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ABSTRACT: Understanding the formation mechanism of the
[Cu,O]*" active site in Cu—ZSM-S is important for the design
of efficient catalysts to selectively convert methane to
methanol and related value-added chemicals and for N,O
decomposition. Spectroscopically validated DFT calculations
are used here to evaluate the thermodynamic and kinetic
requirements for formation of [Cu,O]*" active sites from the
reaction between binuclear Cu' sites and N,O in the 10-
membered rings Cu—ZSM-S. Thermodynamically, the most
stable Cu' center prefers bidentate coordination with a close to
linear bite angle. This binuclear Cu' site reacts with N,O to
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generate the experimentally observed [Cu,O]*" site. Kinetically, the reaction coordinate was evaluated for two representative
binuclear Cu' sites. When the Cu—Cu distance is sufficiently short (<4.2 A), N,O can bind in a “bridged” -1,1-O fashion and the
oxo-transfer reaction is calculated to proceed with a low activation energy barrier (2 kcal/mol). This is in good agreement with
the experimental E, for N,O activation (2.5 + 0.5 kcal/mol). However, when the Cu—Cu distance is long (>5.0 A), N,O binds in
a “terminal” #'-O fashion to a single Cu' site of the dimer and the resulting E, for N,O activation is significantly higher (16 kcal/
mol). Therefore, bridging N,O between two Cu' centers is necessary for its efficient two-electron activation in [Cu,O]*" active
site formation. In nature, this N,O reduction reaction is catalyzed by a tetranuclear Cuy cluster that has a higher E,. The lower E,
for Cu—ZSM-S is attributed to the larger thermodynamic driving force resulting from formation of strong Cu""—oxo bonds in the

ZSM-S framework.

1. INTRODUCTION

Depletion of fossil fuel sources within the last few decades has
significantly increased the demands for petroleum alternatives.
Methane, the main component of abundant natural gas, has
been recognized as a potential solution as it can be selectively
oxidized to methanol, itself a viable fuel and an important
precursor for chemical feedstocks and future fuel resources."
The current protocol for industrial methanol production
involves the initial energy-consuming steam reformation of
methane to syngas, a mixture of H, and CO, which is further
reacted over a copper/zinc oxide/alumina-based catalyst at high
temperatures and pressures to form CH;OH.’ In order to
develop a more efficient means of converting methane to
methanol, development of robust catalysts that are capable of
selective oxidation of the strong C—H bond of methane (~104
kcal/mol) to methanol in a single step, under mild conditions,
is imperative.”® Recently, O,- and N,O-activated Cu—ZSM-5
have been demonstrated to convert methane to methanol with
a low activation energy (E, = 15.7 kcal/mol) and high
selectivity (>98%) at relatively low temperature (~100 °C) and
atmospheric pressure.*” In addition to this unique reactivity in
the methane to methanol conversion, the associated active site
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has also been demonstrated to have superior activity in the
catalytic decomposition of chemically inert N,0.5™"*

Although initial studies attempted to characterize the nature
of the reactive species in O,- and N,O-activated Cu—ZSM-5,
no definitive conclusion was achieved due to the limitations of
bulk spectroscopic methods (including extended X-ray
absorption fine structure (EXAFS), absorption spectroscopy
(abs), and electron paramagnetic resonance (EPR)) in
distinguishing a small fraction of active species from the
predominantly spectator copper background.®’ As the
conversion of methane to methanol had been directly
correlated to a characteristic 22700 cm™' absorption band,’®
resonance Raman (RR) spectroscopy using laser excitation into
this electronic transition provided a site-selective probe. These
vibrational data, including their oxygen isotope perturbations,
allowed for identification of the reactive species in Cu—ZSM-$
as a bent [Cu,0]%* core.!>'*

Initial formation of Cu' in the zeolite lattice by autoreduction
is required for activation of O, and N,O to form the [Cu,0]**
core.”'”" Spectroscopic (photoluminescence, IR, EXAFS),
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structural (X-ray crystallography), and computational studies
have been conducted to understand the Cu' coordination
environment in the ZSM-5 framework."®">* The 2Cu' binding
sites in the 10-membered ring of ZSM-5 have been generally
described as bi- or tridentate with Cu' bound to the lattice
oxygens of two Al T sites separated by two Si T sites. However,
the geometric and electronic requirements for the Cu'~ZSM-5
sites to form the [Cu,O]*" species have not been explored.
Previous spectroscopic studies have shown that both O, and
N,O activation of autoreduced Cu—ZSM-5 generates the same
[Cu,O1** site.' While formation from O, requires two
additional electrons and loss of one oxo atom to the lattice,
N, O activation is more direct as it involves oxo transfer to two
Cu' centers (a two-electron process) with release of N,.'**°

