also exist. The exact conformation of the T-site
model has essentially no effect on the binding of additional
molecules, and for computational convenienceCs symmetry is
imposed in all the reported T-site model calculations. The
framework structures shown in Figure 1 change very little with
the addition of extralattice ligands.
ZCu can serve as a coordination center for a variety of gas

molecules within a zeolite:

The simplest such adsorbates are the diatomics, including N2,
CO, NO, and O2. While not directly relevant to nitrogen oxide

chemistry, CO binding to Cu(I) has been used extensively as a
spectroscopic probe of Cu-zeolite catalysts. N2 binding is
known but less widely studied.10a,d Isoelectronic CO and N2
yield linear ZCu(I)-CO and ZCu(I)-N2 complexes on all the
ZCu models (Tables 2-4). CO bonding is accompanied by a
slight decrease in C-O bond length and blue shift of C-O
stretch frequency (Tables 1 and 5) and N2 bonding by an
increase in N-N separation and red shift of N-N frequency.
The calculated C-O and N-N separations increase and stretch
frequencies decrease as the Cu(I) center becomes more electron
rich and is better able to back-donateπ electron density to the
ligand. The Cu+[Al(OH)4-] model reproduces surprisingly well
the experimentally observed Cu(I)C-O and Cu(I)N-N vibra-
tional frequencies in Cu-ZSM-5. As shown in Figure 2, CO
binds by approximately 40 kcal mol-1 to ZCu, comparable to
earlier predictions for CO on low-coordinate Cu(I),16a while
apolar N2 binds by only about 25 kcal mol-1. The CO binding
energy increases with the electron donating strength of the Z
model, while N2 binding has a smallerπ component and is less
sensitive to the Z model.
NO binding on Cu(I) in zeolites is well-known experimentally

and has been studied extensively computationally.16,17a-c NO
binds bent on ZCu, with an unpaired electron localized in an
antibonding orbital of NO 2π origin. The bonding can thus be
described as ZCu(I)-(‚NdO) (i.e., with NO as a covalently
bound neutral ligand).16a Similar to CO, NO is a strongπ acid,
and across the model series the Cu-N bond length decreases,
the N-O bond length increases, the CuNO angle opens up, and
the N-O stretch frequency shifts to the red, with the Z)
Al(OH)4- model giving the best agreement with the Cu(I)-NO
vibrational frequency in Cu-ZSM-5. The ZCu-NO bond
strength is slightly (3-6 kcal mol-1) less than ZCu-CO in all
models,16a with the smallest difference for electron-rich
Cu+[Al(OH)4-] (Figure 2).
NO also binds O-down on ZCu, yielding a bent structure with

an unpaired electron localized on the NO ligand (i.e., ZCu(I)-
(OdN‚)). The preference for N-down over O-down bonding
ranges from 14 to 19 kcal mol-1 across the Z model series,
with the difference least on the bare Cu+ ion. While the O-down
isomer is unlikely to be long lived, it is likely produced
transiently and, as discussed below, may be an important
intermediate in reactions involving O-atom transfer to Cu.
In addition to the mononitrosyls, NO readily forms dinitrosyls

ZCu(NO)2. In their most stable form, both NO ligands are

TABLE 1: LSDA Structures, a Becke-Perdew Post-SCF Binding Energies,b Mulliken Charge and Spin Densities, and
Vibrational Frequencies of Small Moleculesc

state BE geometry parametersd
Mulliken charges
(spin densities) vibrational frequencyd

O 3P -35.6
N2

1Σg
+ -378.5 N-N: 1.099 (1.098) 2408 (2331)

O2
3Σu

- -220.7 O-O: 1.218 (1.207) 1568 (1556)
CO 1Σ+ -338.7 C-O: 1.131 (1.128) C: 0.38 2180 (2143)
NO 2Π -277.0 N-O: 1.155 (1.151) N: 0.26 (0.69) 1935 (1876)

O:-0.26 (0.31)
NO2

2A1 -413.2 N-O: 1.197 (1.194) N: 0.81 (0.45) a1: 754 (750)
∠ONO: 133.4 (133.8) O:-0.40 (0.27) a1: 1391 (1320)

b2: 1723 (1617)
N2O 1Σ+ -482.6 N-N: 1.131 (1.127) N1: -0.16 π: 610 (589)

N-O: 1.181 (1.185) N2: 0.62 σ+: 1346 (1285)
O:-0.46 σ+: 2360 (2224)

NO3
2A′2 -525.7 N-O: 1.231 (1.240) N: 1.28 (-0.07) e1′: 521 (380)

O:-0.43 (0.36) a1′: 793 (762)
a1′: 1132 (1060)
e1′: 1358 (1492)

aDistances in angstroms, angles in degrees.b Binding energy (kcal mol-1) reported with respect to spin-restricted atoms.c Frequencies in cm-1.
d Experimental geometry and frequency data in parentheses diatomic data from ref. 36; polyatomic data as compiled in ref 25.

Figure 1. LSDA structures of ZCu (top) and ZCuO (bottom), for Z)
Si(OH)4 (left) and Al(OH)4- (right). Open circles represent H atoms.

ZCu+ L T ZCuL (7)
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TABLE 2: LSDA Structures, a Becke-Perdew Post-SCF Binding Energies,b Mulliken Cu d Populations, Gross Charges, and Spin Densities of Bare Cu Models

selected geometry parameters Mulliken charges Mulliken spin densitiesBE Cu d

Cu+ 187.6 10.0 Cu: 1.00
CuO+ 3Σ- 101.7 Cu-O: 1.728 9.47 Cu: 1.22 O: -0.22 Cu: 0.35 O: 1.65
CuO2+ 3A′′ -49.0 Cu-O: 1.850 O-O: 1.231 CuOO: 118.6 9.77 Cu: 1.02 O1: -0.11 O2: 0.09 Cu: 0.20 O1: 0.73 O2: 1.07
Cu(η2-O2)+ 3B1 -45.2 Cu-O: 2.010 O-O: 1.261 OCuO: 36.6 9.75 Cu: 1.08 O: -0.04 Cu: 0.17 O: 0.91
CuNO+ 2A′ -124.0 Cu-N: 1.843 N-O: 1.139 CuNO: 128.6 9.73 Cu: 0.87 N: 0.25 O: -0.12 Cu: 0.26 N: 0.42 O: 0.32
CuON+ 2A′ -110.6 Cu-O: 1.937 N-O: 1.151 CuON: 128.9 9.83 Cu: 0.83 O: -0.28 N: 0.45 Cu: 0.21 O: 0.15 N: 0.64
CuCO+ 1Σ+ -189.6 Cu-C: 1.818 C-O: 1.122 CuCO: 180.0 9.80 Cu: 0.86 C: 0.43 O:-0.29
CuN2+ 1Σ+ -215.1 Cu-N1: 1.831 N-N: 1.100 CuNN: 180.0 9.81 Cu: 0.91 N1: 0.03 N2: 0.05
CuN2O+ 1Σ+ -325.6 Cu-N1: 1.817 N-N: 1.130 N2-O: 1.156 9.83 Cu: 0.88 N1: -0.11 N2: 0.53

O: -0.30
CuON2+ 1A′ -315.8 Cu-O: 1.894 O-N1: 1.208 N-N: 1.118 9.90 Cu: 0.87 O: -0.56 N1: 0.73

CuON1: 127.1 ONN: -176.7 N2: -0.04
Cu(η2-NO2)+ 2A′ -244.4 Cu-N: 1.929 Cu-O1: 2.116 O1-N: 1.240 9.74 Cu: 0.94 N: 0.66 O1: -0.33 Cu: 0.29 N: 0.21 O1: 0.31

O2-N: 1.172 O1CuN: 35.3 O1NO2: 134.1 O2: -0.27 O2: 0.19
CuO2N+ 2B2 -240.8 Cu-O: 1.937 O-N: 1.262 OCuO: 63.0 9.52 Cu: 1.06 N: 0.66 O: -0.36 Cu: 0.38 N: -0.04 O: 0.33

