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A previously reported density-functional-theory-based model of NO decomposition in Cu-exchanged zeolites
(Schneider, W. F.; et all. Phys. Chem. B997 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«Qu(l)) or an oxidized (Z—Cu(ll)—0O")

state. Three different cluster models are used to study the affinity of ZCu and ZCuO for gaseous molecules
(e.g., NO, NQ, or N;O), 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 2CQ@, via a dioxygen (ZCug)
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 discussiort~1! Proposed mechanisms for reaction 1 have been
Nitrogen oxides-ubiquitous byproducts of combustiofare surveyed elsewherewhile the specifics vary, most involve
diffusion of reactant molecules through the zeolite pores to

key ingredients in a number of undesirable atmospheric . - . . )
processes, such as the generation of photochemical smog an&solated Cu-containing active sites, where the catalytic chem-

of acid rain. Consequently, considerable effort has been Istry occurs. To assess SL,’Ch proposgls, accurgtg microscopic

expended in attempting to control their release, in particular descrlptlons of the active sites and reliable predlgtlons of their

through the use of catalysts that return the oxides to elementalf€activity are required. To date, spectroscopic and other

nitrogen? A variety of catalysts are known to effect this and |aboratory studies have been the primary tools used to infer this

other transformations of nitrogen oxides. Among these, Cu- information; more recently, however, atomistic models have

exchanged zeolites, and in particular-<Z8M-5, exhibit the begun to provide complementary insight into Cu zeolite catalyst

highest known activity for decomposition of NO to the elements chemistry.

(1)? and are also active for the decomposition efON(2)* and In a high silica zeolite such as EZSM-5, exchanged Cu is

the oxidation of NO to N@(3)# The mechanisms of these believed to exist as isolated Cu(l) and Cu{ljons charge
compensated by some combination of framework Al tetrahedral

2NO— N, + 0, 1) (T) site¢® and extralattice species, such as.®*5 Electronic
structure methods applied to simple cluster models of the zeolite-
N,O— N, + 1,0, 2 bound Cu ions have been quite successful in describing both
the binding and coordination environment of Cu ions to the
NO + 1,0, <> NO, ©) zeolite lattice and the structure, thermodynamics, and vibrational

spectroscopy of Cu-bound speclégél” An even more promis-

reactions remain to be fully elucidated, and in particular, in the ing application of these models is to the prediction of chemical

case of reaction 1, have spurred considerable research andcatalytic) reactivity through the calculation of reaction pathways
and barriers, but to date such investigations have been very
* To whom correspondence should be addressed. E-mail: wschnei2@ limited.164¢ Using this approach, we recently propo¥€ch
ford.com. . . mechanism for reaction 1 that involves the successive transfer
T Current address: Department of Physics and Astronomy, University f ion b d inale f K
of New Mexico, 800 Yale Bivd., NE, Albuquerque, New Mexico, 87131~ Of two oxygen atoms to a Cu ion bound near a single framewor

1156. Al. Using the symbol Z to represent a formally monoanionic
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portion of the zeolite lattice, the mechanism can be summarizedincluding NO, N, O, CO, NO, and NQ, followed by
as follows: consideration of a similar series for ZCuO. Next we examine
some reactions of these species with ZCu and ZCuO leading to
ZCu+ 2 NO— [ZCUONNOT — ZCuO+ N,O (4) cleavage of NO and formation of NN and O-O bonds.
Finally, we combine these pieces into a mechanistic model of

ZCuO+ N,O — [ZCUOONNJ — ZCuQ,+ N,  (5) nitrogen oxide chemistry on Cu zeolite catalysts.

ZCuo,— ZCu+ O, (6) [I. Computational Details
Energies and energy gradients were calculated using the
The key catalytic intermediates in this model are ZCu, a Amsterdam Density Functional (ADF) coét.Geometries and
zeolite bound Cu(l) ion, and ZCuO, a (nominally) Cu(ll) ion vibrational spectra were determined within the local spin density
charge compensated by both the zeolite and an extra-latticeapproximation (LSDAJ and the final energies improved by
oxygen. The ability to cycle between these states and thus toperturbative application of Becke exchaRgend Perdew
serve as an oxygen atom shuttle was identified as the keycorrelatio#2 gradient corrections (BP86). In previous studies
function of the Cu centers in the catalytic process. We presentof model Cu clusters, we have found that this approach gives
here a more complete density functional theory (DFT) examina- results very similar to those obtained by the self-consistent
tion of the binding, spectroscopy, and reactivity of nitrogen application of gradient corrections in both the geometry
oxides with ZCu and ZCuO. The results allow us to propose a optimization and energy calculation steps and that it is consider-
reaction scheme that accounts for the observed catalytic activityably more efficient computationally. A valence douldielus
of the Cu zeolites and that is consistent with many experimental polarization Slater-type basis was used for all atoms, save Cu,
observations. for which a doublez s and p and triplé- d Slater-type basis
A central difficulty in applying electronic structure methods was used. The numerical integration mesh parameter, which
to the reactivity of Cu-zeolite catalysts is representation of the determines the approximate number of significant digits in the
active site. ZSM-5, for instance, has a large (288 atom) unit internal numerical integrations in ADF, was set to at least 5.0,
cell containing a small number of nearly randomly distributed and in most cases 6 With these mesh parameters, total
Al T-sites and associated Cu ions. The precise nature of theenergies are converged 0.1 kcal mot! and geometries to
Cu environment, and its relationship to the observed reactivity, <0.001 A. Geometry optimizations were performed in one of
is unknown. A brute force approach to modeling this system two ways: for simpler systems, the algorithms implemented in
is clearly impractical and, given the necessarily limited scope ADF were used directly, while for most of the larger T-site
of such an approach, potentially misleading. In this and previous model calculations, the efficient natural internal coordinate and
work we instead focus on obtaining a correct description of the geometry optimization algorithms as implemented in GAMESS
Cu oxidation state and Ctligand (L) interactions and system- US?>were used. Geometries were converged to maximum and
atically study how these are modified by secondary zeolite root-mean-square gradients of less tharm*land 4 x 107°
coordination. In general, we find that a simple () * cluster hartree bohr?, respectively. Vibrational frequencies were
(i.e., with the zeolite coordination ignored) correlates remarkably obtained by two-sided numerical differentiation of the analytic
well with models containing sophisticated representations of the gradients. In most cases all atoms were varied in the frequency
zeolite. In the present work, in addition to the (Cutlthodel evaluations, but in some the Z model was held fixed to reduce
(18), we examine two single T-site models in which the Cu ion the number of gradient calculations necessary. Test calculations
indicated essentially no difference in the vibrational frequencies
O+ T+ obtained with either method. LSDA harmonic frequencies

L L L .
] ] | generally reproduce the experimental fundamentals of molecules
Cu Sy 4CL.', within a few percent? because this error is small but variable,

HO, :OH HO‘ @H we compare calculated vibrational frequencies directly with

/Si /AI experimental results.
\ \
HO OH HO OH
lll. Results

1a 1b 1c

Small Molecules. The calculated structures and harmonic
is two-coordinated to Si(OH)1b) or Al(OH)4~ (1¢). Previous vibrational frequencies of several key small molecules are listed
theoretical®@band experimental wotR is consistent withalow  in Table 1. The LSDA geometries agree very well with
coordination environment for low valent Cu. These models are experiment. The LSDA harmonic frequencies overestimate the
of a computationally convenient size, provide a reasonable experimental fundamental frequencies by@%, save for NG,
representation of the zeolite coordination, and allow us to in which case vibronic coupling strongly perturbs thenedes?®
consider the effects of an environment ranging from very weakly Mulliken populations and spin densities are reported for
to very strongly electron donating. All three models yield comparison with bound molecules and have unsurprising values.
qualitatively similar results for nitrogen oxide binding and The binding energies reported in Table 1 and elsewhere are with
reactivity and differ quantitatively in chemically sensible ways. respectto hypothetical, spin restricted atoms, and are meaningful
We believe that the use of models such as these, in which theonly when combined to calculate the energies of chemical
coordination environment is varied in a rational manner, is reactions.
ultimately the most efficient and productive route to modeling ~ ZCu Chemistry. Tables 2-4 contain calculated structural,
Cu—zeolite chemistry. energetic, and population data for the bare" GDU[Si(OH)g4],

This paper is organized as follows. The computational and CUT[AI(OH)4"] models, respectively. Each of these is
approach is described in the following section. We then closed shell and formally 8, but the Cu(l) center becomes
examine the binding modes, energetics, and vibrational spec-progressively more electron rich across the series (compare, e.g.,
troscopy of a range of small molecules coordinated to ZCu, the Cu Mulliken charges). During geometry optimization,
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TABLE 1: LSDA Structures, 2 Becke—Perdew Post-SCF Binding Energie$,Mulliken Charge and Spin Densities, and
Vibrational Frequencies of Small Molecule§