In this study, we focus on the mechanism of N,O activation.
DFT calculations verified through correlation to the spectral
features of the [Cu,O]*" core are used to identify an active
binuclear Cu' site (distinguished from a number of other
potential binuclear and mononuclear Cu' sites) in the 10-
membered rings of Cu—ZSM-S. The activation barriers for a
variety of N,O binding modes on this binuclear Cu' site and
other nonreactive Cu' sites are obtained from the potential
energy surfaces (PESs) for N—O cleavage and correlated to the
experimental E,. This elucidates the thermodynamic and kinetic
requirements for formation of the [Cu,0]*" active site from
N,O. Interestingly, in the terminal step of bacterial
denitrification, nature has employed a pg-sulfide-bridged
tetranuclear copper cluster (i.e., the Cuy site) in the enzyme
nitrous oxide reductase (N,OR) to catalyze conversion of N,0O
to N,.27*! Comparison of Cu—ZSM-S and N,OR provides
insights into the requirements for this conversion and general
strategies for efficient N,O activation.”>™>*

2. MATERIAL AND METHODS

Preparation of autoreduced Cu—ZSM-$ and its reaction with N,O to
generate the [Cu,0]** species were conducted based on previously
published protocols.''****® More specifically, reactions of autore-
duced Cu—ZSM-S and N,O were carried out in a fixed bed reactor
setup under carefully chosen reaction conditions to avoid film and
pore diffusion*' A 0.3 g amount of Cu—ZSM-$ catalyst (with an
average catalyst particle size of 1 ym containing about 1.1 X 107*
mmol of Cu of which about 5—10% is involved in formation of mono-
u-oxo dicopper) is loaded in a reactor (with a reactor volume, 1 cm®).
The catalyst was then exposed to a flow of pure oxygen (2 h at 723 K),
followed by a He treatment overnight at 773 K. Subsequently, the
reactor was cooled to the reaction temperature, ranging from 300 to
373 K, and contacted with a flow of N,O in He (50 cm®/min; 5 vol
%). Computationally, the binding of Cu' centers on lattice oxygens
and the environment of the Al T sites in the ZSM-S framework was
modeled with SiH;-capped lattice oxygens (86 atoms; the model in ref
13 had H caps and 68 atoms) (Figure S1A, Supporting Information)
to avoid artificial Cu'~OH interactions. This model was tested by
addition of another lattice layer (140 atoms) with no significant
change related to the 86-atom cluster presented below (see Figure
S1C, Supporting Information). Two Si T sites separated by two Si T
units within the 10-membered rings of ZSM-S were replaced by Al T
sites to construct 10 possible pairs of fully optimized [Cu,0]*" sites.
The presence of the Al provides the charge compensation for the Cu
and stabilizes the binding of the Cu to the lattice by 20 kcal/mol.
Their corresponding 2Cu' sites were obtained by removing the
bridging oxo and subsequent geometry optimization. Note that 10 of
12 T sites in the asymmetric unit of the MFI framework were replaced
with Al T sites to generate the corresponding mononuclear Cu' sites.
T4 and T10 sites were not included because they are located in the
distorted 6-membered rings inside the wall of the sinusoidal
channel?**** However, these two T sites were included in the
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models for the local environment of the Cu' binding sites. For
geometry optimization and transition state searches, 18 Si atoms were
constrained at their crystallographically defined coordinates.”>** The
relative energies of the different binuclear CuM sites and the
mononuclear Cu' sites (20 total) that make up the 10 binuclear Cu'
sites have been corrected for differences in the strain energies of their
respective lattice environments. The strain energies are evaluated by
calculating the energies of the models without Cu ions and subtracting
these energies from the total energies of the [Cu,0]*", mononuclear,
and binuclear Cu' models. Spin-unrestricted DFT calculations were
performed on these models with Gaussian 09** and the B3LYP
functional.**™* For all calculations, a 6-311G* basis set was used on
the Cu—O—Cu core atoms, the Cu-coordinating lattice oxygen atoms,
and N,O. A 6-31G* basis set was used for all other atoms. We
previously employed an identical theoretical approach in computa-
tional modeling of the spectroscopic features of the bent mono-u-oxo
core in Cu—ZSM-5."> This approach was found to well reproduce the
spectroscopic and thermodynamic properties of the reactive
intermediate. Broken symmetry calculations were performed for all
singlet spin states. Mulliken population analyses*® and Mayer bond
order (MBO) analyses* were performed with QMForge,*® and
vibrations and molecular orbitals were visualized in Avogadro.>*