ONO: 106.6
CuONO+ 2A′ -250.5 Cu-O1: 1.856 O1-N: 1.248 N-O2: 1.166 9.82 Cu: 0.91 O1: -0.49 N: 0.84 Cu: 0.05 O1: 0.22 N: 0.41

CuO1N: 119.1 O1NO2: 128.9 O2: -0.26 O2: 0.32
CuNO3+ 2B1 -375.7 Cu-O: 1.939 O-N: 1.286 N-O′: 1.177 9.60 Cu: 1.10 N: 1.24 O: -0.49 Cu: 0.34 N: -0.04 O: 0.28

OCuO: 66.1 CuON: 91.6 ONO′: 124.6 O′: -0.35 O′: 0.13
Cu(NO)2+ 1A1 -434.0 Cu-N: 1.936 N-O: 1.142 CuNO: 117.8 9.66 Cu: 0.76 N: 0.29 O: -0.17

NCuN: 95.3
CuONNO+ 3A′′ -409.6 Cu-O1: 1.862 O1-N1: 1.204 N-N: 1.930 9.84 Cu: 0.88 O1: -0.42 N1: 0.24 Cu: 0.12 O1: 0.35 N1: 0.85

N2-O2: 1.127 N2: 0.45 O2: -0.14 N2: 0.37 O2: 0.30
CuO1N1: 122.1 O1N1N2: 107.6 N1N2O2: 111.3

[CuONNO+]q 3A′′ -380.1 Cu-O1: 1.766 O1-N1: 1.605 N-N: 1.181 9.61 Cu: 1.02 O1: -0.47 N1: 0.08 Cu: 0.24 O1: 0.93 N1: 0.07
(linear) N2-O2: 1.173 O2: -0.27 N2: 0.65 O2: 0.45 N2: 0.31

CuO1N1: 111.9 O1N1N2: 109.7 N1N2O2: 159.5
[CuONNO+]q 3A′′ -374.9 Cu-O1: 1.770 O1-N1: 1.651 N-N: 1.174 9.60 Cu: 1.02 O1: -0.44 N1: 0.10 Cu: 0.25 O1: 1.01 N1: 0.03
(cyclic) Cu-O2: 2.979 O2-N2: 1.181 O2: -0.34 N2: 0.66 O2: 0.40 N2: 0.31

CuO1N1: 120.9 O1N1N2: 109.9 N1N2O2: 156.1
CuO2N2: 79.1 OCuO: 73.9

[CuOONN+]q 3A′′ -361.9 Cu-O1: 1.779 O-O: 1.552 O2-N1: 1.397 9.64 Cu: 1.03 O1: -0.36 O2: -0.20 Cu: 0.22 O1: 0.83 O2: 0.41
(linear) N1-N2: 1.132 N1: 0.46 N2: 0.07 N1: 0.10 N2: 0.44

CuO1O2: 109.7 O1O2N1: 117.0 O2N1N2: 138.4
[CuOONN+]q 3A′′ -359.0 Cu-O1: 1.855 O-O: 1.604 O2-N1: 1.272 9.57 Cu: 1.02 O1: -0.27 O2: -0.16 Cu: 0.35 O1: 0.94 O2: 0.17
(cyclic) N-N: 1.172 N2-Cu: 2.003 N1: 0.52 N2: -0.11 N1: 0.03 N2: 0.51

CuO1O2: 103.8 O1O2N1: 111.7 O2N1N2: 130.0
CuO‚‚‚ONO+ 2A′′ -342.1 Cu-O1: 1.719 O1-O2: 2.094 O2-N: 1.157 9.56 Cu: 0.98 O1: -0.53 O2: -0.28 Cu: 0.22 O1: 1.01 O2: -0.02

N-O3: 1.153 N: 1.09 O3: -0.26 N: -0.13 O3: -0.08
CuO1O2: 118.2 O1O2N: 118.0 O2NO3: 149.2

[CuOONO+]q 2A′′ -331.8 Cu-O1: 1.762 O1-O2: 1.594 O2-N: 1.305 9.60 Cu: 1.06 O1: -0.39 O2: -0.21 Cu: 0.22 O1: 0.71 O2: 0.08
N-O3: 1.159 N: 0.80 O3: -0.27 N: -0.04 O3: 0.03

CuO1O2: 111.0 O1O2N: 117.5 O2NO3: 125.5
CuOO‚‚‚NO+ 2A′′ -364.1 Cu-O1: 1.832 O1-O2: 1.285 O2-N: 1.948 9.78 Cu: 0.92 O1: -0.27 O2: -0.10 Cu: 0.06 O1: 0.46 O2: 0.50

N-O3: 1.110 N: 0.56 O3: -0.10 N: -0.01 O3: -0.01
CuO1O2: 112.3 O1O2N: 97.5 O2NO3: 102.0

aDistances in angstroms, angles in degrees.b Binding energy (kcal mol-1) reported with respect to spin-restricted atoms.
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TABLE 3: LSDA Structures, a Becke-Perdew Post-SCF Binding Energies,b Mulliken Cu d Populations, Gross Charges, and Spin Densities of Z) Si(OH)4 Models

other selected geometry parameters Mulliken charges Mulliken spin densitiesBE Cu-OF
c Cu d

ZCu+ 1A1 -1024.7 2.013 Si-OF: 1.694 OFCuOF: 72.6 9.94 Cu: 0.67
ZCuO+ 3A′′ -1124.2 1.992 Cu-O: 1.698 9.38 Cu: 0.98 O: -0.39 Cu: 0.45 O: 1.47
ZCuO2+ 3A′′ -1263.5 2.021 Cu-O1: 1.804 O-O: 1.244 CuOO: 118.7 9.66 Cu: 0.81 O1: -0.15 O2: 0.00 Cu: 0.24 O1: 0.74 O2: 1.00
ZCu(η2-O2)+ 3B1 -1264.8 1.993 Cu-O: 1.939 O-O: 1.280 OCuO: 38.6 9.60 Cu: 0.89 O: -0.13 Cu: 0.29 O: 0.83
ZCuNO+ 2A′ -1336.0 2.005 Cu-N: 1.767 N-O: 1.158 CuNO: 139.9 9.63 Cu: 0.72 N: 0.16 O:-0.22 Cu: 0.09 N: 0.54 O: 0.37
ZCuON+ 2A′ -1320.3 2.015 Cu-O: 1.840 O-N: 1.172 CuON: 132.5 9.72 Cu: 0.70 O: -0.34 N: 0.31 Cu: 0.03 O: 0.21 N: 0.77
ZCuCO+ 1A1 -1403.5 2.013 Cu-C: 1.778 C-O: 1.129 CuCO: 180.0 9.70 Cu: 0.61 C: 0.40 O:-0.34
ZCuN2+ 1A1 -1428.6 2.011 Cu-N1: 1.784 N-N: 1.104 CuNN: 180.0 9.70 Cu: 0.66 N1: 0.03 N2: -0.03
ZCuN2O+ 1A1 -1535.4 2.025 Cu-N1: 1.790 N-N: 1.130 N-O: 1.167 9.74 Cu: 0.63 N1: -0.07 N2: 0.47

O: -0.36
ZCuON2+ 1A1 -1523.2 2.035 Cu-O: 1.894 O-N1: 1.201 N-N: 1.122 9.83 Cu: 0.61 O: -0.53 N1: 0.71

CuON1: 126.2 ONN: 177.4 N2: -0.10
ZCu(η2-NO2)+ 2A′ -1461.6 1.997 Cu-N: 1.904 N-O1: 1.260 N-O2: 1.180 9.61 Cu: 0.77 N: 0.61 O1: -0.39 Cu: 0.34 N: 0.20 O1: 0.26

1.996 Cu-O1: 1.996 O1CuN: 37.3 O1NO2: 129.5 O2: -0.35 O2: 0.14
ZCuO2N+ 2B2 -1462.1 1.985 Cu-O: 1.933 O-N: 1.266 OCuO: 71.6 9.46 Cu: 0.87 O: -0.42 N: 0.58 Cu: 0.46 O: 0.23 N: -0.03