Mulliken charges

state BE geometry parametérs (spin densities) vibrational frequerfcy
(0] 3p —35.6
N2 3t —378.5 N-N: 1.099 (1.098) 2408 (2331)
O, DY —220.7 0-0: 1.218 (1.207) 1568 (1556)
CcoO T+ —338.7 C-0O: 1.131(1.128) C: 0.38 2180 (2143)
NO I1 —277.0 N-0O: 1.155 (1.151) N: 0.26 (0.69) 1935 (1876)
0:-0.26 (0.31)
NO, 2A, —413.2 N-0O: 1.197 (1.194) N: 0.81 (0.45) 1a754 (750)
JONO: 133.4 (133.8) 0:-0.40 (0.27) & 1391 (1320)
bp: 1723 (1617)
N,O >+ —482.6 N-N: 1.131 (1.127) N —0.16 . 610 (589)
N—O: 1.181(1.185) N 0.62 ot 1346 (1285)
0:-0.46 o*: 2360 (2224)
NO; 277, —525.7 N-0O: 1.231 (1.240) N: 1.28+0.07) @'": 521 (380)
0:-0.43 (0.36) d: 793 (762)

a': 1132 (1060)
e': 1358 (1492)
a Distances in angstroms, angles in degré&inding energy (kcal mot!) reported with respect to spin-restricted atofisrequencies in cn.
d Experimental geometry and frequency data in parentheses diatomic data from ref. 36; polyatomic data as compiled in ref 25.

chemistry, CO binding to Cu(l) has been used extensively as a
spectroscopic probe of Cizeolite catalysts. Nbinding is
known but less widely studie®2¢ Isoelectronic CO and N
yield linear ZCu(l)-CO and ZCu(l)-N, complexes on all the
ZCu models (Tables-24). CO bonding is accompanied by a
slight decrease in €0 bond length and blue shift of €0
stretch frequency (Tables 1 and 5) and bbnding by an
increase in N-N separation and red shift of \N frequency.
The calculated €0 and N-N separations increase and stretch
frequencies decrease as the Cu(l) center becomes more electron
rich and is better able to back-donateslectron density to the
ligand. The Cd[AI(OH)4~] model reproduces surprisingly well
the experimentally observed Cu(hH® and Cu(l)N-N vibra-
tional frequencies in GuZSM-5. As shown in Figure 2, CO
binds by approximately 40 kcal mdito ZCu, comparable to
earlier predictions for CO on low-coordinate Cul#},while
apolar N binds by only about 25 kcal mol. The CO binding
energy increases with the electron donating strength of the Z
model, while N binding has a smaller component and is less
sensitive to the Z model.

NO binding on Cu(l) in zeolites is well-known experimentally
) and has been studied extensively computatiod&flyzc NO
Figure 1. LSDA structures of ZCu (top) and ZCuO (bottom), forZ binds bent on ZCu, with an unpaired electron localized in an
Si(OH), (left) and AI(OH)~ (right). Open circles represent H atoms. ~ antibonding orbital of NO 2 origin. The bonding can thus be

described as ZCu®)(-N=0) (i.e., with NO as a covalently

CU'[Si(OH),] relaxes to &, structure with a Ct+O separation ~ bound neutral ligand)?? Similar to CO, NO is a strong acid,
of 2.01 A, while the more strongly bound QJiI(OH) 4] adopts and across the model series the-@uibond length decreases,
a slightly puckeredCs conformation with a CtO separation  the N-O bond length increases, the CuNO angle opens up, and
of only 1.92 A (Figure 1). The&s Cut[AI(OH) 4] structure is the N-O stretch frequency shifts to the red, with the=Z
less than 1 kcal mol more stable than &,,-constrained one,  Al(OH)4~ model giving the best agreement with the Cu(l)-NO
and presumably other conformations of similar energy and other vibrational frequency in CaZSM-5. The ZCu-NO bond
or no symmetry also exist. The exact conformation of the T-site Strength is slightly (3-6 kcal mof™?) less than ZC&CO in all
model has essentially no effect on the binding of additional modelsl®® with the smallest difference for electron-rich
molecules, and for computational convenie@asymmetry is ~ CU'[AI(OH)47] (Figure 2).
imposed in all the reported T-site model calculations. The NO also binds O-down on ZCu, yielding a bent structure with
framework structures shown in Figure 1 change very little with an unpaired electron localized on the NO ligand (i.e., ZCu(l)

the addition of extralattice ligands. (0=N-)). The preference for N-down over O-down bonding
ZCu can serve as a coordination center for a variety of gas ranges from 14 to 19 kcal mol across the Z model series,
molecules within a zeolite: with the difference least on the bare'Qon. While the O-down
isomer is unlikely to be long lived, it is likely produced
ZCu+ L <= ZCuL (7) transiently and, as discussed below, may be an important

intermediate in reactions involving O-atom transfer to Cu.
The simplest such adsorbates are the diatomics, including N In addition to the mononitrosyls, NO readily forms dinitrosyls
CO, NO, and @ While not directly relevant to nitrogen oxide = ZCu(NO). In their most stable form, both NO ligands are



TABLE 2: LSDA Structures, 2 Becke—Perdew Post-SCF Binding Energie$,Mulliken Cu d Populations, Gross Charges, and Spin Densities of Bare Cu Models

selected geometry parameters

Mulliken charges

Mulliken spin densities

BE Cud
Cu* 187.6 100 Cu: 1.00
CuO* ¥ 1017 Cu-0O: 1.728 947 Cu: 122 0O: -0.22 Cu: 035 O: 1.65
CuGt SA" —49.0 Cu-O: 1850 G-O: 1.231 CuOO: 118.6 9.77 Cu: 102 0 -011 Q: 0.09 Cu: 020 @ 0.73 Q: 1.07
Cu@?-0y)* By —45.2 Cu-O: 2,010 OO 1.261 OCuO: 36.6 9.75 Cu: 108 O: —0.04 Cu: 017 O: 091
CuNO* A" —1240 CuN: 1.843 N-O: 1.139 CuNO: 128.6 9.73 Cu: 0.87 N: 0.25 —-0.12 Cu: 026 N: 042 O: 0.32
CuON*" A" —-1106 CuO: 1937 N-O: 1.151 CuON: 128.9 983 Cu: 083 O: —-0.28 N: 045 Cu: 021 O: 015 N:  0.64
CuCOf ¥t -189.6 Cu-C: 1.818 C-O: 1.122 CuCO: 180.0 980 Cu: 086 C: 0.43 0:-0.29
CuN;* I+ —-2151 Cu-Np  1.831 N-N: 1.100 CuNN: 180.0 981 Cu: 091 ;N 0.03 N 0.05
CuN,Ot I3t —-325.6 Cu-N;: 1817 N-N: 1.130 N-O: 1.156 983 Cu: 088 N -011 N: 0.53
Oo: -0.30
CuON,* A" —-315.8 CuO: 1.894 O-N:: 1.208 N-N: 1.118 990 Cu: 087 O: —-056 N: 0.73
CuON::  127.1 ONN: —-176.7 N:  —0.04
Cu(®?-NOy)* A’ —244.4  CuN: 1.929 CuOy 2116 Q—N: 1.240 9.74 Cu: 094 N: 0.66 © —-033 Cu 029 N: 0.21 0 031
O,—N: 1.172 QCuN: 353 QNO:2: 134.1 Q: -0.27 Q. 0.19
CuON* B, —240.8 CuO: 1.937 O-N: 1.262 OCuO: 63.0 952 Cu: 1.06 N: 0.66 0:-036 Cu: 038 N —-0.04 O: 033
ONO: 106.6
CuONO* 2N’ —250.5 CuOs 1.856 Q—N: 1.248 N-Oy 1.166 982 Cu: 091 © -049 N: 0.84 Cu: 005 © 0.22 N: 0.41
CuON: 1191 QNO2 128.9 Q: -0.26 Q. 0.32
CuNG;*+ B; —375.7 CuO: 1939 O-N: 1.286 N-O: 1.177 9.60 Cu: 110 N 1.24 O: —049 Cu: 034 N —-0.04 O: 0.28
OCuO: 66.1 CuON: 91.6 ONO 1246 o —-0.35 c: 013
Cu(NO)* 1A;  —434.0 CuN: 1.936 N-O: 1.142 CuNO: 117.8 966 Cu: 0.76 N: 0.29 0O: -0.17
NCuN: 95.3
CuONNO* SA"  —409.6 CuO; 1862 Q—Ni 1204 N-N: 1.930 984 Cu: 088 ©O -042 N: 0.24 Cur 012 @ 0.35 N:  0.85
N2—0O: 1.127 N:  0.45 Q: —-0.14 N 0.37 Q: 0.30
CuONi: 1221 QNiN2:  107.6  NNO»: 111.3
[CUONNOH* A" —-380.1 CuO; 1.766 Q—Ni: 1.605 N-N: 1.181 961 Cu: 102 © -047 N: 0.08 Cu: 024 @ 093 N:  0.07
(linear) N—O2: 1.173 Q 027 N: 0.65 Q: 045 N 0.31
CUOlN1: 111.9 QN1N2: 109.7 NN202: 159.5
[CUONNOH*  2A" —=374.9 CuOp 1770 Q—Ng  1.651 N-N: 1.174 960 Cu: 102 © -044 N: 0.10 Cuu 025 @ 101 N:  0.03
(cyclic) Cu-02 2979 Q—Nz 1.181 Q -034 N: 0.66 Q: 040 N:  0.31
CuONi: 1209 QN:N2:  109.9 NNO;: 156.1
CuONz:  79.1 OCuO: 73.9
[CUOONNf*  3A"  —361.9 Cu-Op 1779 GO-O: 1552 Q—Ni: 1.397 964 Cu: 103 © -036 @ -020 Cu: 022 @ 0.83 Q. 041
(linear) N —Na: 1.132 N: 0.46 N:  0.07 N: 0.10 N: 044
CuO00O,:  109.7 QOzNi: 117.0 ON:N;: 1384
[CUOONNf*  3A"  —-359.0 CuO; 1.855 O-O: 1.604 Q—-Ni: 1.272 957 Cu: 102 © -027 @ -016 Cu: 035 @ 0.9 Q:  0.17
(cyclic) N—N: 1.172 N—Cu: 2.003 N:  0.52 N:  —0.11 N:  0.03 N: 051
Cu0Q0,  103.8 QO,N;: 111.7 QN;Nz:  130.0
CuO--ONO" 2A" —3421 CuOp 1719 Q-Ox 2.094 Q—N: 1.157 956 Cu: 098 © -053 Qi -028 Cu 022 @ 101 Q: -0.02
N—0Os: 1.153 N: 1.09 @ —0.26 N: -013 Q: -0.08
Cu00O,: 1182 QO:N: 118.0 QNOs: 149.2
[CUOONOM*  2A" —331.8 Cu-Op 1762 Q-0Ox 1594 GQ—N: 1.305 960 Cu: 106 © -039 O -021 Cu 022 @ 071 Q: 0.08
N—0Os: 1.159 N:  0.80 @ —0.27 N: —-0.04 Q: 0.03
CuO00O,;  111.0 QO:N: 1175 QNOs: 125.5
CuOO--NOt 2A" —-364.1 CuOp 1832 Q-Ox 128 Q—N: 1.948 978 Cu: 092 © -027 @ -010 Cu: 006 @ 0.46 Q: 0.50
N—0Os: 1.110 N:  0.56 @ -0.10 N: —-001 Q -0.01
Cu00,; 1123 QON: 975 ONOs3: 102.0