3. RESULTS AND ANALYSIS

3.1. Nature of Binuclear Cu' Active Sites. As the
[Cu,0]*" site in Cu—ZSM-5 has been spectroscopically
characterized, its spectral features (ie, the symmetric and
antisymmetric Cu—O—Cu vibrational frequencies and the
energy of the oxo — Cu' charge transfer (CT) transition)
allow for experimental calibration of DFT structural models for
investigating the nature of the corresponding binuclear Cu' site
capable of forming the [Cu,0]* species.13 As only one set of
RR vibrations is present, only one [Cu,0]*" species is found in
the N,O and O, reactions. There are 10 possible pairs of
binuclear Cu sites separated by two Si T units within the 10-
membered rings of ZSM-5. From these possible pairs, 10
[Cu,O]*" sites were constructed and geometry optimized.
Their calculated geometric and spectral features are listed and
compared to experiment in Table 1 and Figure S1B, Supporting
Information. The corresponding binuclear Cu' sites were
obtained by removing the bridging oxo and subsequent

Table 1. Comparison between the Experimental and the
Calculated oxo — Cu" Charge Transfer Transition,
Symmetric/Antisymmetric Cu—O—Cu Vibrational Modes,
and Cu—O—Cu Angle of the [Cu,0]*" Core”

reduced form

oxidized form ([Cu,0]*) (Cu"--Cd')
Cl " T @ e W
exp. 139 456/870 22700 2o0r3 4.43
CN
site 1 134 445/855 23159 ILIIT 4.56
site 2 143 426/857 23502 ILIII 5.03
site 3 146 407/784 21693 LI 4.14
site 4 144 417/850 22280 ILIII 5.02
site S 133 447/859 22617 LI 248
site 6 13§ 451/842 22926 IIT,I1T 4.17
site 7 145 415/856 21300 ILIII 5.85
site 8 147 391/860 22 841 LIIT 3.54
site 9 145 419/843 21077 LI 3.57
site 10 145 408/815 22 897 LI 4.76

“Also included are the structures of their corresponding binuclear Cu'
sites.
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geometry optimization as described in the Materials and
Methods. The calculated structures of the 2Cu’ sites are also
included in Table 1 and shown in Figure S2, Supporting
Information. The relative energies of the different binuclear
Cu™ sites have been corrected for differences in the strain
energies of their respective lattice environments (see Materials
and Methods).

All Cu" centers in the 10 [Cu,O]*" sites are bound by two
lattice oxygens of Al T sites with £O;,,—Cu—Oy, bite angles of
~80° (Figure S1, Supporting Information). The range in
relative energies of these triplet [Cu,O]*" sites is ~15 kcal/mol
(Figure 1A, left). Note that both the broken symmetry singlet
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Figure 1. (A) Relative energies of the 10 [Cu,0]** (right) and
binuclear Cu' sites (left) separated by 2 Si T sites. (B) Structures and
relative energies of three representative Cu' binding modes and the
hypothetical mode (IV) in the Cu—ZSM-S lattice. (C) DFT model for
the binuclear Cu' site 6. (D) Spectroscopically calibrated DFT model
for the [Cu,O]** site. Note that the Si atoms are given in gray, and
hydrogen atoms are omitted in C and D for clarity.