ONO: 107.6
ZCuONO+ 2A -1461.4 1.923 Cu-O1: 1.814 O1-N: 1.257 N-O2: 1.175 9.66 Cu: 0.73 O1: -0.50 N: 0.76 Cu: 0.17 O1: 0.22 N: 0.34

2.180 CuO1N1: 119.8 O1NO2: 126.4 O2: -0.31 O2: 0.26
ZCuNO3+ 2B2 -1597.7 1.984 Cu-O: 1.934 O-N: 1.287 N-O′: 1.181 9.50 Cu: 0.90 O: -0.53 N: 1.19 Cu: 0.44 O: 0.21 N: -0.03

OCuO: 66.4 CuON: 91.4 ONO′: 124.6 O′: -0.42 O′: 0.07
ZCu(NO)2+ 1A1 -1636.3 2.046 Cu-N: 1.894 N-O: 1.153 CuNO: 124.3 9.60 Cu: 0.63 N: 0.24 O:-0.22

NCuN: 89.5
ZCuONNO+ 3A′′ -1615.3 2.034 Cu-O1: 1.833 O1-N1: 1.203 N-N: 1.851 9.75 Cu: 0.69 O1: -0.41 N1: 0.21 Cu: 0.10 O1: 0.38 N1: 0.73

N2-O2: 1.141 N2: 0.39 O2: -0.20 N2: 0.42 O2: 0.36
CuO1N1: 124.5 O1N1N2: 107.6 N1N2O2: 110.9

[ZCuONNO+]q 3A′′ -1595.2 2.000 Cu-O1: 1.745 O1-N1: 1.625 N-N: 1.178 9.49 Cu: 0.87 O1: -0.53 N1: 0.03 Cu: 0.36 O1: 0.86 N1: 0.01
(linear) N2-O2: 1.183 N2: 0.60 O2: -0.34 N2: 0.31 O2: 0.40

CuO1N1: 158.6 O1N1N2: 63.7 N1N2O2: 124.3
[ZCuOONN+]q 3A′′ -1575.8 2.003 Cu-O1: 1.751 O-O: 1.540 O2-N1: 1.360 9.51 Cu: 0.88 O1: -0.43 O2: -0.24 Cu: 0.33 O1: 0.71 O2: 0.26
(linear) N-N: 1.145 N1: 0.43 N2: -0.01 N1: 0.12 N2: 0.52

CuO1O2: 110.1 O1O2N1: 114.0 O2N1N2: 135.5
ZCuO‚‚‚ONO+ 2A′′ -1552.0 2.008 Cu-O1: 1.716 O1-O2: 1.901 O2-N: 1.189 9.47 Cu: 0.95 O1: -0.56 O2: -0.31 Cu: 0.34 O1: 0.89 O2: -0.03

N-O3: 1.169 N: 0.95 O3: -0.33 N: -0.16 O3: -0.10
CuO1O2: 108.7 O1O2N: 111.1 O2NO3: 136.8

[ZCuOONO+]q 2A′′ -1549.1 1.992 Cu-O1: 1.740 O1-O2: 1.621 O2-N: 1.275 9.47 Cu: 0.90 O1: -0.46 O2: -0.24 Cu: 0.35 O1: 0.59 O2: 0.02
N-O3: 1.171 N: 0.76 O3: -0.33 N: -0.03 O3: 0.01

CuO1O2: 108.1 O1O2N: 115.2 O2NO3: 125.1
ZCuOO‚‚‚NO+ 2A′′ -1570.1 2.022 Cu-O1: 1.801 O1-O2: 1.299 O2-N: 1.854 9.65 Cu: 0.78 O1: -0.30 O2: -0.15 Cu: 0.18 O1: 0.42 O2: 0.36

N-O3: 1.121 N: 0.51 O3: -0.16 N: 0.01 O3: 0.01
CuO1O2: 118.4 O1O2N: 99.1 O2NO3: 103.4

aDistances in angstroms, angles in degrees.b Binding energy (kcal mol-1) reported with respect to spin-restricted atoms.cCu-framework oxygen distance.
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TABLE 4: LSDA Structures, a Becke-Perdew Post-SCF Binding Energies,b Mulliken Cu d Populations, Gross Charges, and Spin Densities of Z) Al(OH) 4- Models

other selected geometry parameters Mulliken charges Mulliken spin densityesBE Cu-OF
c Cu d

ZCu 1A′ -1157.4 1.925 Al-OF: 1.852 OFCuOF: 85.9 9.87 Cu: 0.50
ZCuO 3A′′ -1271.2 1.924 Cu-O: 1.693 9.33 Cu: 0.94 O: -0.54 Cu: 0.51 O: 1.28
ZCuO2 3A′′ -1400.9 1.934 Cu-O1: 1.785 O-O: 1.262 CuOO: 121.2 9.55 Cu: 0.80 O1: -0.21 O2: -0.10 Cu: 0.33 O1: 0.70 O2: 0.89
ZCu(η2-O2) 3A′ -1406.3 1.920 Cu-O: 1.937 O-O: 1.301 OCuO: 39.2 9.51 Cu: 0.87 O: -0.20 Cu: 0.37 O: 0.75
ZCuNO 2A′ -1472.9 1.920 Cu-N: 1.734 N-O: 1.174 CuNO: 147.9 9.53 Cu: 0.72 N: 0.08 O:-0.31 Cu: 0.07 N: 0.57 O: 0.37
ZCuON 2A′ -1454.3 1.929 Cu-O: 1.808 O-N: 1.186 CuON: 137.2 9.60 Cu: 0.69 O: -0.39 N: 0.19 Cu: -0.03 O: 0.23 N: 0.82
ZCuCO 1A′ -1537.0 1.925 Cu-C: 1.749 C-O: 1.141 CuCO: 179.9 9.59 Cu: 0.59 C: 0.33 O:-0.41
ZCuN2 1A′ -1561.0 1.927 Cu-N1: 1.756 N-N: 1.112 CuNN: 179.7 9.60 Cu: 0.63 N1: -0.01 N2: -0.11
ZCuN2O 1A′ -1663.7 1.938 Cu-N1: 1.770 N-N: 1.133 N-O: 1.183 9.64 Cu: 0.61 N1: -0.07 N2: 0.42

CuNN: 178.2 NNO: 179.8 O: -0.43
ZCuON2 1A′ -1648.9 1.949 Cu-O: 1.904 O-N1: 1.196 N-N: 1.130 9.77 Cu: 0.54 O: -0.53 N1: 0.69

CuON1: 124.9 ONN: 178.7 N2: -0.17
ZCu(η2-NO2) 2A -1604.8 1.899 Cu-N: 1.863 N-O1: 1.262 N-O2: 1.196 9.52 Cu: 0.76 N: 0.54 O1: -0.43 Cu: 0.41 N: 0.14 O1: 0.21

1.932 Cu-O1: 2.120 O1CuN: 36.2 O1NO2: 126.1 O2: -0.43 O2: 0.07
ZCuO2N 2A′′ -1610.1 1.913 Cu-O: 1.968 O-N: 1.264 OCuO: 63.4 9.43 Cu: 0.82 O: -0.48 N: 0.52 Cu: 0.49 O: 0.13 N: -0.01

ONO: 109.7
ZCuONO 2A -1598.8 1.886 Cu-O: 1.802 O1-N: 1.294 N-O2: 1.190 9.52 Cu: 0.76 O1: -0.54 N: 0.61 Cu: 0.34 O1: 0.20 N: 0.18

1.974 CuO1N: 121.2 O1NO2: 119.8 O2: -0.40 O2: 0.12
ZCuNO3 2A′′ -1744.7 1.912 Cu-O: 1.965 O-N: 1.283 N-O′: 1.194 9.46 Cu: 0.87 O: -0.56 N: 1.154 Cu: 0.48 O: 0.14 N: -0.02