aDistances in angstroms, angles in degré&inding energy (kcal mot') reported with respect to spin-restricted atoms.

salljoaz pabueyox3-nD Aq pazAered sapixQ usboniN

G69®B6T ‘6T "ON ‘20T 'IOA ‘g "wayd 'sAud °r



TABLE 3: LSDA Structures, 2 Becke—Perdew Post-SCF Binding Energie$,Mulliken Cu d Populations, Gross Charges, and Spin Densities of Z Si(OH), Models

other selected geometry parameters

Mulliken charges

Mulliken spin densities

BE Cu—-O¢° Cud
ZCu* 1A,  —-1024.7 2013 SiOg 1.694 QCuG: 72.6 994 Cu: 0.67
ZCuO* SA"  —1124.2  1.992  CuO: 1.698 9.38 Cu: 098 O: —0.39 Cu: 045 O: 147
ZCuGot SA"  —1263.5 2.021 CuO;: 1804 O-O: 1.244 CuOQ: 118.7 9.66 Cu: 081 ;O —0.15 Q: 0.00 Cu: 024 @ 0.74 Q: 1.00
ZCu@?-Oy)™* B; —1264.8 1.993 CuO: 1939 G-O: 1.280 OCuO: 386 960 Cu: 0.89 O:-0.13 Cu: 029 O: 0.83
ZCuNO* 2A'  —1336.0 2.005 CuN: 1.767 N-O: 1.158 CuNO: 1399 963 Cu: 0.72 N: 0.16 0:-0.22 Cu: 0.09 N: 054 O: 0.37
ZCuON* A" —1320.3 2.015 CuO: 1.840 O-N: 1.172 CuON: 1325 972 Cu: 070 0O:-034 N 031 Cu: 003 O: 021 N:  0.77
ZCuCOf 1A;  —14035 2.013 CuC: 1.778 C-O: 1.129 CuCoO: 180.0 9.70 Cu: 061 C: 0.40 0:-0.34
ZCuN;™ 1A;  —1428.6 2.011 CuN;:  1.784 N-N: 1.104 CuNN: 180.0 9.70 Cu: 0.66 ;N 0.03 N:  —0.03
ZCuN,O* 1A; —1535.4 2.025 CuNy:  1.790 N-N: 1.130 N-O: 1.167 9.74 Cu: 063 N —-0.07 N: 047
O: -0.36
ZCuON* 1A;  —1523.2 2.035 CuO: 1894 O-N: 1.201 N-N: 1.122 983 Cu: 061 O: —053 N: 0.71
CuON::  126.2 ONN: 177.4 N —0.10
ZCu(@*NOy)* 2A" —14616  1.997 CuN: 1.904 N-O:: 1.260 N-Oz 1180 961 Cu: 077 N: 061 © —-039 Cu: 034 N: 0.20 O 0.26
1996 CuOu: 1996 QCuN: 373 QNOx 1295 Q. -035 Q: 0.14
ZCuON* B, —1462.1 1985 CuO: 1933 O-N: 1.266 OCuO: 716 946 Cu: 087 O:-042 N: 0.58 Cu: 046 O: 0.23 N: —0.03
ONO: 107.6
ZCuONO* A —14614 1923 CuO;: 1814 Q—N: 1.257 N-Oz 1175 966 Cu: 073 O —-050 N: 0.76 Cu: 017 © 0.22 N:  0.34
2.180 CuG@Ni 1198 QNOx 1264 Q: -031 Q: 0.26
ZCuNGs* B, —1597.7 1.984 CuO: 1934 O-N: 1.287 N-O: 1.181 950 Cu: 090 O: —0.53 N: 1.19 Cu: 044 O: 021 N: —0.03
OCuO: 66.4  CuON: 914 ONO 1246 O —-042 O: 0.07
ZCu(NOY* 1A; —1636.3 2.046 CuN: 1.894 N-O: 1.153 CuNO: 1243 960 Cu: 0.63 N: 0.24 0:-0.22
NCuN:  89.5
ZCuONNO* SA"  —16153 2.034 CuO; 1.833 Q—N;: 1.203 N-N: 1851 975 Cu: 069 O -041 N: 0.21 Cu: 010 @ 0.38 N:  0.73
N,—O2:  1.141 N:  0.39 Q: -0.20 N 0.42 Q: 0.36
CuON;: 1245 QNN 107.6  NNO,: 110.9
[ZCUONNO'* 3A" —15952 2.000 CuOp 1745 Q—-Ni 1.625 N-N: 1178 949 Cu: 087 O -053 N: 0.03 Cu: 036 @ 0.86 N:  0.01
(linear) N>—O2:  1.183 N:  0.60 Q. —-0.34 N 0.31 Q: 0.40
CUOlN1: 158.6 QN1N2: 63.7 M_NzOz: 124.3
[ZCUOONN'* SA"  —15758 2.003 CuOp 1751 O-O: 1540 OQ—Ni 1360 951 Cu: 088 © —-043 O —-024 Cu: 033 @ 071 Q: 0.26
(linear) N—N: 1.145 N: 0.43 N:  —0.01 N:  0.12 N:  0.52
Cu00,: 1101 QO.Ni: 1140 ON;Nz: 1355
ZCuO+-ONO* 2A" —1552.0 2.008 CuO;: 1716 Q-0 1901 Q-N: 1189 947 Cu: 095 O —-056 Qi —-031 Cu: 034 @ 0.89 Q: -0.03
N—0Os: 1.169 N:  0.95 @ -0.33 N: —-0.16 & -0.10
Cu00,: 108.7 QO:N: 111.1 QONOs:  136.8
[ZCUOONOT* 2A" —1549.1 1992 CuOp 1740 Q-Ox 1.621 GQ—N: 1275 947 Cu: 090 O —-046 Q1 —-024 Cu: 035 @ 0.59 Q: 0.02
N—0Os: 1171 N: 0.76 @ -0.33 N: —-0.03 G 0.01
Cu00,: 108.1 QO-N: 115.2 QNOs 125.1
ZCuOO-NO* 2A" —1570.1 2.022 CuO; 1801 Q-0Ox 1299 Q-N: 1854 965 Cu: 078 O —-030 G —-015 Cu: 018 @ 042 Q: 0.36
N—0Os: 1.121 N: 051 @ -0.16 N: 0.01 Q@ 0.01
CuQ0,: 1184 QO,N: 99.1 QNOs: 103.4