and triplet states of the 10 [Cu,O]*" sites were evaluated and
have nearly identical geometries and energies (within 1 kcal/
mol). In contrast to the very similar binding modes for the
[Cu,O]*" sites, which result in their relatively tight energy
range, the binding modes of the Cu' centers to lattice oxygens
are variable. This variability in copper binding results in a large
energy range for their corresponding binuclear Cu' sites (~40
kcal/mol) (Figure 1A, right). To further explore the origin of
the large energy span of the binuclear Cu' sites, the energies of
the mononuclear Cu' sites (20 total; 10 are redundant) that
make up the 10 binuclear Cu' sites were also evaluated. On the
basis of the structures and energies of these mononuclear Cu'
sites, three general binding modes of the Cu' centers to lattice
oxygen are elucidated, with each type of binding mode having a
limited energy range (Figure 1B). Binding mode I consists of
two-coordinate, mononuclear Cu' sites with small bite angles
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(~80°); both ligands are Al T-site lattice oxygens. Binding
mode II consists of three-coordinate Cu' sites. Two ligands are
Al T-site lattice oxygens, while a third is a Si T-site lattice
oxygen. Cu' sites with binding mode III are two coordinate with
more linear bite angles (~149°). One lattice oxygen ligand is
from an Al T site, and the other is from a Si T site. Binding
modes I and II have similar energies and are at least 3 kcal/mol
higher in energy than those of binding mode III. Binding
modes I and III have differences in both the chemical nature of
their lattice oxygen atoms and their bite angle. In order to
decouple these two contributions to their relative energies, an
additional model was constructed (hypothetical binding mode
IV, Figure 1B). In this model, the adjacent positions of Si and
Al in binding mode III were rearranged to construct a model
with two O, donor ligands to one Cu' center. While the bite
angles of binding modes III (10, + 10g) and IV (20,) are
the same, the latter is 11 kcal/mol lower in energy due to the
polarization of the coordinated lattice oxide of the Al T sites.
Binding modes I (£O—Cu—O ~80°) and IV (£0—Cu-0O
~149°) both have the same chemical nature of the lattice
oxygen ligation (20,)). The more linear bite angle of binding
mode IV significantly stabilizes Cu' binding relative to the bent
bite angle of binding mode I by 24 kcal/mol (Figure 1B). The
linear Cu' geometry provided by the ZSM-S lattice is thus
responsible for the significant relative stability of binding mode
III sites. Note that the two strongest Cu—O bonds in binding
mode II have relatively bent bite angles (£O—Cu—O 82—
142°) as compared to binding mode III, which results in their
having higher energies.

From Table 1, we assign the [Cu,O]*' site observed
experimentally to site 6 based on comparison of the calculated
spectral features of the 10 different geometry optimized pairs of
[Cu,O]*" sites and the energies of their corresponding 2Cu'
reduced sites. The oxidized and reduced structures are given in
Figure 1C and 1D, respectively. Specifically, for the [Cu,O]**
core structures, sites 1, 5, and 6 have similar calculated spectral
features that are in agreement with experiment; however, the
reduced site 6 is at least 12 kcal/mol lower in energy than all
other binuclear Cu' sites. This large energy range of binuclear
Cu' sites and the significant energetic stabilization of one
reduced structure over all others would be consistent with
preferential population under autoreducing conditions at
elevated temperature (~450 °C).® As shown in Figure 1D,
the Cu' centers of site 6 are stabilized by two type III binding
modes with a 4.17 A Cu'~Cu' distance, minimizing the
electrostatic repulsion between the two Cu' ions. The Cu—O—
Cu angle of the [Cu,O]*" core in this site is calculated to be
135°, similar to the 139° angle obtained from a normal
coordinate analysis (NCA) of the symmetric/antisymmetric
Cu—O—Cu stretching frequencies and their isotope perturba-
tions. Note that the 2 Al T units of site 6 are located at the
intersection of straight and sinusoidal 10-membered rings
channels. This site has previously been associated with a 540
nm luminescence band and also correlates with the catalytic
activity in NO decomposition.'”>%*>**

3.2. Mechanism of [Cu,0]?* Core Formation from N,0.
The experimental rate of formation of the [Cu,0]** core in the
ZSM-$ lattice from reaction of N,O(,) with autoreduced Cu—
ZSM-5 can be monitored by the growth of its characteristic 22
700 cm ™" absorption band. In order to determine the E, for this
reaction the rate of [Cu,0]** formation was measured at six
different temperatures from 25 to 100 °C. Data were fit to the
Arrhenius equation, where the plot of In(k) against 1/T has a

dx.doi.org/10.1021/ja4113808 | J. Am. Chem. Soc. 2014, 136, 3522—3529
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Figure 2. (A) Apparent (i.e., observed) E, measured from the temperature dependence of the formation of the 22 700 cm™" absorption band upon
reaction of autoreduced Cu—ZSM-5 with N,O ). (B) Calculated reaction coordinate for N,O activation by the binuclear Cu' site 6 via the y-1,1-O
reactant complex.

slope of —E,/RT. The experimentally derived E, for [Cu,0]*"
formation from N,O(g) is thus determined to be 2.5 + 0.5 keal/
mol (Figure 2A; see Figure S4, Supporting Information, for the
In(Abs, — Abs;)/Abs, — Abs;) vs time plots and fits). Note that
the experimental activation energy includes the heat of
adsorption of N,O and is thus an apparent value that is
decreased from the value for N—O cleavage.