OCuO: 65.7 CuON: 91.0 ONO′: 123.8 O′: -0.49 O′: 0.04
ZCu(NO)2 1A′ -1769.2 1.949 Cu-N1: 1.859 N1-O1: 1.164 CuN1O1: 126.9 9.48 Cu: 0.66 N1: 0.20 O1: -0.28

Cu-N2: 1.876 N2-O2: 1.166 CuN2O2: 126.2 N2: 0.17 O2: -0.28
NCuN: 88.2

ZCuONNO 3A′′ -1743.4 1.935 Cu-O1: 1.804 O1-N1: 1.214 N-N: 1.669 9.59 Cu: 0.73 O1: -0.43 N1: 0.18 Cu: 0.24 O1: 0.37 N1: 0.47
N2-O2: 1.168 N2: 0.31 O2: -0.29 N2: 0.43 O2: 0.42

CuO1N1: 129.8 O1N1N2: 109.8 N1N2O2: 113.8
[ZCuONNO]q 3A′′ -1736.7 1.921 Cu-O1: 1.746 O1-N1: 1.653 N-N: 1.170 9.40 Cu: 0.88 O1: -0.59 N1: 0.01 Cu: 0.44 O1: 0.75 N1: -0.02
(linear) N2-O2: 1.196 N2: 0.54 O2: -0.42 N2: 0.29 O2: 0.32

CuO1N1: 106.4 O1N1N2: 110.3 N1N2O2: 155.5
[ZCuONNO]q 3A′′ -1717.3 1.921 Cu-O1: 1.754 O1-O2: 1.544 O2-N1: 1.334 9.42 Cu: 0.89 O1: -0.49 O2: -0.27 Cu: 0.41 O1: 0.54 O2: 0.14
(linear) N-N: 1.157 N1: 0.39 N2: -0.10 N1: 0.14 N2: 0.57

CuO1O2: 108.5 O1O2N1: 112.0 O2N1N2: 133.9
ZCuOO‚‚‚NO 2A′′ -1702.0 1.926 Cu-O1: 1.789 O1-O2: 1.331 O2-N: 1.675 9.50 Cu: 0.83 O1: -0.37 O2: -0.19 Cu: 0.33 O1: 0.32 O2: 0.14

N-O3: 1.144 N: 0.44 O3: -0.26 N: 0.03 O3: 0.03
CuO1O2: 113.4 O1O2N: 103.7 O2NO3: 107.9

aDistances in angstroms, angles in degrees.b Binding energy (kcal mol-1) reported with respect to spin-restricted atoms.cCu-framework oxygen distance.
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N-bound to tetrahedral Cu to form a weakly coupled five-
membered ring (2) which can be described in terms of the dative

bonding of singlet-coupled (NO)2 to ZCu.16e The triplet-coupled
system has essentially the same structure but is several kcal
mol-1 less stable. The second NO binds to ZCuNO by 33, 23,
and 19 kcal mol-1 on bare Cu+, Cu+[Si(OH)4], and
Cu+[Al(OH)4-], respectively, showing a relatively strong
dependence on Z model and, by inference, on the electron
density at the Cu center. Both symmetric and antisymmetric
NO stretch modes are observed for the dinitrosyls, and as shown
in Table 5, the splitting and absolute frequencies are well

reproduced by the T-site models. Because of its ready formation
and because it brings two NO ligands in close proximity, the
dinitrosyl complex has often been proposed as an intermediate
in N-N bond forming reactions:

Previous theoretical studies found no evidence for direct routes
for reactions 8 or 9 on a Cu center.16d,e

While O2 bonding to ZCu has been postulated7 and desorption
of molecular oxygen observed in temperature programmed
studies,26 direct spectroscopic evidence for ZCuO2 remains
lacking. We have identified two O2 binding modes of compa-
rable energy, the side-on, peroxide-like ZCu(η2-O2) (3a), similar

to that reported by Trout et al.,7c and the end-on, superoxide-
like ZCuO2 (3b). Precedents for the latter bonding mode exist
in the homogeneous chemistry of Cu(I) complexes with bulky
polydentate ligands,27 while the former is more typical of
dinuclear Cu complexes. Both isomers have triplet ground
states, and adsorption only slightly increases the O-O separa-
tion, suggesting a ZCu(I)-O2 (or ZCu(I)-η2-O2) bonding
description. The Cu center is more strongly oxidized by O2

than by the other diatomics considered here, as indicated by
the large Cu Mulliken charges and spin densities (Tables 2-4),
and the bonding is better represented as a hybrid of ZCu(I)-
O2 and ZCu(II)-O2

-. In the bare Cu+ model, the bidentate
isomer Cu(η2-O2)+ is a saddle point 4 kcal mol-1 higher in
energy than CuO2+. In the T-site models, in which the higher
Cu oxidation state can be stabilized by square planar coordina-
tion about Cu,3a is lower in energy than3b by 1 and 5 kcal
mol-1 for Cu+[Si(OH)4] and Cu+[Al(OH)4-], respectively. Both
isomers are true minima in the T-site models; we expect the
bidentate isomer to dominate at room temperature in Cu-
exchanged zeolites, with the equilibrium concentration of the
superoxide isomer to increase with temperature. In the discus-
sions that follow, we generically refer to both isomers as ZCuO2.
The range of O2 binding energies, from 16 to 28 kcal mol-1

(Figure 2), is somewhat greater than the low-temperature (<300
°C) molecular O2 bonding energy inferred from experiment (11
kcal mol-1),26 but is consistent with the reversible adsorption
of O2 under mild conditions. The calculated ZCu(η2-O-O) and
ZCuO-O stretch frequencies are strongly red-shifted compared
to that of free O2 and are predicted to occur in a region of the
Cu-ZSM-5 spectrum close to that of lattice vibrational modes
(Table 5), complicating their spectroscopic detection.
The triatomic adsorbates N2O and NO2 exhibit an even greater

variety of coordination modes than the diatomics. N2O
preferentially binds N-down and linearly on all the ZCu models,
forming ZCu(I)-N2O. Bonding to electron-rich Cu+[Al(OH)4-]
is relatively weak, and the structure of the bound ligand differs
little from gaseous N2O. In going to less electron rich
Cu+[Si(OH)4] and bare Cu+, the ZCu-N2O bond energy
increases and the N-N and N-O bond lengths decrease,

TABLE 5: Selected Experimental and Calculated (LSDA)
Stretching Vibrational Frequencies (cm-1) for Nitrogen
Oxides on Cu+

models

bare Si(OH)4 Al(OH)4- exptl

CuCO+ C-O 2263 2212 2138 2150-2160a
CuNO+ N-O 1911 1881 1817 1810-1815a
CuN2+ N-N 2387 2350 2288 2295b, 2156c,d

Cu(η2-O2)+ O-O 1354h 1308 1247
CuO2+ O-O 1433 1411 1346
Cu(NO)2+ N-O asym 1927 1901 1844 1824-1827a

N-O sym 1854 1773 1717 1729-1735a
Cu(η2-NO2)+ NdO 1739h 1696 1633 1619-1635c,e

N-O 1228 1205 1235
CuONO+ NdO 1739 1689 1613 1611-1643c,f

N-O 1190 1115 965
CuO2N+ NO2 asym 1309 1321 1319 1300-1350c,d

NO2 sym 1025 1124 1212
CuN2O+ N-N 2479 2453 2402 2230-2245c,e,g

N-O 1441 1402 1345
CuNO3+ N-O′ 1608 1673 1657 1576-1607c,f

NO2 asym 1169 1193 1245 1305-1310c,d
NO2 sym 1001 1014 1035

[CuONNO+]q TS-linear 647i 581i 526i
TS-cyclic 610i

[CuOONN+]q TS-linear 1001i 855i 657i
TS-cyclic 642i

[CuOONO+]q TS-linear 1031i 482i

a See ref 16c.bReferences 10a,d.cReference 6d.dReference 7b.
eReference 11b.f Reference 37.gReference 5a.h Saddle point.

Figure 2. BP86 binding energies for a variety of adsorbates on ZCu.