aDistances in angstroms, angles in degré&inding energy (kcal mot') reported with respect to spin-restricted atofSu-framework oxygen distance.
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TABLE 4: LSDA Structures, 2 Becke—Perdew Post-SCF Binding Energie$,Mulliken Cu d Populations, Gross Charges, and Spin Densities of Z AI(OH) ;- Models

other selected geometry parameters

Mulliken charges

Mulliken spin densityes

BE Cu—O¢° Cud
ZCu A" —11574 1925 AFOs  1.852 QCuQ:= 85.9 9.87 Cu: 0.50
ZCuO SA" —1271.2  1.924  CuO: 1.693 9.33 Cu: 094 O: -054 Cu: 051 O: 1.28
ZCuG, SA""  —1400.9 1934 CuO; 1.785 O-O: 1.262 CuOO: 1212 955 Cu: 0.80 O -021 Q: -0.10 Cu: 0.33 @ 070 Q: 0.89
ZCu(?-0y) A" —1406.3 1.920 CuO: 1937 G-O: 1.301 OCuO 39.2 951 Cu: 0.87 0O:-0.20 Cu: 0.37 O: 0.75
ZCuNO 2A" —14729 1920 CuN: 1.734 N-O: 1.174 CuNO: 1479 953 Cu: 0.72 N: 0.08 0:-0.31 Cu: 0.07 N: 057 O: 0.37
ZCuON A" —14543 1.929 CuO: 1.808 O-N: 1.186 CuON: 137.2 960 Cu: 0.69 O:-0.39 N: 0.9 Cu: —0.03 O: 0.23 N: 0.82
ZCuCO A" —1537.0 1925 CuC: 1.749 C-O: 1.141 CuCO: 1799 959 Cu: 059 C: 0.33 0:-0.41
ZCuN, A" —1561.0 1.927 CuNi  1.756 N-N: 1.112 CuNN: 179.7 960 Cu: 0.63 ;N —-0.01 N: -0.11
ZCuN,O A" —1663.7 1.938 CuNi  1.770 N-N: 1133 N-O: 1183 9.64 Cu: 061 N -0.07 Nz 042
CuNN: 178.2 NNO: 179.8 O: —-0.43
ZCuON, A" —1648.9 1.949 CuO: 1.904 O-Ng: 1.196 N-N: 1130 9.77 Cu: 054 O: —053 N: 0.69
CuON 1249 ONN: 178.7 M —0.17
ZCu@*NO,) 2A —1604.8 1.899 CuN: 1.863 N-Ou: 1.262 N-Oq: 1.196 952 Cu: 0.76 N 0.54 © —-043 Cu: 041 N: 014 © 0.21
1932 CuOp 2120 QCuN 36.2 QNOx 126.1 Q: -043 . 0.07
ZCuON 2A"  —1610.1 1.913 CuO: 1.968 O-N: 1.264 OCuO: 634 943 Cu: 082 0:-048 N: 052 Cu: 0.49 O: 013 N: —0.01
ONO: 109.7
ZCuONO A —1598.8 1.886 CuO: 1802 Q—N: 1.294 N-Oz 1190 952 Cu: 076 © -054 N: 061 Cu: 0.34 © 020 N: o0.18
1.974 Cu@N: 1212 QNO; 1198 Q: -0.40 Q: 0.12
ZCuNG; 2A" —17447 1912  CuO: 1.965 O-N: 1.283 N-O: 1194 946 Cu: 087 O: —-056 N: 1.154 Cu: 048 O: 014 N: —0.02
OCuO: 65.7 CuON: 91.0 ONO 12338 O -0.49 O: 0.04
ZCu(NO) AT —1769.2 1.949 CuNp; 1859 N—-Op 1.164 CuNO; 1269 948 Cu: 066 N 0.20 Q: -0.28
Cu—Nz 1.876 N—0O; 1166 CuNO, 126.2 N:  0.17 Q: —-0.28
NCuN: 88.2
ZCuONNO SA"  —1743.4 1935 CuO; 1.804 Q—Ni  1.214 N-N: 1669 959 Cu: 073 O -043 N: 0.8 Cu: 0.24 @ 037 N: 047
N,—O,:  1.168 N: 031 Q: -0.29 N: 043 Q: 042
CuON;:  129.8 QNiNz:  109.8 NNxO,: 113.8
[ZCUONNOF °2A" —1736.7 1921 CuOp 1746 Q—-Ni 1.653 N-N: 1170 940 Cu: 088 O -059 N: 0.01 Cu: 044 @ 075 N: -0.02
(linear) N2—O3: 1.196 N:  0.54 Q: —0.42 N: 029 G 0.32
CuONi:  106.4 QN;Nz:  110.3 NNOx 155.5
[ZCUONNOF  3A" —1717.3 1.921 Cu0O;: 1.754 Q-0 1.544 Q—Ni: 1334 942 Cu: 089 © -049 Q@ -027 Cu 041 @ 054 O 014
(linear) N—N: 1.157 N: 0.39 N:  —0.10 N: 014 N: 0.57
Cu00;: 1085 QONi:  112.0 QNN 133.9
ZCuOO-NO 2A" —1702.0 1926 CuO; 1789 Q-0Ox 1.331 QO—N: 1675 950 Cu: 083 © -037 Q: -019 Cu: 0.33 @ 032 G 014
N—0Os: 1.144 N:  0.44 @ -0.26 N: 0.03 @& 0.03
CuO0,: 113.4 QO:N: 103.7 QONOs:  107.9

aDistances in angstroms, angles in degreeBinding energy (kcal mol) reported with respect to spin-restricted atofmSu-framework oxygen distance.
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TABLE 5: Selected Experimental and Calculated (LSDA)
Stretching Vibrational Frequencies (cnm?) for Nitrogen
Oxides on Cu"

models
bare Si(OH) AI(OH)4~ exptl
CuCOf Cc-0O 2263 2212 2138 215r16C¢
CuNO*" N-O 1911 1881 1817 1810181%
CuN;* N—N 2387 2350 2288 229521564
Cu@>0)t 0-0 1354 1308 1247
CuGt 0-0 1433 1411 1346
Cu(NO)* N—Oasym 1927 1901 1844 1824827
N—Osym 1854 1773 1717 172473%
Cu@>NOy)™ N=O 1739 1696 1633 16191635+°
N-O 1228 1205 1235
CuONO* N=0 1739 1689 1613 16111643
N—-O 1190 1115 965
CuON+ NO,asym 1309 1321 1319 136Qa350¢
NO; sym 1025 1124 1212
CuN,O* N—N 2479 2453 2402 223022459
N—-O 1441 1402 1345
CuNG;*+ N-O 1608 1673 1657 15761607f
NO;asym 1169 1193 1245 1304310
NO,sym 1001 1014 1035
[CUONNO'* TS-linear  647i  581i 526i
TS-cyclic  610i
[CUOONN'* TS-linear 1001i  855i 657i
TS-cyclic  642i
[CUOONOH* TS-linear 1031i  482i

aSee ref 16¢° References 10a,d Reference 6dd Reference 7b.
e Reference 11b.Reference 379 Reference 5a! Saddle point.
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Figure 2. BP86 binding energies for a variety of adsorbates on ZCu.

N-bound to tetrahedral Cu to form a weakly coupled five-
membered ringd) which can be described in terms of the dative

0--0
I\
N N

bonding of singlet-coupled (N@jo ZCult The triplet-coupled

Schneider et al.