As indicated in section 3.1, site 6 corresponds to both the
[Cu,0]*" core associated with the experimental data on the
intermediate and the lowest energy binuclear Cu' site. We
therefore used site 6 to study the reaction of N,O with the
binuclear Cu' site to form the [Cu,0]** core and to correlate to
the experimental E,. Three possible N,O binding modes (i.e.,
7'-N, u-1,1-O, y-1,3-O,N, Scheme 1) to the binuclear Cu' site 6

Scheme 1. Three N,O Binding Modes on the Binuclear Cu'
Center of Site 6

Table 2. Relative Binding Energies and Their 6-Donor/7
Back-Bonding Interactions of the Three N,O Binding
Modes for the Binuclear Cu' Site 6 in Cu—ZSM-5

site 6
binding modes u-1,1-0 n'-N u-1,3-ON
binding energy” -9 -13 —11
E* 2 >60 S
N-N-O angle 178 178 173
o-donor® 7 S S
7 back-bonding” 3 6 9

“kcal/mol. ®The percent contribution of computed N,O bonding
contribution mixed into the unoccupied Cu 4s and 4p orbitals “The

percent contribution of computed Cu 3d orbitals contribution mixed
into the unoccupied N,O 7* orbitals

<p-1,1-0> <u-1,3-O.N> <n!-N>
A N B) ©) 18g
VL2 1730 :

178°N N--N--O 113 N 1780

121 O s ary 2000 N .

0_ 20,0~ 2_5/?98 2441\-‘ ‘-/ 0, \ 0
22 C'{J ----:?—“Cu A S Cu2 2-'}Cu -------- Cuzz‘21
/202 2345 \12'0 / 4.62 / 1 536 o

o % o 0 191 206 O 0204 0}

were evaluated. N,O binding is found to be exothermic in all
cases (Table 2), with a stabilization energy of ~11 + 2 kcal/
mol (9 kcal/mol for the y-1,1-O structure in Figure 2B). The o-
donor and 7 back-bonding interactions between N,O and the
Cu' center(s) can be quantified by (1) the total amount of N,O
occupied molecular orbitals mixed into the unoccupied Cu 4s

and 4p orbitals and (2) the amount of occupied Cu 3d
character in the unoccupied N,O 7* orbitals, respectively. The
o-donor and 7 back-bonding interactions are given in Table 2.
The total ¢/7 contributions are found to be quite similar,
consistent with their similar binding energies.

The PES for elongation of the N—O bond was first calculated
to estimate the activation energy barrier for formation of the
[Cu,0]*" intermediate from each of these N,O binding modes.
Formation of a [Cu,O]*" site via the most stable 7'-N binding
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mode is computationally excluded due the lack of a proper

reaction coordinate to form an oxo bridge to two Cu centers
and the fact that N—O bond cleavage in this model leads to a
high-energy, noncoordinated O~ species (>60 kcal/mol).
Although similar to the y-1,3-O,N binding mode, the calculated
activation energy via a u-1,1-O reactant complex is the lowest
among the three possible binding modes (11 keal/mol, Table 2
and Figure SS, Supporting Information). This gives an apparent

activation energy of 2 kcal/mol (Figure 2B), which is consistent

with the experimental activation energy (Figure 2A). Thus, the
mechanism of the formation of the [Cu,0]*" site from u-1,1-O-
bound N,O will be considered below. The calculated activation
mechanism of the y-1,3-O,N binding mode is similar to y-1,1-
O and given in Figure S4, Supporting Information.