ZCu+ 2 NOf ZCu(NO)2 f ZCu+ N2 + O2 (8)

ZCu+ 2 NOf ZCu(NO)2 f ZCuO+ N2O (9)
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reflecting enhanced donation of antibonding electron density
from the ligand to the Cu(I) center. These trends are strong
and opposite those found for the diatomics, and as a result, N2O
cannot be placed unambiguously in a ZCu-L bond energies
series: for example, a Cu+ ion has a higher affinity for N2O
than for N2, while for Cu+[Al(OH)4-] the opposite is true
(Figure 2). Coordination to ZCu blue shifts both the “N-N”
and “N-O” stretching modes, from 40 (Cu+[Al(OH)4-]) to 120
cm-1 (Cu+) for the former, compared to an observed blue shift
of 6-21 cm-1 for N2O adsorbed in Cu-ZSM-5 (Table 5). The
absolute N-N stretch frequency is overestimated by upward
of 150 to 250 cm-1, comparable to the error observed for free
N2O in the LSDA (Table 1).
N2O can also bind O-down and bent (∠CuON≈ 125°) on

ZCu to produce ZCuON2. This isomer is 10-15 kcal mol-1

less stable than the N-down form, and like the latter, binds most
strongly to bare Cu+. Like O-down NO, O-down N2O is
unlikely to be observed experimentally but may play a transient
role in nitrogen oxide reactivity in Cu-exchanged zeolites.
At least three stable isomers of ZCu-NO2 are possible,

including the bidentate O-bound ZCuO2N (4a) and side-bound
ZCu(η2-NO2) (4b), and the monodentate O-bound ZCuONO
(4c). N-bound (ZCuNO2, 4d) is a true minimum energy

structure only in the bare Cu+ model; in the T-site models with
no symmetry constraints,4d relaxes without barrier to4b. We
focus here on the first three isomers.
The NO2 ligand is as strongly oxidizing as O2, as revealed

by the relatively high Cu charges, the low Cu d populations,
and the even distribution of the doublet spin density between
metal ion and ligand (Tables 2-4). The charge transfer is
greatest in the symmetrically coordinated ZCuO2N isomer,
which, like ZCu(η2-O2), is stabilized in the T-site models by
square planar coordination about the Cu center. This charge
transfer lengthens both N-O bonds compared to free NO2, and
produces a marked red shift of the asymmetric NO2 stretch and
a weaker red shift of the symmetric stretch. The charge transfer
is also large in the side-on bound ZCu(η2-NO2) isomer. The
Cu-N interaction is favored over the Cu-O one, producing a
highly distorted square planar coordination about the Cu center
in the T-site models, with the Cu-O framework bondtrans to
the Cu-N bond significantly shorter than the other. The Cu-
bound O-N bond is lengthened and the free O-N bond
shortened, and both N-O stretches are slightly red-shifted,
compared to free NO2. Finally, the Cu oxidation is least in the
ZCuONO isomer, and the bonding in this case can be understood
in terms of the Lewis description ZCu(I)-O-NdO; the N-O
bond is lengthened and strongly red shifted, while the NdO
bond is shortened and slightly blue shifted.
The relative stabilities of these isomers is sensitive to the

local Cu+ environment (Figure 2). The CuONO+ isomer is most
stable in the electron-poor bare Cu+ model, with the Cu(O2N)+

isomer 8 kcal mol-1 higher in energy and the Cu(η2-NO2)+

isomer a saddle point between CuONO+ and CuNO2+. In
contrast, in the electron-rich Cu+[Al(OH)4-] model the ZCuO2N
isomer is lowest in energy, with ZCu(η2-NO2) and ZCuONO

isomers 5 and 11 kcal mol-1 higher in energy, respectively.
The Cu+[Si(OH)4] model is an intermediate case, in which the
difference in energy between all three isomers is<1 kcal mol-1.
Based on these results, we expect the ZCuO2N and ZCu(η2-
NO2) isomers to be the most stable in Cu-exchanged zeolites,
with ZCuONOmore likely existing as a short-lived intermediate.
A number of bands in the vibrational spectrum of NO2 in Cu-
ZSM-5 have been assigned to bound NO2, and these bands are
consistent with those predicted here for ZCuO2N and ZCu(η2-
NO2) (Table 5). The spectroscopic evidence is complex,
however; and the assignments must be viewed with caution.
Finally, we note that Trout et al.7c have also examined the

structures and stabilities of Cu-bound NO2 at the LSDA level
using a more complex Z model most resembling Cu+[Al(OH)4-].
Surprisingly, they find the NO2 geometry to be essentially
unchanged from that of gas-phase NO2 regardless of binding
mode, and they calculate vibrational frequencies qualitatively
inconsistent with those reported here or expected for an NO2

ligand.28 Further, they predict the relative stability to be
ZCuO2N > ZCuNO2 > ZCuONO, with energy differences in
each case of 15 kcal mol-1. It is rather unlikely that these gross
qualitative differences with our results arise from different
choices of Z models, and in fact we have been unable to
reproduce the results of Trout et al.7c using Z models similar to
theirs. We believe the results reported here more correctly
represent NO2 binding in Cu zeolite cluster models.
In summary, ZCu is predicted to reversibly bind a variety of

gaseous species. Where experimental data is available and
reliable, the calculated and observed vibrational spectra of the
bound species are in reasonable agreement. Relative affinities
of ZCu for adsorbates have been calculated and are shown in
Figure 2 for all the adsorbates discussed above, plus H2O for
comparison, ordered by the binding energies obtained using the
Cu+[Al(OH)4-] model. Adsorbates with a large dipolar com-
ponent to bonding, or that strongly oxidize the Cu center, show
large variability in binding energy, while more covalently bound
species show little variability. The results provide some measure
of the likely range of affinity within a real zeolite environment.
ZCuO Chemistry. ZCuO is the oxidized complement to

an isolated ZCu.7 As shown by the molecular orbital diagram
for the parent CuO+ (Figure 3), the Cu-O interaction is highly
covalent, with bothσ andπ components that strongly mix Cu-
and O-based orbitals. Double occupation of theπ* level
produces a triplet ground state with a short (1.728 Å) and strong
(50 kcal mol-1) Cu+-O bond. The corresponding open-shell
singlet is about 15 kcal mol-1 higher in energy. Additional
coordination (by, for example, Si(OH)4 or Al(OH)4-) removes
the rigorous orbital degeneracy but preserves the bonding
description and, in particular, the triplet ground state. ZCuO
can be represented in valence bond terms as a hybrid of
ZCu(II)-O•- and ZCu(I)-O(3P), with the former resonance
becoming progressively more favored with increasing Z donor

Figure 3. Schematic molecular orbital diagram for CuO+.
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strength. EPR spectroscopy has been used extensively to
examine the oxidation state of Cu ions in active catalysts.7a,11,14,29

It is important to note that, because of the presence of two
unpaired electrons on adjacent centers, the EPR spectrum of
ZCuO is unlikely to be comparable to that of isolated Cu(II)
ions, and in practice may be unobservable. Care must be
exercised in using EPR as a probe of catalyst oxidation state.
As shown in Figure 1, the ZCuO structures differ little from

those of the corresponding ZCu. The ZCu-O bond shortens
and increases in strength (to 64 and 78 kcal mol-1 for Z )
Si(OH)4 and Al(OH)4-, respectively) with added coordination.
Because of its large binding energy, direct desorption of O(3P)
from ZCuO is unlikely to be an important reaction pathway.
The calculated Cu-O stretch frequency ranges from 640 (Cu+)
to 725 (Cu+[Si(OH)4]) to 743 cm-1 (Cu+[Al(OH)4-]). A band
at 935 cm-1 in the infrared spectrum of oxidized Cu-ZSM-5
has been assigned to a Cu-extralattice O vibration;30more likely
this band is associated vibrations of the zeolite lattice.9a Finally,
we note that Trout et al.7c have also reported calculations for
ZCuO, but apparently only considered a singlet, which we do
not find to be the ground state.
Unlike ZCu, simple adsorption or desorption of gaseous

species (reaction 10) is not a likely reaction motif for ZCuO.