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:

ZCu+ 2 NO—ZCu(NO),—~ ZCu+N,+ 0, (8)

ZCu+ 2 NO— ZCu(NO), =~ ZCuO+ N,O (9)
Previous theoretical studies found no evidence for direct routes
for reactions 8 or 9 on a Cu cen#éf:e

While O, bonding to ZCu has been postulatadd desorption
of molecular oxygen observed in temperature programmed
studies?® direct spectroscopic evidence for ZCu@mains
lacking. We have identified two £binding modes of compa-
rable energy, the side-on, peroxide-like ZG4(Q,) (33), similar

o)
o\:/o cla’/
Cu Cu
/N 4d =
HO_ OH HO_ OH
lT' /T\
HO ©OH HO OH
3a 3b

to that reported by Trout et a,and the end-on, superoxide-
like ZCuG; (3b). Precedents for the latter bonding mode exist
in the homogeneous chemistry of Cu(l) complexes with bulky
polydentate ligands, while the former is more typical of
dinuclear Cu complexes. Both isomers have triplet ground
states, and adsorption only slightly increases theOOsepara-
tion, suggesting a ZCu®O, (or ZCu(l)-73-0,) bonding
description. The Cu center is more strongly oxidized by O
than by the other diatomics considered here, as indicated by
the large Cu Mulliken charges and spin densities (Tabte$)2
and the bonding is better represented as a hybrid of Z€u(l)
0O, and ZCu(ll)-O,~. In the bare Cti model, the bidentate
isomer Cuf?-O,)" is a saddle point 4 kcal mol higher in
energy than Cug. In the T-site models, in which the higher
Cu oxidation state can be stabilized by square planar coordina-
tion about Cu3ais lower in energy thadb by 1 and 5 kcal
mol~1 for Cut[Si(OH),] and Cu[AI(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 Z£uO
The range of @binding energies, from 16 to 28 kcal mé|
(Figure 2), is somewhat greater than the low-temperata89Q
°C) molecular @ bonding energy inferred from experiment (11
kcal moi1),28 but is consistent with the reversible adsorption
of O, under mild conditions. The calculated Z@eO—0) and
ZCuO-0 stretch frequencies are strongly red-shifted compared
to that of free @ 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.

system has essentially the same structure but is several kcal The triatomic adsorbates,® and NQ exhibit an even greater

mol~! less stable. The second NO binds to ZCuNO by 33, 23,

and 19 kcal mol! on bare Cd, Cuf[Si(OH)4, and
CU'[AI(OH) 4], respectively, showing a relatively strong

variety of coordination modes than the diatomics.,ON
preferentially binds N-down and linearly on all the ZCu models,
forming ZCu(I)-NO. Bonding to electron-rich CAI(OH) ;7]

dependence on Z model and, by inference, on the electronis relatively weak, and the structure of the bound ligand differs

density at the Cu center. Both symmetric and antisymmetric little from gaseous BD.

In going to less electron rich

NO stretch modes are observed for the dinitrosyls, and as shownCut[Si(OH),] and bare Cu, the ZCu-N,O bond energy
in Table 5, the splitting and absolute frequencies are well increases and the NN and N-O bond lengths decrease,
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reflecting enhanced donation of antibonding electron density
from the ligand to the Cu(l) center. These trends are strong
and opposite those found for the diatomics, and as a resia, N
cannot be placed unambiguously in a Z&ubond energies
series: for example, a Cuion has a higher affinity for BD
than for N,, while for Cut[AI(OH)4~] the opposite is true
(Figure 2). Coordination to ZCu blue shifts both the-*N”"
and “N—Q” stretching modes, from 40 (C{AI(OH)4]) to 120
cm~1 (Cu") for the former, compared to an observed blue shift
of 6—21 cnT! for N,O adsorbed in CuZSM-5 (Table 5). The
absolute N-N stretch frequency is overestimated by upward
of 150 to 250 cm?, comparable to the error observed for free
N2O in the LSDA (Table 1).

N20 can also bind O-down and beriCuON ~ 125°) on
ZCu to produce ZCuON This isomer is 16-15 kcal moi?

less stable than the N-down form, and like the latter, binds most

strongly to bare Ct. Like O-down NO, O-down BDO 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 ZENO, are possible,
including the bidentate O-bound ZCul®(4a) and side-bound
ZCu@*>-NO,) (4b), and the monodentate O-bound ZCuONO

(40). N-bound (ZCuNG@, 4d) is a true minimum energy
(')' 0. .0
,N\ - ‘y ’N QN
O\" /O O\\}\j : f;l
Cu Cu Cu Cu
/ \ U \ U \ / \
HO_ OH HO_ OH HO_ OH HO_ OH
s s s s
HO ©H HO ©OH HO ©H HO OH
4a 4b 4c 4d

structure only in the bare Gumodel; in the T-site models with
no symmetry constraintgd relaxes without barrier tdb. We
focus here on the first three isomers.

The NG ligand is as strongly oxidizing asxOas 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-21). The charge transfer is
greatest in the symmetrically coordinated ZGNOisomer,
which, like ZCug?-0,), is stabilized in the T-site models by

J. Phys. Chem. B, Vol. 102, No. 19, 1998699
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Figure 3. Schematic molecular orbital diagram for CuO

isomers 5 and 11 kcal mol higher in energy, respectively.
The CU[Si(OH)4] model is an intermediate case, in which the
difference in energy between all three isomers iskcal mol™.
Based on these results, we expect the ZgNi@nd ZCug?-
NO,) isomers to be the most stable in Cu-exchanged zeolites,
with ZCuONO more likely existing as a short-lived intermediate.
A number of bands in the vibrational spectrum of Ni® Cu-
ZSM-5 have been assigned to bound JNénd these bands are
consistent with those predicted here for ZGNCGand ZCug?
NO;) (Table 5). The spectroscopic evidence is complex,
however; and the assignments must be viewed with caution.

Finally, we note that Trout et df.have also examined the
structures and stabilities of Cu-bound péx the LSDA level
using a more complex Z model most resembling [Bi(OH) 47].
Surprisingly, they find the N® geometry to be essentially
unchanged from that of gas-phase N@gardless of binding
mode, and they calculate vibrational frequencies qualitatively
inconsistent with those reported here or expected for an NO
ligand?® Further, they predict the relative stability to be
ZCuO,N > ZCuNG;, > ZCuONO, with energy differences in
each case of 15 kcal mdl 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’dusing Z models similar to
theirs. We believe the results reported here more correctly
represent N@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

square planar coordination about the Cu center. This chargebound species are in reasonable agreement. Relative affinities

transfer lengthens both-NO bonds compared to free NGand
produces a marked red shift of the asymmetric,[$@etch and

of ZCu for adsorbates have been calculated and are shown in
Figure 2 for all the adsorbates discussed above, pht fidr

a weaker red shift of the symmetric stretch. The charge transfercomparison, ordered by the binding energies obtained using the

is also large in the side-on bound Z@G&NO,) isomer. The
Cu—N interaction is favored over the €O one, producing a

Cu'[AI(OH) 47] model. Adsorbates with a large dipolar com-
ponent to bonding, or that strongly oxidize the Cu center, show

highly distorted square planar coordination about the Cu centerlarge variability in binding energy, while more covalently bound

in the T-site models, with the CGtO framework bondransto
the Cu—N bond significantly shorter than the other. The Cu-
bound O-N bond is lengthened and the free—® bond
shortened, and both NO stretches are slightly red-shifted,
compared to free N® Finally, the Cu oxidation is least in the

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 ZCd. As shown by the molecular orbital diagram
for the parent Cu® (Figure 3), the CuO interaction is highly

ZCuONO isomer, and the bonding in this case can be understoodcovalent, with bothr andsr components that strongly mix Cu-

in terms of the Lewis description ZCufO—N=0; the N-O
bond is lengthened and strongly red shifted, while threQN
bond is shortened and slightly blue shifted.