Both singlet and triplet PESs for cleavage of the N—O bond
from the u-1,1-O binding mode were evaluated to determine
the contributions of the different spin states to N,O activation.
At a fixed N—O bond distance of the singlet reactant complex
(dn_o 121 A), the triplet state is 22 kcal/mol higher in energy
and the ZN—N—O is significantly bent (~121° compared to
~178° for the singlet) (Figure 3A). The triplet surface is
dissociative for N—O bond cleavage, and the first crossing point
between the singlet and triplet PESs in Figure 3A is at an N—O
distance of ~1.35 A. However, at this point, ZN—N—O of
singlet and triplet geometries are different (singlet 169°; triplet
125°). Alternatively, there is another crossing point at an N—O

dx.doi.org/10.1021/ja4113808 | J. Am. Chem. Soc. 2014, 136, 3522—3529
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Figure 3. (A) Singlet and triplet N—O cleavage potential energy surfaces for site 6. (B) Transition state geometry on the singlet potential energy
surface. (C) Transition state spin density and Mulliken charge analyses, and representative molecular orbital contour associated with the bonding
between the two Cu centers and of the N,O #* orbital (HOMO-1 of a-spin levels).
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Figure 4. (A) Singlet and triplet N—O potential energy surfaces for site 7. (B) Transition state geometry on the singlet potential energy surface. (C)
Transition state spin density, Mulliken charges, and molecular orbital contour associated with the bonding interaction between the two Cu centers

and N,O 7* orbital (HOMO-9 of a-spin levels).

distance of ~1.55 A. Here, the geometric and electronic
structures of the singlet and triplet models are very similar
(4 N—=N—-O = 122°), and therefore, this corresponds to the
minimum energy crossing point (MEXP). Importantly, the
MEXP takes place after the activation energy barrier on the
singlet surface (Figure 3A, N—O distance ~ 1.55 A, ZN-N-O
~ 124°), and thus, N,O activation proceeds on this surface. A
transition state structure on the singlet surface was obtained
and confirmed to have one imaginary frequency. This transition
state is on the intrinsic reaction coordinate (IRC) to both the
#-1,1-O reactant and the [Cu,0]*" product. In going from the
reactant complex to the transition state, the Cu—Oy;,q bonds
become stronger and more symmetric to the two Cu centers
(reactant complex Cu;—Oyyo 2.5 A, Cu,—Opyo 2.0 A
transition state Cu;—Op,o 1.94 A, Cu,—Opyo 1.84 A) (Figure
3B).
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The change in Mulliken charges on the N,O fragment
(reactant 0.04; TS —0.40; [Cu,O]*" product —0.93) and the
N—O Mayer bond orders (reactant 1.25; TS 0.71; product 0)
demonstrate that the transition state is best described as
involving a one-electron transfer from Cu; to a low-lying #*
orbital of N,O. The reaction is completed by the second
electron transfer from Cu, and cleavage of the N—O bond to
form the [Cu,0]** site and N, (Figure SS, Supporting
Information). Although the bond distances of Oy,o between
two Cu centers are not significantly different at the transition
state, the spin density distribution (Cu; —0.25; Cu, 0.06; N,O
0.22) indicates that the electron is predominately transferred
from Cu, to N,O rather than evenly transferred from the two
Cu centers. This reflects the well-orientated overlap between
the Cu;-occupied 3d orbital and the low-lying 7* orbital of the
bent N,O (£N—N-O = 143°), which can be observed in the
molecular orbital contour (a-orbital HOMO-1) (Figure 3C).
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The bent N—N—O angle preferentially stabilizes one of the
unoccupied N,O 7* orbitals and facilitates the back-bonding
interaction between Cu; and N,O at the transition state.

3.3. Geometric Requirements for [Cu20]2+ Active Site
Formation. Our previous RR study showed that only one
[Cu,0]** site is formed via N,O and O, activation."> As the
binuclear Cu' sites 7 and 4 are only ~12 kcal/mol higher in
energy than site 6, [Cu,0]*" core formation at these sites was
also evaluated. These sites both have one type II and one type
III Cu' center (Figure 1B and Figure S2, Supporting
Information), and N,O preferentially coordinates to the type
II Cu' site in an #'-O or #'-N fashion (ie, nonbridging)
(Figures S6 and S7, Supporting Information). Binding via 7’
coordination rather than bridging in these binuclear sites is
attributed to their longer Cu'—Cu' distances (site 7 5.85 A; site
4 5.02 A). As both sites 7 and 4 have similar energies and a
similar N,O binding mode, site 7 was used to evaluate the
activation energy for N,O formation of the [Cu,0]* core.