Bare CuO+ does bind species such as N2, NO, and N2O, but in
each case the L-Cu-O angle is close to 180° and additional
zeolite coordination at the Cu center destroys the Cu-L bonding.
For example, a structure like that shown in reaction 10 has been
proposed as the product of the addition of NO to ZCuO,17b and
the N-O stretch frequency of “ZCuO(NO)” has even been
assigned to a particular band in the infrared spectrum of NO
on Cu-ZSM-5.7b We can find no evidence for a stable species
with ZCuO(NO) connectivity, but find in this and all relevant
additions to ZCuO that the O center is directly involved in the
binding. We focus here specifically on the additions of NO
and NO2 to ZCuO; other transformations of nitrogen oxides on
ZCuO are discussed in the following section.
We considered above the reaction of NO2 with ZCu to

produce various ZCuNO2 isomers. The same products can be
formed by the addition of NO to ZCuO. The addition can be
envisioned to occur via an initially formed ZCuONO intermedi-
ate, which can subsequently isomerize or decompose. As shown
in Figure 4, both routes to ZCuONO are barrierless and when
combined provide a pathway for exchange of an O(3P) atom
between ZCu and NO (reaction 11). The entropic contribution

to reaction 11 is likely quite small, but overall energetics clearly
favor the products over reactants, most so for bare Cu+, but by
23 kcal mol-1 even for Cu+[Al(OH)4-]. From the catalyst
perspective, ZCuO can be reduced by NO to ZCu; equivalently,
NO can extract an O(3P) atom from ZCuO to form NO2.
ZCuO is also able to add NO2 to produce the nitrate ZCuNO3

(reaction 12), which has a chelating structure17b and equivalent

Cu-O bonds. NO3 radical is unstable in the gas phase and is
a strongly oxidizing ligand, producing in this case high charges
and spin densities at the Cu center (Tables 2-4). ZCuNO3 can
thus be described as a hybrid between ZCu(I)-NO3‚ and
ZCu(II)-NO3

-, with the latter predominating. Reaction 12 is
calculated to be exothermic by 64, 60, and 60 kcal mol-1 for
bare Cu+, Cu+[Si(OH)4] and Cu+[Al(OH)4-], respectively. As
shown in Table 5, the terminal N-O stretch frequency is
insensitive to Z and is predicted to occur in a range similar to
that observed in experiments; the NO2 asymmetric stretch is
more sensitive to Z, but is consistently lower in energy than
bands assigned to this mode in Cu-ZSM-5.
ZCu T ZCuO Transformations. To this point we have

described a variety of ZCuL intermediates either known or likely
to be produced in Cu-exchanged zeolites. A number of these
play important roles in catalytic nitrogen oxide chemistry. A
convenient way to analyze this chemistry is in terms of a
coupling between a nitrogen oxide transformation and a formal
O atom transfer to or from Cu (reactions 13 and 14, with the O

atomic state chosen to conserve electron spin). The oxidation
of NO to NO2 (reaction 11 and Figure 4) is one such example;
the NO decomposition cycle (reactions 4-6) is another.
Because ZCu is readily recovered from ZCuO2 by desorption
of O2, ZCu, and ZCuO are seen to be the key intermediates in
these transformations. Both reactions 13 and 14 are exothermic
in the forward direction and thus provide a thermodynamic
driving force for a coupled nitrogen oxide reaction; further,
through this coupling, reaction pathways can be opened up
which are otherwise energetically inaccessible. The net driving
force of either reaction is a function of Z: Cu oxidation in
reaction 13 is promoted by good electron donor environments,
while Cu reduction in reaction 14 is promoted in poorly donating
environments. In well-functioning catalysts, the coordination
environment of an exchanged Cu ion within a zeolite may adjust
during the course of a reaction to take advantage of these effects.
A good example of these principles is the reaction of two

NO molecules to produce N2O and an O(3P) atom. Combining
this reaction with reaction 13 yields reaction 4, which is

predicted to be exothermic by between 15 (bare Cu+) and 42
(Z ) Al(OH)4-) kcal mol-1. The existence and nature of a
microscopic pathway from reactants to products is not obvious.
It is apparent that, if a transition state (TS) connecting reactants
and products exists, it must incorporate the simultaneous
formation of both N-N and Cu-O bonds. We identified four

Figure 4. Potential energy surfaces for the reaction of ZCuO with
NO.

ZCuO+ NOT ZCu+ NO2 (11)

(12)

ZCu+ O(3P)T ZCuO (13)

ZCuO+ O(1D) T ZCuO2 (14)

ZCu+ 2 NOf [ZCuONNO]q f ZCuO+ N2O (4)

(10)
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candidate transition states meeting these criteria and located each
on the3A′′ energy surface (5a-d, with the atoms forming N2O

highlighted). In general, the cis linear TS5b is lowest in energy,
with the trans5c, the hyponitrite5a, and the four-membered
cycle5d successively less stable. The structures and energies
of 5b in all three models are included in Tables 2-4, and the
frequency along the reaction coordinate reported in Table 5.
The three models give remarkably similar results for the TS
structure, with the N-N bond nearly fully formed and N-O
bond nearly completed cleaved.
As shown in Figure 5, the TS is actually lower in energy

than separated ZCu+ 2 NO, reflecting the existence of at least
one intermediate on the pathway leading to it. Using intrinsic
reaction coordinate31 (IRC) following, the entrance to the TS
is found to be ZCuON‚‚‚NO adduct with a large N-N
separationsessentially a monodentate version of the O-down
dinitrosyls reported previouslys16ewhich is most likely formed
by the addition of NO to ZCuON. Reaction 4 is thus predicted
to proceed via formation of an activated O-down nitrosyl
ZCuON, which reacts with a gas-phase NO in an Eley-Rideal
process, passing first through the adduct and TS before reaching
products.16d Neither ZCuNO nor ZCu(NO)2 appears to play a
direct role in this reactivity. While the ZCuON formation
energy is essentially constant in all models, the relative stabilities
of the adduct and TS track in opposite directions, so that the
adduct is most stable and reaction barrier the greatest for bare
Cu+ and the adduct least stable and barrier the lowest for neutral
Cu+[Al(OH)4-]. Better estimates of the energetics await more
sophisticated calculations. It is clear from these results that an
energetically accessible route to reaction 4 exists, but not
involving the intermediates traditionally invoked.
Conversion of N2O to N2 is in principle possible by coupling

to either reaction 13 or 14. We consider the transfer of an O(1D)
atom from N2O to ZCuO first (reaction 5), since this reaction

is spin-allowed. Again several related transition states can be
located on the3A′′ energy surface. The lowest energy TS has
a shape akin to5b (see Figure 6 and Tables 2-4): the N2O

molecule approaches the ZCuO site from the side and is rather
substantially bent, the new O-O bond is partially formed, and
the N2-O bond is lengthened by about 0.2 Å along the way to
being cleaved. The barrier height is lowest (19 kcal mol-1)
and overall energetics most favorable (-47 kcal mol-1) in the
electron-poor bare Cu+ model. Both the barrier and overall
energy become progressively less favorable in the more electron-
rich Cu+[Si(OH)4] (31 and-35 kcal mol-1, respectively) and
Cu+[Al(OH)4-] (36 and-26 kcal mol-1, respectively) models.
IRC following reveals a simple reaction coordinate, with the
TS leading backward to separated reactants and forward to free
N2 and end-bound O2. O2 desorption recovers ZCu (Figure 6),
with the overall ZCuOf ZCuO2 f ZCu conversion ranging
from thermoneutral (Z) Al(OH)4-) to exothermic by 31 kcal
mol-1 (bare Cu+).
A seemingly more likely pathway for reducing N2O to N2 is

direct O atom transfer to ZCu (reaction 15). The net reaction

energy is reasonable, ranging from 18 (bare Cu+) to 5 (Z )
Si(OH)4) to -10 kcal mol-1 (Z ) Al(OH)4-), but the reaction
is spin forbidden, requiring the conversion of O(1D) from N2O
into O(3P) on ZCuO. Figure 7 contains an approximate state
correlation diagram for the Z) Al(OH)4- case, which shows
that the separations of the singlet and triplet surfaces in the
reactant and product geometries (160 and 60 kcal mol-1,
respectively) are quite large. Conceptually, the pathway for such
a reaction is in part on the singlet surface and in part on the
triplet, with the “transition state” the lowest point of intersection
of the two; the probability of transferring from one surface to
the other is controlled by spin-orbit coupling. The crossing

Figure 5. Potential energy surfaces for the reaction ZCu+ 2 NOf
ZCuO+ N2O.