The relative stabilities of these isomers is sensitive to the
local Cut environment (Figure 2). The CuONGsomer is most
stable in the electron-poor bare Coodel, with the Cu(gN)™
isomer 8 kcal moi! higher in energy and the GgA-NO,)"
isomer a saddle point between CuON@nd CuNQ*. In
contrast, in the electron-rich C[AI(OH)4~] model the ZCuGN
isomer is lowest in energy, with ZCg-NO,) and ZCuONO

and O-based orbitals. Double occupation of the level
produces a triplet ground state with a short (1.728 A) and strong
(50 kcal moft) Cut—0O bond. The corresponding open-shell
singlet is about 15 kcal mol higher in energy. Additional
coordination (by, for example, Si(Oklpr Al(OH),~) 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(l)—O~ and ZCu(I)-O(P), with the former resonance
becoming progressively more favored with increasing Z donor
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0 ZCuO + NO ZCuO+ NO < ZCu+ NO, (12)
to reaction 11 is likely quite small, but overall energetics clearly
o ZCu + NO, favor the products over reactants, most so for barg, Gut by
g 25+ 23 kcal mot! even for Cd[AI(OH)4~]. From the catalyst
= perspective, ZCuO can be reduced by NO to ZCu; equivalently,
< NO can extract an GP) atom from ZCuO to form N©
8 -50 — ‘ R ZCuO is also able to add N@o produce the nitrate ZCuNO
% PR (reaction 12), which has a chelating struct@and equivalent
Ao, 0
75 | R T oo ZCu0 +NO, —> ZCu, N-O (12
ZCuONO °
Figure 4. Potential energy surfaces for the reaction of ZCuO with Cu—O bonds. NQ@radical is unstable in the gas phase and is
NO. a strongly oxidizing ligand, producing in this case high charges

and spin densities at the Cu center (Tablegl2 ZCuNG; can
strength. EPR spectroscopy has been used extensively tahus be described as a hybrid between ZCullDs;+ and
examine the oxidation state of Cu ions in active catafffsts!#2° ZCu(Il)-NOs™, with the latter predominating. Reaction 12 is
It is important to note that, because of the presence of two calculated to be exothermic by 64, 60, and 60 kcal Thébr
unpaired electrons on adjacent centers, the EPR spectrum obare Cu, Cut[Si(OH)4] and Cu[AI(OH) 47], respectively. As
ZCuO is unlikely to be comparable to that of isolated Cu(ll) shown in Table 5, the terminal NO stretch frequency is
ions, and in practice may be unobservable. Care must beinsensitive to Z and is predicted to occur in a range similar to
exercised in using EPR as a probe of catalyst oxidation state.that observed in experiments; the N&symmetric stretch is

As shown in Figure 1, the ZCuO structures differ little from more sensitive to Z, but is consistently lower in energy than
those of the corresponding ZCu. The Z6D bond shortens  bands assigned to this mode in-€ZSM-5.
and increases in strength (to 64 and 78 kcal Thébr Z = ZCu < ZCuO Transformations. To this point we have
Si(OH), and Al(OH),~, respectively) with added coordination. ~ described a variety of ZCuL intermediates either known or likely
Because of its large binding energy, direct desorption 8Pp(  to be produced in Cu-exchanged zeolites. A number of these
from ZCuO is unlikely to be an important reaction pathway. Play important roles in catalytic nitrogen oxide chemistry. A
The calculated CuO stretch frequency ranges from 640 (Gu  convenient way to analyze this chemistry is in terms of a
to 725 (CU[Si(OH)4]) to 743 cnT (Cut[AI(OH) 47]). A band coupling between a nitrogen oxide transformation and a formal

at 935 cntlin the infrared spectrum of oxidized GZSM-5 O atom transfer to or from Cu (reactions 13 and 14, with the O
has been assigned to a Cu-extralattice O vibraffanore likely

this band is associated vibrations of the zeolite lafiic€inally, ZCu+ O(CP) < ZCuO (13)

we note that Trout et dF have also reported calculations for .

ZCuO, but apparently only considered a singlet, which we do ZCuO+ O(D) <> ZCuG, (14)

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.

atomic state chosen to conserve electron spin). The oxidation

of NO to NG, (reaction 11 and Figure 4) is one such example;

the NO decomposition cycle (reactions—@) is another.

o Because ZCu is readily recovered from ZGuy desorption

ZCu0+L —=  ZCu. (10) of O,, ZCu, and ZCuO are seen to be the key intermediates in
L these transformations. Both reactions 13 and 14 are exothermic

in the forward direction and thus provide a thermodynamic

Bare CuO does bind species such as, NO, and NO, but in driving force for a coupled nitrogen oxide reaction; further,
each case the+Cu—0O angle is close to 180and additional through this coupling, reaction pathways can be opened up
zeolite coordination at the Cu center destroys the-Cbonding. which are otherwise energetically inaccessible. The net driving
For example, a structure like that shown in reaction 10 has beenforce of either reaction is a function of Z: Cu oxidation in
proposed as the product of the addition of NO to ZCéizand reaction 13 is promoted by good electron donor environments,

the N-O stretch frequency of “ZCuO(NO)” has even been while Cu reduction in reaction 14 is promoted in poorly donating
assigned to a particular band in the infrared spectrum of NO environments. In well-functioning catalysts, the coordination
on Cu-ZSM-5.* We can find no evidence for a stable species environment of an exchanged Cu ion within a zeolite may adjust
with ZCuO(NO) connectivity, but find in this and all relevant  during the course of a reaction to take advantage of these effects.
additions to ZCuO that the O center is directly involved in the A good example of these principles is the reaction of two
binding. We focus here specifically on the additions of NO NO molecules to produce#® and an OP) atom. Combining
and NG to ZCuO; other transformations of nitrogen oxides on this reaction with reaction 13 vyields reaction 4, which is
ZCuO are discussed in the following section.

We considered above the reaction of N@ith ZCu to ZCu+2 NO—>[ZCuONNO]*—'ZCuO+ N,O (4)
produce various ZCuNfisomers. The same products can be
formed by the addition of NO to ZCuO. The addition can be predicted to be exothermic by between 15 (bare’)Cand 42
envisioned to occur via an initially formed ZCuONO intermedi- (Z = AI(OH)4") kcal moll. The existence and nature of a
ate, which can subsequently isomerize or decompose. As showmmicroscopic pathway from reactants to products is not obvious.
in Figure 4, both routes to ZCuONO are barrierless and when It is apparent that, if a transition state (TS) connecting reactants
combined provide a pathway for exchange of affRp@tom and products exists, it must incorporate the simultaneous
between ZCu and NO (reaction 11). The entropic contribution formation of both N-N and Cu-O bonds. We identified four
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Figure 5. Potential energy surfaces for the reaction ZE2 NO — -40 7
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. . . o Figure 6. Potential energy surfaces for the reaction ZCt®I,0 —
candidate transition states meeting these criteria and located eachcy + 0, + N,.

on thelA"" energy surfaceba—d, with the atoms forming BD

3ZCu + N,O
O\N _0 150
/N—N\ N N N_ _O
o - s N2 i
“o 1 7T 9.
Cu Cu Cu cu” g
é é é % g 50 | 1ZCuO + N,
]
5a 5b 5¢c 5d ©
highlighted). In general, the cis linear BB is lowest in energy, 0 2O T N.O
with the transbc, the hyponitrite5a, and the four-membered : 37Cu0 + N,

cycle 5d successively less Sta_b|e- The structures and energiesrigure 7. Schematic singlet and triplet potential energy surfaces for
of 5b in all three models are included in Tables 2-4, and the the spin-forbidden reaction ZCGt N,O — ZCuO+ N,. Excited states

frequency along the reaction coordinate reported in Table 5. shown are lowest energy states that preserve orbital symmetry.
The three models give remarkably similar results for the TS
structure, with the NN bond nearly fully formed and NO molecule approaches the ZCuO site from the side and is rather
bond nearly completed cleaved. substantially bent, the new-@D bond is partially formed, and
As shown in Figure 5, the TS is actually lower in energy the Ne—O bond is lengthened by about 0.2 A along the way to
than separated ZCt 2 NO, reflecting the existence of at least being cleaved. The barrier height is lowest (19 kcal Tpl
one intermediate on the pathway leading to it. Using intrinsic and overall energetics most favorabte47 kcal mot) in the
reaction coordina (IRC) following, the entrance to the TS ~ €lectron-poor bare Cumodel. Both the barrier and overall
is found to be ZCuON-NO adduct with a large NN energy become progressively less favorable in the more electron-
separation-essentially a monodentate version of the O-down fich Cu*[Si(OH),] (31 and—35 kcal mot, respectively) and
dinitrosyls reported previousty!®which is most likely formed ~ CU[AI(OH)47] (36 and—26 kcal mot*, respectively) models.
by the addition of NO to ZCUON. Reaction 4 is thus predicted RC following reveals a simple reaction coordinate, with the
to proceed via formation of an activated O-down nitrosyl TS leading backward to separated reactants and forward to free
ZCuON, which reacts with a gas-phase NO in an ElBydeal N2 and end-bound £ O, desorption recovers ZCu (Figure 6),
process, passing first through the adduct and TS before reachingVith the overall ZCuO— ZCuQ, — ZCu conversion ranging
productsi®d Neither ZCuNO nor ZCu(NQ)appears to play a from thermoneutral (Z Al(OH),4~) to exothermic by 31 kcal
direct role in this reactivity. While the ZCuON formation Mol (bare C). _ _ _
energy is essentially constant in all models, the relative stabilites A seemingly more likely pathway for reducing@®to Nz is
of the adduct and TS track in opposite directions, so that the direct O atom transfer to ZCu (reaction 15). The net reaction
adduct is most stable and reaction barrier the greatest for bare .
Cut and the adduct least stable and barrier the lowest for neutral ZCu+ N,O—[ZCuON]" —~ZCuO+ N,  (15)
CUu'[AI(OH)4~]. Better estimates of the energetics await more
sophisticated calculations. It is clear from these results that anenergy is reasonable, ranging from 18 (bare"Cio 5 (Z =
energetically accessible route to reaction 4 exists, but not Si(OH)) to —10 kcal mot? (Z = Al(OH),™), but the reaction
involving the intermediates traditionally invoked. is spin forbidden, requiring the conversion of!D) from N>O
Conversion of NO to N, is in principle possible by coupling  into OGP) on ZCuO. Figure 7 contains an approximate state
to either reaction 13 or 14. We consider the transfer of dDy(  correlation diagram for the Z Al(OH)4~ case, which shows
atom from NO to ZCuO first (reaction 5), since this reaction that the separations of the singlet and triplet surfaces in the
reactant and product geometries (160 and 60 kcal-Hol
ZCuO+ N,O— [ZCuOONN]t —ZCuGQ,+ N, (5) respectively) are quite large. Conceptually, the pathway for such
a reaction is in part on the singlet surface and in part on the
is spin-allowed. Again several related transition states can betriplet, with the “transition state” the lowest point of intersection
located on théA' energy surface. The lowest energy TS has of the two; the probability of transferring from one surface to
a shape akin t®b (see Figure 6 and Tables-2): the NO the other is controlled by spirorbit coupling. The crossing
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Figure 8. Potential energy surfaces for the reaction ZCtIO, — . . . ; ., .
ZCuQ, + NO. Figure 9. Combined reaction scheme. “ZCuONO” refers generically