Reaction of site 7 with N,O also proceeds along the singlet
surface (Figure 4). On the basis of the Mulliken charge on the
N,O fragment (reactant 0.05; TS —0.49; product —0.88) and
N—O Mayer bond order (reactant 1.27; TS 0.49; product 0),
the transition state again involves one-electron transfer from Cu
to the N,O 7* molecular orbital (Figure 4C and Figure S8,
Supporting Information). However, the calculated E, of site 7
(Figure 4A) is significantly higher than that of site 6 (site 6, 2
kcal/mol; site 7, 16 kcal/mol) and has a later transition state in
terms of N—O bond distance (site 6, 1.46 A; site 7, 1.65 A).
The significantly lower E, for site 6 relative to site 7 is due to
the additional stabilization of the transition state through the
bridged bonding to the second Cu (Figure 3B). However, in
site 7, N,O remains essentially #'-O bound to one Cu at the
transition state (Figure 4B). Note that for site 7 as the N—O
bond distance elongates past the transition state (~2.2 A), the
7'-O oxo atom eventually forms a bridge to the other Cu ion
(u-1,1-O), which results in transfer of the second electron to
form the [Cu,0]*" product (Figure 4A right). The large E, for
site 7 and thus its inability to activate N,O is consistent with
experiment in that N,O reacts selectively with a specific pair of
Cu' ions. Therefore, the lack of additional [Cu,O]** species in
the 10-membered rings of ZSM-5 mainly results from this
kinetic barrier. The large E, prohibits N,O activation via an 7'-
O nonbridged binding mode, which would also be the situation
for any potentially present mononuclear Cu' site or binuclear
Cu' sites with relatively long Cu'—Cu' distances. The
significantly higher activation energy for formation [Cu,0]*"
species from a terminal N,O-bound Cu' center rationalizes the
experimental observations that Cu—zeolites with low Cu/Al
ratios (i.e., fewer Cu—Cu pairs) generate fewer [Cu,O]*" active
cores and have much lower N,O decomposition activity,
irrespective of structural type. In fact, with low Cu/Al ratios
that do not form any [Cu,O]** active core, the activity for N,O
decomposition is indeed zero.'”>% Thus, in Cu—ZSM-S, the
low E, for N,O activation is facilitated by the ability to bridge
the N,O to two Cu' centers. This bridged binding stabilizes the
Cu""—N,0"—Cu' species in the transition state while facilitating
the second electron transfer required for N—O bond cleavage.

4. DISCUSSION

Guided by spectroscopically validated DFT calculations, the
geometric and electronic structural criteria for binuclear Cu'
sites in Cu—ZSM-S$ to activate N,O have been elucidated. The
mechanism of N,O activation and subsequent formation of the
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[Cu,O]** active core have also been evaluated. While three
Cu'/lattice-oxygen binding modes have been identified, site 6,
with two type III Cu' centers (Figure 1B), is the most stable
structure (by >12 kcal/mol relative to other 2Cu' sites) and
should have a significant population among the possible pairs of
Cu' sites within the 10-membered rings of ZSM-S. Site 6 also
has the lowest calculated E, (also in agreement with
experiment) for formation of the [Cu,O]*" core from N,O.
Generation of other [Cu,0]*" sites from higher energy
binuclear Cu' sites was found to be kinetically unfavorable
due to their significantly larger E s (16 vs 2 kcal/mol). This is
due to the longer Cu"+-Cu' distances in these nonreactive sites,
which preclude N, O bridging to both Cu’s in a y-1,1-O fashion.
These results provide both thermodynamic and kinetic rational
for the presence of only one [Cu,O]* site in N,O-activated
Cu—ZSM-S.

The formation mechanism of the [Cu,O]*" site via N,O
activation from the binuclear Cu' site 6 indicates that N,O is
activated along the singlet potential energy surface. The
transition state is described as a one-electron transfer from
one Cu' center into the N,O 7% orbital, which is stabilized in
energy due to its bent N—N—O structure.’’ E, for N,O
activation on a single Cu' center with a terminal #'-O binding
mode is significantly higher, indicating that N,O bridging two
Cu centers is essential for a low E,. Bridging two Cu’s also
facilitates the second electron transfer required for N—O bond
cleavage to form the [Cu,0]*" core.