ZCuO+ N2Of [ZCuOONN]q f ZCuO2 + N2 (5)

Figure 6. Potential energy surfaces for the reaction ZCuO+ N2O f
ZCu + O2 + N2.

Figure 7. Schematic singlet and triplet potential energy surfaces for
the spin-forbidden reaction ZCu+ N2Of ZCuO+ N2. Excited states
shown are lowest energy states that preserve orbital symmetry.

ZCu+ N2Of [ZCuON2]
q f ZCuO+ N2 (15)
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point and spin-orbit coupling parameter for the related spin-
forbidden dissociation of N2O into N2 + O(3P) have been studied
in some detail.32 A similarly detailed study is beyond the scope
of the present work. We have performed manual searches for
the lowest energy point of intersection of the singlet and triplet
surfaces of [Al(OH)4-]CuONN, varying both the Cu-O and
O-N separations while keeping the other coordinates fixed at
reasonable values. To maintain the necessary control over
electronic configurations, the search was restricted toC2V
structures. An intersection 40 kcal mol-1 above the reactants
was located, 18 kcal mol-1 lower than that found in the N2O
study.32 As expected from the crude state correlation diagram,
the crossing is closer in structure to products than reactants, as
was found in the N2O dissociation case.32 A more thorough
search, in particular including reduced symmetry structures, may
yield a lower energy intersection yet. These results are sufficient
to conclude that the barriers to reactions 15 and 5 are
comparable; the efficacy of spin-orbit coupling in reaction 15
will dictate how well it competes with ZCuO for N2O.
We considered above the addition of NO2 to ZCuO to form

the nitrate ZCuNO3 (reaction 12). An alternative channel for
this reaction is the transfer of an O(1D) atom from NO2 to ZCuO
(reaction 16 and Figure 8), presumably proceeding through a

peroxy nitrite. The reaction is spin allowed and in our models
ranges from somewhat exothermic (-14 kcal mol-1 for bare
Cu+) to slightly endothermic (+7 kcal mol-1 for Cu+[Al(OH)4-]).
Reaction 16 provides the only example explored here in which

the potential energy surface changes qualitatively with cluster
model. The results are presented in Figure 8 and Tables 2-4.
We searched the2A′′ surface for transition states for the O atom
transfer, and for Cu+ and Cu+[Si(OH)4], we located structures
resembling5b (Figure 8 and Tables 2 and 3). The two TSs
have similar geometries and electronic structures, the forming
O-O and cleaving N-O bonds 1.6 and 1.3 Å long, respectively,
and the Cu oxidation states closer to ZCuO than ZCuO2. The
TS energies lie below both reactants and products, and further
searching reveals even lower energy intermediates both in the
entrance to (ZCuO‚‚‚ONO) and exit from (ZCuOO‚‚‚NO) the
TS (Figure 8). These intermediates, like the ZCuON‚‚‚NO
intermediate identified in reaction 4, arise from relatively long-
distance radical-radical interactions which are most pronounced
in the cationic models (e.g., the dissociation energies of
CuO+‚‚‚ONO and [Si(OH)4]CuOO+‚‚‚NO are 53 and 30 kcal

mol-1, respectively). These interactions tend to diminish in
importance in the neutral model. Thus, while both ZCuO‚‚‚ONO
and ZCuOO‚‚‚NO intermediates are implicated for Cu+ and
Cu+[Si(OH)4], only the latter exists for Cu+[Al(OH)4-], desta-
bilized by∼15 kcal mol-1. As a result, the TS connecting the
two intermediates in the Cu+ and Cu+[Si(OH)4] models does
not exist in the Cu+[Al(OH)4-] one, and the formation of
ZCuOO‚‚‚NO from ZCuO+ NO2 in the last case occurs without
barrier (Figure 8).
On the basis of these results alone, we cannot infer the

molecular details of reaction 16 within a Cu-zeolite catalyst.
Regardless of the details, reaction 16 is expected to be facile,
given that the intermediates and transition states are lower in
energy than the reaction endpoints in all models.

IV. Discussion of Catalytic Cycles

As the molecular binding results show, both ZCu and ZCuO
form a variety of stable complexes with gas-phase nitrogen
oxides, such as ZCuNO, ZCuO2N, and ZCuNO3. These
complexes are expected to be long-lived at ambient tempera-
tures, but at higher temperatures will tend to thermally dissoci-
ate, freeing ZCu and ZCuO to participate in the reactions
described above. The detailed kinetics of these reactions are
complicated by factors outside our models, such as the effect
of the pore confinement on the gaseous species and the
efficiency of energy redistribution between the active site and
bulk lattice. We focus instead on the qualitative implications
for Cu-zeolite catalysis. Figure 9 contains a reaction scheme
which summarizes all the reactions discussed here. As we show
below, the scheme can be used to rationalize the stoichiometric
catalysis of reactions 1-3. Further, the scheme emphasizes the
central role of direct and indirect (via ZCuO2) conversions
between ZCu and ZCuO intermediates, and makes evident the
potential complications arising from competition between paral-
lel reaction pathways.
NO Decomposition. Stoichiometric NO decomposition

(reaction 1) is the most important and most speculated upon of
the nitrogen oxide reactions catalyzed by Cu-exchanged zeolites.
It is described within the reaction scheme by successive N-N
(path a, reaction 4) and O-O (path e, reaction 5) bond forming
reactions,16d yielding first N2O and a Cu-bound O atom, then
N2 and Cu-bound O2. While both reactions need not occur on
the same Cu center, the zeolite may promote the overall reaction
by restricting the diffusion of gas-phase N2O from ZCuO,
increasing the probability of their further reaction. Both bond-

Figure 8. Potential energy surfaces for the reaction ZCuO+ NO2 f
ZCuO2 + NO.

ZCuO+ NO2 T [ZCuOONO]q T ZCuO2 + NO (16)

Figure 9. Combined reaction scheme. “ZCuONO” refers generically
to all NO2 isomers, which are presumed to be interconvertable.
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forming steps have moderate barriers in the forward (clockwise
in Figure 9) direction but much larger in the reverse, indicating
that under moderate reaction conditions both steps should occur
irreversibly. N2O is observed to be formed when NO is passed
over Cu-ZSM-5 at low temperatures,5b,33 consistent with the
N-N bond forming step occurring more readily than the O-O
bond forming one.
Within this model, N-N bond formation is accommodated

by a single, isolated Cu(I) ion, in agreement with both
photoluminescence14 and X-ray18 spectroscopic evidence, and
occurs by successive addition of two NO to the Cu(I) site.
Previous experimental and theoretical studies have implicated
either the mononitrosyl ZCuNO or the dinitrosyl ZCu(NO)2 as
the reactive intermediate for reaction 4;7 in contrast, our results
indicate that Cu and O centers must be adjacent for reaction to
occur, and that this adjacency is most likely accomplished via
a metastable isonitrosyl, ZCuON. Some workers have suggested
that two proximal Cu(I) ions are necessary to catalyze N-N
bond formation, either to produce N2 and O2 directly5 (reaction
17) or to produce N2O, with the remaining O atom shared

between the two Cu as “Z2[CuOCu]” (reaction 18).9 The former
proposal is unlikely based on our earlier studies of dinitrosyl
chemistry.16e While we cannot rule out the participation of two
ZCu centers in N2O formation, we have demonstrated that two
are not necessary. We are currently investigating the formation
of Z2[CuOCu] from ZCuO+ ZCu to gain further insight into
these Cu dimers. On basis of the results for reaction 4, however,
if reaction 18 does occur, it will proceed via an isonitrosyl-like
intermediate. Finally, others have proposed that N-N bond
formation occurs via an intermediate like “ZCu(NO)(NO2)” or
“ZCuN2O3”, which decomposes to yield N2, O2, and ZCuO.6d,10a