to all NO, isomers, which are presumed to be interconvertable.

point and spir-orbit coupling parameter for the related spin- . . . , L
forbidden dissociation of YD into N, + OCP) have been studied mol . resp_ectlvely). These interactions tend to diminish in
in some detaif2 A similarly detailed study is beyond the scope ImPortance in the neutral model. Thus, while both ZG#ONO

of the present work. We have performed manual searches fordnd ZCUOCG--NO intermediates are implicated f9r Cand
the lowest energy point of intersection of the singlet and triplet CU'[Si(OH)4], only the latter exists for CYAI(OH),], desta-

surfaces of [AI(OH) JCUONN, varying both the GO and biIiZ(_ed by~15_ kcal_morl. As a result, _the TS connecting the
O—N separations while keeping the other coordinates fixed at WO intermediates in the Cuand CU[Si(OH)] models does

reasonable values. To maintain the necessary control over0t xist in the CU[AI(OH)47] one, and the formation of
electronic configurations, the search was restrictedCto ZCuOO-NO from ZCuO+ NO, in the last case occurs without
structures. An intersection 40 kcal mélabove the reactants ~ Parrier (Figure 8). _

was located, 18 kcal mot lower than that found in the 4D On the basis of these results alone, we cannot infer the
study3? As expected from the crude state correlation diagram, Molecular details of reaction 16 within a €aeolite catalyst.
the crossing is closer in structure to products than reactants, agiegardless of the details, reaction 16 is expected to be facile,
was found in the BO dissociation cas& A more thorough  given that the intermediates and transition states are lower in
search, in particular including reduced symmetry structures, may €nergy than the reaction endpoints in all models.

yield a lower energy intersection yet. These results are sufficient ] ] ]

to conclude that the barriers to reactions 15 and 5 are !V. Discussion of Catalytic Cycles

comparable; the efficacy of spirorbit coupling in reaction 15 As the molecular binding results show, both ZCu and ZCuO
will dictate how well it competes with ZCuO for 0. form a variety of stable complexes with gas-phase nitrogen
We_ considered above _the addition of pNt© Z_CuO to form oxides, such as ZCuNO, ZCuR®, and ZCuNQ. These
the nitrate ZCuN@ (reaction 12). An alternative channel for  .ympjexes are expected to be long-lived at ambient tempera-
this reaction is the transfer of an ) atom from NQ to ZCuO tures, but at higher temperatures will tend to thermally dissoci-
(reaction 16 and Figure 8), presumably proceeding through @46 freeing ZCu and ZCuO to participate in the reactions
described above. The detailed kinetics of these reactions are
ZCuO+ NO, <> [ZCuOONO[ < ZCuG, + NO (16) complicated by factors outside our models, such as the effect
of the pore confinement on the gaseous species and the
peroxy nitrite. The reaction is spin allowed and in our models efficiency of energy redistribution between the active site and
ranges from somewhat exothermie X4 kcal mot? for bare bulk lattice. We focus instead on the qualitative implications
Cu") to slightly endothermic{7 kcal mot for Cu[AI(OH) 47)). for Cu—zeolite catalysis. Figure 9 contains a reaction scheme
Reaction 16 provides the only example explored here in which which summarizes all the reactions discussed here. As we show
the potential energy surface changes qualitatively with cluster below, the scheme can be used to rationalize the stoichiometric
model. The results are presented in Figure 8 and Tablels 2  catalysis of reactions-13. Further, the scheme emphasizes the
We searched th&\" surface for transition states for the O atom central role of direct and indirect (via ZCuPDconversions
transfer, and for Ctiand Cu[Si(OH)4], we located structures  between ZCu and ZCuO intermediates, and makes evident the
resembling5b (Figure 8 and Tables 2 and 3). The two TSs potential complications arising from competition between paral-
have similar geometries and electronic structures, the forming lel reaction pathways.
O—0 and cleaving N-O bonds 1.6 and 1.3 A long, respectively, NO Decomposition. Stoichiometric NO decomposition
and the Cu oxidation states closer to ZCuO than Z€uhe (reaction 1) is the most important and most speculated upon of
TS energies lie below both reactants and products, and furtherthe nitrogen oxide reactions catalyzed by Cu-exchanged zeolites.
searching reveals even lower energy intermediates both in thelt is described within the reaction scheme by successiv&N
entrance to (ZCu©-ONO) and exit from (ZCuO®B-NO) the (path a, reaction 4) and-€0 (path e, reaction 5) bond forming
TS (Figure 8). These intermediates, like the ZCu©NO reactions®d yielding first NO and a Cu-bound O atom, then
intermediate identified in reaction 4, arise from relatively long- N, and Cu-bound @ While both reactions need not occur on
distance radicatradical interactions which are most pronounced the same Cu center, the zeolite may promote the overall reaction
in the cationic models (e.g., the dissociation energies of by restricting the diffusion of gas-phase;® from ZCuO,
CuQO"--ONO and [Si(OH)]CuOO*---NO are 53 and 30 kcal increasing the probability of their further reaction. Both bond-



Nitrogen Oxides Catalyzed by Cu-Exchanged Zeolites J. Phys. Chem. B, Vol. 102, No. 19, 1998703

forming steps have moderate barriers in the forward (clockwise forbidden transfer of an O atom from,® to ZCu (path c,

in Figure 9) direction but much larger in the reverse, indicating reaction 15). The resultant catalytic cycle, obtained by travers-
that under moderate reaction conditions both steps should occuiing the two paths in a clockwise fashion in Figure 9, is similar
irreversibly. NO is observed to be formed when NO is passed to that previously advanced for Cu-exchanged zeolites, based

over Cu-ZSM-5 at low temperature®;33 consistent with the
N—N bond forming step occurring more readily than the @
bond forming one.

Within this model, N-N bond formation is accommodated
by a single, isolated Cu(l) ion, in agreement with both
photoluminescenéé and X-ray® spectroscopic evidence, and
occurs by successive addition of two NO to the Cu(l) site.

on kinetic measurements 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. ,@lso
inhibits NO decomposition in Cu-exchanged zeolites effect
which again can be accounted for by its effect on the ZCu/
ZCuQ, equilibrium.