As mentioned in the Introduction, Cu—ZSM-5 is not the
only system that activates N,O at a multi-Cu center. In biology,
the N,O to N, conversion is a key step in bacterial
denitrification and catalyzed by a tetranuclear Cu cluster in
the enzyme N,OR. Recent research has identified two forms of
the tetranuclear Cu, site: a [4Cu:S] cluster (Cu,*) and a
[4Cu:2S] cluster (Cuy).*”*® A recent study has determined
that Cug* is the catalytically relevant form.>® Two factors give
rise to the high reactivity of the Cu,* cluster in N,OR: (1)
formation of a fully reduced (4Cu') cluster and (2) an open
coordination position on a Cu',Cu'"" edge for reaction with N,O
to form an oxo-bridged product. This important finding, in
combination with the results presented here on Cu—ZSM-5,
allows us to directly compare similarities and differences in the
mechanism of N,O activation as carried out by binuclear Cu'
sites in biological and heterogeneous systems. While both have
2Cu' reactive centers, the donor ligand set in Cu,* involves
protein-derived His residues and an inorganic p,-sulfide, while
in Cu—ZSM-S the Cu’s are bound to either Si—O or Al-O
bonds provided by the zeolite lattice T sites (Scheme 2). As
discussed below, these structural differences result in differences
in the thermodynamic and kinetic aspects of their reaction
mechanisms.

Scheme 2. Product of N,O Reduction by (A) N,OR and (B)
Cu—ZSM-5

A) <Cupg> (B) <Cu-ZSM-5>
1.86.01.83 o)
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Similar to previous studies related to N,OR, the x-1,1-O and
4-1,3-O,N binding modes of the 2Cu' site 6 in Cu—ZSM-5
have similar E;s. °%*"** However, the calculated activation
energy barrier for N,O cleavage in N,OR is significantly higher
than that for Cu—ZSM-5 (Cu—ZSM-S S kcal/mol, N,OR 14
kcal/mol) (Figure S4, Supporting Information). The higher E,
for the Cuy site in N,OR is reflected in the later transition state
in terms of N—O distance and ZN—N—0O angle (N,OR dy_g =
1.9 A;, ZN-N-O = 110% Cu—ZSM-S dy_o = 1.64 A, ZN—
N—O = 120°) (Table 3). The earlier transition state in Cu—

0,

Table 3. Calculated Activation Barrier (E,), Intrinsic Barrier
(AG,"), Thermodynamic Driving Force (AG,,) (kcal/mol),
and Metrical Parameters for the Transition State Geometries
in Cu—ZSM-5 and N,OR (g-1,3-O,N binding mode)*'

4-1,3-ON E, AG*  AGh  dyo@maoy 4N-N-O
Cu—ZSM-5 5 25 -57 1.64 120°
N,OR 14 28 -33 1.90 110°

ZSM-5 results from the larger thermodynamic driving force
(N,OR —33 kcal/mol; Cu—ZSM-S —57 kcal/mol) for oxo
transfer. The increased driving force in Cu—ZSM-S is derived
from the stronger Cu—O,,, bonds in the [Cu,0]*" product
relative to those in oxo-bridged N,OR (d(Cu—0,,,) 1.75 A in
Cu—ZSM-5; d(Cu—0,,,) 1.85 A in N,OR). This is further
supported by their similar intrinsic activation energies (ie.,
corrected for free energy differences between the reactants and
products) (N,OR 28 kcal/mol; Cu—ZSM-S 25 kcal/mol)
obtained from the Marcus relationship.>> The stronger Cu—
O, bonds in Cu—ZSM-S relative to N,OR are due the
differences in the donor ligand sets mentioned above, that is,
the two lattice oxide ligands in Cu—ZSM-S have a reduced
donor interaction with Cu relative to the py-sulfide and
histidine ligands in N,OR (Scheme 2).

In summary, this study demonstrates that Cu' centers in the
ZSM-S framework prefer two-coordinate binding to Al T-site
lattice O’s with a close to linear bite angle. The two Cu' centers
must be close enough to allow N,O to bridge in either a y-1,1-
O or a u-1,3-N,0O structure. These binding modes result in a
low activation energy barrier for oxo transfer and formation of
the [Cu,0]*" site. The geometric and electronic structure
requirements of the binuclear Cu' sites and the formation
mechanism of the [Cu,0]** core in Cu—ZSM-$ provide new
insights into Cu—zeolite sites capable of N,O (and O,)
activation. These insights assist in the development of general
strategies to activate the thermodynamically stable and
chemically inert N,O molecule to reduce its greenhouse
contribution and enable its utilization as a precursor to valuable
chemical feedstocks.
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