We have not explicitly considered the higher nitrogen oxides
in this work, but it is difficult to envision a pathway by which
such a decomposition could occur. Our experience with the
unstable “ZCuO(L)” coordination mode (reaction 10) suggests
that highly coordinated, highly oxidized sites are unlikely
intermediates.
The O-O bond-forming step in the stoichiometric NO

decomposition mechanism involves reaction of a bound O atom
(ZCuO) with N2O to produce bound O2 (ZCuO2). O2 is then
desorbed to regenerate ZCu (reaction 6). This ability to cycle
between oxidized (ZCuO) and reduced (ZCu) sites by successive
O atom transfers, with the concomitant liberation of O2, is
central to all the mechanisms proposed here. Similar proposals
have been advanced in the past;7 a key contribution of this study
is a molecular characterization of the oxidized and reduced states
and identification of pathways between the two. While reduced
“ZCu” and oxidized “ZCuO” states in Cu-exchanged zeolites
are fairly well established experimentally, further experimental
work is needed to verify the existence and O2 lability of ZCuO2.
Inhibition of NO decomposition by excess O25b,6b can be
explained within this scheme by its effect on the equilibrium
between ZCu and ZCuO2. O2may modify the reactivity in more
subtle ways connected with the NO/NO2 equilibrium, which
we discuss below.
N2O Decomposition. The description of stoichiometric N2O

decomposition (reaction 2) within the proposed reaction scheme
also rests upon a ZCu/ZCuO cycle driven by successive O atom
transfers. One step is shared with the NO decomposition
mechanism (path e, Figure 9), while the other is the symmetry-

forbidden transfer of an O atom from N2O to ZCu (path c,
reaction 15). The resultant catalytic cycle, obtained by travers-
ing the two paths in a clockwise fashion in Figure 9, is similar
to that previously advanced for Cu-exchanged zeolites, based
on kinetic measurements.3 The question of the identity of the
“O” and “O2” binding site was left open in the experimental
work; our results show that ZCu can fulfill this role. O2 also
inhibits N2O decomposition in Cu-exchanged zeolites,3 an effect
which again can be accounted for by its effect on the ZCu/
ZCuO2 equilibrium.
Paths c and e provide alternative pathways for the conversion

of N2O to N2, and the two are expected to compete in
functioning catalysts. The relative importance of the two is
difficult to assess based on our results; within the limitations
of our models, the two have roughly comparable barriers, with
the former symmetry forbidden and thus further kinetically
impeded. Cu-ZSM-5 activity for N2O decomposition requires
somewhat higher temperatures than does NO decomposition,3,5b

suggesting that path e is favored over path c in this catalyst.
NO Oxidation. NO oxidation (reaction 3) differs from

reactions 1 and 2 in that it has a moderate equilibrium constant
over the temperature range of practical interest (300 to 600°C),
with the equilibrium shifting progressively toward reactants with
increasing temperature.6a Cu-ZSM-5 is known to catalyze the
approach to this equilibrium.4 From a mechanistic viewpoint,
it is most convenient to discuss reaction 3 in the reverse. In
this direction, the reaction proceeds in a manner analogous to
that of NO or N2O decomposition: two O atoms are succes-
sively added from two NO2 to a ZCu site, the first addition
producing ZCuO and one NO (path b and reaction 11) and the
second generating ZCuO2 and a second NO (path d and reaction
16) via a “ZCuOONO” intermediate or transition state. A
similar mechanism has been proposed for NO oxidation in the
absence of a catalyst, with ZCu replaced by the second NO.36

Neither catalyzed path is predicted to have an appreciable
activation barrier, and in fact the unligated ZCu and ZCuO
endpoints are the highest energy points along these pathways.
The most important consequence of the NO oxidation

chemistry is its potential interference with other cycles between
ZCu and ZCuO. Within the Cu cluster models, liberation of
O2 from two ZCuO sites (reaction 19) ranges from highly

exothermic (-49 kcal mol-1 for bare Cu+) to slightly endo-
thermic (7 kcal mol-1 for Cu+[Al(OH)4-]), with a significant
entropic driving force at elevated temperatures. While Cu
dimers may mediate reaction 19 in some circumstances, it is
not clear how two O atoms can be combined from two well
separated Cu centers. The NO oxidation pathways b and d
provide one possible explanation: if these two are followed in
parallel rather than in a cycle, the result is the NO catalyzed
transport of O atoms between ZCuO sites (i.e., NO catalysis of
reaction 19) and a short-circuit of the more desirable decom-
position chemistry. A similar mechanism may also account for
the observed “autoreduction” of Cu catalysts during thermal
treatment, catalyzed by NO or possibly by other O atom
acceptors, such as HO (to form HO2).
The degree to which NO decomposition is affected by

reaction 19 will be determined by the latter’s equilibrium
constant and rate. We expect the equilibrium to shift toward
the right and to be approached more rapidly at higher temper-
atures. A distinguishing feature of both the catalytic decom-
position and selective catalytic reduction of NO is the dropoff
in activity above an optimal temperature.2 A possible explana-

2 ZCuNOf 2 ZCu+ N2 + O2 (17)

2 ZCu+ 2 NOf Z2[CuOCu]+ N2O (18)

2 ZCuOT 2 ZCu+ O2 (19)
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tion for this behavior is that, as the temperature increases,
reaction 19 outcompetes the N2O intermediates (path e) for the
available ZCuO sites, shutting off the NO catalysis. Excess
O2 may inhibit decomposition in the opposite way, by driving
reaction 19 to the left, and outcompeting paths a and c for ZCu.
One suggestion for the role of hydrocarbons in promoting the
selective catalytic reduction of NOx is to offset this effect of
O2 and to restore a desirable balance between reduced and
oxidized sites. Some experimental evidence is available to
support this model.35

V. Conclusions

We have presented here a microscopically detailed model for
Cu-exchanged zeolite catalytic activity toward nitrogen oxides.
Because the Cu ions are essentially chemically independent in
these catalysts, we employ a cluster description, focusing on
the chemistry of a single, isolated ion. This approach has a
number of important advantages: the models we use are small
and readily tractable computationally, so that a wide range of
chemistry can be investigated at a reliable level of theory; the
influences on the chemistry are examined in a systematic
manner, focusing first on the interactions of Cu ions with the
nitrogen oxides, and then perturbations of these interactions by
additional coordination; and the models are readily extensible.
We use three different coordination models: bare Cu+,
Cu+[Si(OH)4], and Cu+[Al(OH)4-], and find that, while the local
coordination environment does modify the energetics of specific
reactions, the qualitative chemistry is insensitive to the details
of coordination.
The results support a description in which catalytic activity

is associated with O atom transfers between the nitrogen oxides
and reduced (ZCu) and oxidized (ZCuO) catalyst sites. Two
types of O atom transfers are possible, the first converting ZCu
to ZCuO, and the second ZCuO back to ZCu via a ZCuO2

intermediate. Within this general framework, energetically
plausible mechanisms for NO decomposition, N2O decomposi-
tion, and NO oxidation can be identified. The key intermediates
in the proposed mechanisms are not the stable complexes
observed in many experiments, such as ZCuNO or ZCuN2O,
but rather are metastable species, such as ZCuON, ZCuON2,
and ZCuO2, which may be difficult to observe in functioning
catalysts. A prime justification for applying molecular models
to this, or any, catalytic system is its ability to probe stable
species and reactive intermediates with equal ease, counter-
balancing the experimental bias toward the former.
Further work is clearly necessary to validate and extend the

results presented here. We believe that these results provide a
useful framework upon which to build a more complete,
molecularly detailed understanding of the Cu zeolites catalysts,
and hope that they inspire additional computational and
experimental work in this scientifically and technologically
important area.
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