Paths ¢ and e provide alternative pathways for the conversion

Previous experimental and theoretical studies have implicatedof N,O to N,, and the two are expected to compete in

either the mononitrosyl ZCuNO or the dinitrosyl ZCu(N@)s
the reactive intermediate for reactior #1 contrast, our results

functioning catalysts. The relative importance of the two is
difficult to assess based on our results; within the limitations

indicate that Cu and O centers must be adjacent for reaction toof our models, the two have roughly comparable barriers, with
occur, and that this adjacency is most likely accomplished via the former symmetry forbidden and thus further kinetically
a metastable isonitrosyl, ZCuON. Some workers have suggestedmpeded. Cu-ZSM-5 activity for NO decomposition requires
that two proximal Cu(l) ions are necessary to catalyzeNN somewhat higher temperatures than does NO decompo3f#tton,
bond formation, either to producelnd Q directly? (reaction suggesting that path e is favored over path c in this catalyst.
17) or to produce BD, with the remaining O atom shared NO Oxidation. NO oxidation (reaction 3) differs from
reactions 1 and 2 in that it has a moderate equilibrium constant

2ZCuNO—2ZCu+ N, + O, (17) over the temperature range of practical interest (300 to°6)0
with the equilibrium shifting progressively toward reactants with
2ZCu+ 2 NO— Z;[CuOCu]+ N,O (18) increasing temperatufé. Cu—ZSM-5 is known to catalyze the

approach to this equilibriurh. From a mechanistic viewpoint,

it is most convenient to discuss reaction 3 in the reverse. In
proposal is unlikely based on our earlier studies of dinitrosyl this direction, the reaction proceeds in a manner analogous to
chemistry®e While we cannot rule out the participation of two  that of NO or NO decomposition: two O atoms are succes-
ZCu centers in BO formation, we have demonstrated that two sjvely added from two N@to a ZCu site, the first addition
are not necessary. We are currently investigating the formation producing ZCuO and one NO (path b and reaction 11) and the
of Z;[CuOCu] from ZCuO+ ZCu to gain further insight into  second generating ZCu@nd a second NO (path d and reaction
these Cu dimers. On basis of the results for reaction 4, however,16) via a “ZCuOONOQO” intermediate or transition state. A

if reaction 18 does occur, it will proceed via an isonitrosyl-like similar mechanism has been proposed for NO oxidation in the
intermediate. Finally, others have proposed thatNNbond absence of a catalyst, with ZCu replaced by the second®™NO.
formation occurs via an intermediate like “ZCu(NO)(BOor Neither catalyzed path is predicted to have an appreciable
“ZCuN2Oy3", which decomposes to yieldINO,, and ZCuGh4.10a activation barrier, and in fact the unligated ZCu and ZCuO
We have not explicitly considered the higher nitrogen oxides endpoints are the highest energy points along these pathways.
in this work, but it is difficult to envision a pathway by which The most important consequence of the NO oxidation
such a decomposition could occur. Our experience with the chemistry is its potential interference with other cycles between
unstable “ZCuO(L)" coordination mode (reaction 10) suggests ZCu and ZCuO. Within the Cu cluster models, liberation of
that highly coordinated, highly oxidized sites are unlikely 0O from two ZCuO sites (reaction 19) ranges from highly
intermediates.

The O-O bond-forming step in the stoichiometric NO
decomposition mechanism involves reaction of a bound O atom
(ZCuO) with N,O to produce bound £(ZCu(,). Oy is then exothermic 49 kcal moi? for bare Cd) to slightly endo-
desorbed to regenerate ZCu (reaction 6). This ability to cycle thermic (7 kcal mot! for Cut[AI(OH) 47]), with a significant
between oxidized (ZCuO) and reduced (ZCu) sites by successiveentropic driving force at elevated temperatures. While Cu
O atom transfers, with the concomitant liberation of, @& dimers may mediate reaction 19 in some circumstances, it is
central to all the mechanisms proposed here. Similar proposalsnot clear how two O atoms can be combined from two well
have been advanced in the paatkey contribution of this study  separated Cu centers. The NO oxidation pathways b and d
is a molecular characterization of the oxidized and reduced statesprovide one possible explanation: if these two are followed in
and identification of pathways between the two. While reduced parallel rather than in a cycle, the result is the NO catalyzed
“ZCu” and oxidized “ZCuQ” states in Cu-exchanged zeolites transport of O atoms between ZCuO sites (i.e., NO catalysis of
are fairly well established experimentally, further experimental reaction 19) and a short-circuit of the more desirable decom-
work is needed to verify the existence angll&bility of ZCuO,. position chemistry. A similar mechanism may also account for
Inhibition of NO decomposition by excess,®% can be the observed “autoreduction” of Cu catalysts during thermal
explained within this scheme by its effect on the equilibrium treatment, catalyzed by NO or possibly by other O atom
between ZCu and ZCuO O, may modify the reactivity in more  acceptors, such as HO (to form KO
subtle ways connected with the NO/M@quilibrium, which The degree to which NO decomposition is affected by
we discuss below. reaction 19 will be determined by the latter's equilibrium

N>O Decomposition. The description of stoichiometric D constant and rate. We expect the equilibrium to shift toward
decomposition (reaction 2) within the proposed reaction schemethe right and to be approached more rapidly at higher temper-
also rests upon a ZCu/ZCuO cycle driven by successive O atomatures. A distinguishing feature of both the catalytic decom-
transfers. One step is shared with the NO decomposition position and selective catalytic reduction of NO is the dropoff
mechanism (path e, Figure 9), while the other is the symmetry- in activity above an optimal temperatieA possible explana-

between the two Cu as SgCuOCu]” (reaction 18¥. The former

2 ZCuO< 2 ZCu+ O, (19)
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tion for this behavior is that, as the temperature increases, (2) (a) Shelef, M.Chem. Re. 1995 95, 209. (b) lwamoto, M.;
reaction 19 outcompetes the® intermediates (path e) for the gggf‘df\' 1"'95?%2“;‘;33’1991 10, 57. (c) Centi, G.; Perathoner, Sppl.
avallablg Z,C,UO sites, 3“}{“‘“9 off the NO. catalysis. E.X(.:ess (35 (a) Kapteijn, F.; Rodriguez-Mirasol, J.; Moulijn, J. Appl. Catal.,
O, may inhibit decomposition in the opposite way, by driving B 1996 9, 25. (b) Kapteijn, F.; Marban, G.; Rodriguez-Mirasol, J.; Moulijn,
reaction 19 to the left, and outcompeting paths a and c for ZCu. J. A. J. Catal. 1997 167, 256.

One suggestion for the role of hydrocarbons in promoting the ___(4) Shelef, M.; Montreuil, C. N.; Jen, H. WCatal. Lett. 1994 26,

selective catalytic reduction of NOs to offset this effect of (5) (a) lwamoto, M.; Yahiro, H.; Mizuno, N.; Zhang, W.-X.: Mine,
0O, and to restore a desirable balance between reduced andy.; Furukawa, H.; Kagawa, §. Phys. Chenl992 96, 9360. (b) Iwamoto,
oxidized sites. Some experimental evidence is available to M. Yahiro, H.; Tanda, K.; Mizuno, N.; Mine, Y.; Kagawa, S. Phys.

i 5 Chem.1991, 95, 3727.
support this modet: (6) (a)Li, Y.; Hall, W. K. J. Phys. Cheml99Q 94, 6145. (b) Li, Y.;

Hall, W. K. J. Catal. 1991, 129 202. (c) Hall, W. K.; Valyon, JCatal.
V. Conclusions Lett. 1992 15, 311. (d) Valyon, J.; Hall, W. KJ. Phys. Chem1993 97,
1204. (e) Valyon, J.; Millman, W. S.; Hall, W. KCatal. Lett.1994 24,

We have presented here a microscopically detailed model for 23 () Jang, H.-J.; Hall, W. K.; d'ltri, J. LJ. Phys. Chem1996 100

Cu-exchanged zgolite catalytic a_ctivity towz_;\rd nit_rogen oxides_. (7') (a) Larsen, S. C.; Aylor, A.: Bell, A. T.; Reimer, J. A. Phys.
Because the Cu ions are essentially chemically independent inChem.1994 98, 11533. (b) Aylor, A. A.; Larsen, S. C.; Reimer, J. A.;
these catalysts, we employ a cluster description, focusing onBell, A. T. J. Catal. 1995 157, 592. (c) Trout, B. L.; Chakraborty, A. K.;
: . . . : Bell, A. T. J. Phys. Chem1996 100, 17582.

the chemistry of a single, isolated ion. This approach has a (8) (a) Shelef, M Catal. Lett. 1992 15, 305. (b)
number qf important advantaggs: the models we use are small  (9) (a) Lei, G.-D.. Adelman, B. ‘].;’%ny’ J.: Sachtler, W. M. H.
and readily tractable computationally, so that a wide range of Appl. Catal. B1995 5, 245. (b) Beutel, T.; S&ény, J.; Lei, G.-D.; Yan, J.
chemistry can be investigated at a reliable level of theory; the Y-?(i%dzt')e'rl_w- g"-t'_"-J(-:PhéS-l C'I‘e”i_g%,vlloass“?- o Zecchina. A
H f : H . a amoperti, ., Salvalaggio, ., Spoto, ., Zecchina, .
influences on _the _ChemlStry _are ex_ammed In _a SySFematlc Geobaldo, F.; Vlaic, G.; Mellatreccia, M. Phys. Chem. B997, 101, 344.
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e RS, ; ; carano, D.; Zecchina, Aatal. Lett.1 13, 39. poto, G.; Bordiga,
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We use three different coordination models: bare™Cu  Faraday Trans1995 91, 3285.
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