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The reaction mechanism for the decomposition of nitrous oxig®}Mn hydroxylated and dehydroxylated
binuclear oxygen bridged extraframework iron sites in Fe-ZSM-5 has been studied using density functional
theory. The results show that if two charge exchange sites in the zeolite are in close proximity, two isolated
dihydroxylated iron sites readily form an oxygen bridged iron site while releasing water. Different mechanisms
for N,O decomposition were examined on these hydroxylated binuclear iron sites. The activity foxGhe N
decomposition on these sites is low. At elevated temperatures, water desorbs from hydroxylated sites and
N0 is readily decomposed on dehydroxylated iron sites. The rate-limiting step in the reaction path is N
dissociation. The overall activity of the,® decomposition on binuclear iron sites is qualitatively the same

as that on isolated, single iron sites reported previously by Heyden &t Bhys. Chem. B005 109 1857).

More important than the nuclearity of the iron site (mono- or binuclear) for the activity of Fe-ZSM-50n N
decomposition is the influence of small amounts of water in the reaction system on the nature of the iron site.
As in the case of isolated, single iron sites, only the dehydroxylated binuclear iron sites show a significant
activity for NoO dissociation, while the hydroxylated sites are virtually inactive.

Introduction Given the diversity of the Fe-containing sites present in Fe-
ZSM-5, it seems reasonable to use theoretical methods as a
complement to experimental methods in order to obtain a clearer
view of what types of Fe sites might be involved i
rdecomposition to Bland Q, and the mechanism by which this
ﬁrocess occurs. Important progress has been made recently in
two comprehensive theoretical studies of the mechanism and

kinetics of NO decomposition on isolated, single extraframe-

The application of microporous materials as catalytic hosts
for transition metals has become an important area from the
viewpoint of environmental catalysls3 Special attention is
addressed to iron-exchanged ZSM-5 because these materials al
very active for the catalytic decomposition and catalytic
reduction of NO emitted from industrial waste strearfisThe
state of iron in Fe-ZSM-5 is strongly depenqlent on the method work iron sites in the absente? and presence of N&Y.18 It
of iron exchange, the level of Fe exchange (i.e., t_he F?/AI ratio), was found that MO decomposition is first order with respect
and the pretreatment of the as-exchanged material. It is therefore[O N,O concentration and that water impurities in the gas stream
not surprising that different research groups report experimentalhave a strong inhibiting effect. The proposed reaction mecha-
findings, which seem inconsistent with one another concerning nisms together with the rate .coefficients calculated for each

el of e sl Ste e e fle i 2 of ' clmentary step were bl (0 explain and rprocuce vaious
2 p : transient and steady-state experiments.

have been proposed as the principal activesiteand either h avi . fh Kd b d
N,O dissociation or @desorption have been suggested as the _ | € Presentstudy is an extension of the work done by Heyden
et al1217to binuclear oxygen bridged iron sites. The formation

rate-limiting step in the overall process oL®I decomposi- .
tion.10-15 An extensive review on the preparation and charac- of such complexes is proposed for over-exchanged Fe-ZSM-5
prepared by the sublimation technig®& as well as upon

terization of Fe-ZSM-5 catalyst materials is given by Heijb%er. A f d by other rd6@e2
In this study, an effort is made to relate the methods of catalyst 2ctivation treatments of Fe-ZSM-5 prepared by other r :

preparation to the iron species produced and their role i/ NO For binuclear Fe-complexes, a number of molecular active site

N2O removal and selective oxidation. A conclusion of this work
is that it seems impossible at present to prepare a Fe-ZSM-
sample that contains exclusively a single active iron species.
Moreover, no single experimental technique is capable of
defining the structure of active sites unambiguously.
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structures have been proposed, compensatingg ontwvo lattice

50harge§.4 This study focuses on the investigation of

Z [-OFeOFeG-]?*Z" sites (Z represents the charge exchange
sites in the zeolite), which were proposed by Chen and
Sachtler EI-Malki et al. 26 Marturano et al?’ Cik et al.28 and
Starokon et af? There are very few quantum chemical studies
on binuclear Fe complexes serving as active site models in
zeolites?®33 and only in the work of Yakovlev et & were
parts of the zeolitic framework included in the cluster model.
In the latter study several catalytic cycles of theONdecom-
position on a binuclear Fe complex are discussed from a
thermodynamic point of view. Neither activation energies nor

10.1021/jp065574q CCC: $37.00 © 2007 American Chemical Society
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Figure 1. Active site model, Z[HOFeOFeOH{*Z~, for the NO
decomposition in Fe-ZSM-5.

rates of elementary reactions were reported and spin-surfac

to analyze the energetics and kinetics of th©Necomposition
on hydroxylated and dehydroxylated binuclear oxygen bridged
extraframework iron sites. It is demonstrated that the formation

of such complexes occurs readily if two charge exchange sites

in the zeolite are in close proximity. Of particular interest was

to examine whether single or bi-/oligonuclear iron sites are more

active for decomposition of }D. In addition, we determined
the rate-limiting step in the )0 decomposition on binuclear
iron sites and the order of the reaction. We illustrate how the
nature of the active site and the associated reaction mechanis
change with temperature. Finally, we studied the influence of
antiferromagnetic coupling of the two iron centers on the
reaction mechanism of the-N decomposition. In the present
work, we introduce a detailed reaction mechanism for th® N
decomposition on binuclear iron sites. In a companion paper
we will report the rate parameters for all elementary processe
and use them to simulate the® decomposition under various
conditions.

Computational Details

As noted in the Introduction, this study focuses on the
investigation of Z[-OFeOFeO4"Z~ complexes. Therefore, two

e
crossing was not considered. It is the aim of the present study
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B3LYP/TZVP level of theory. The resulting coordinates for the
terminal H atoms were then held fixed throughout all subsequent
calculations while all other coordinates were allowed to relax.
The Si atoms at the T9 and T12 positions were substituted by
Al atoms. The present cluster model is similar to the one of
Yakovlev et aB® The two models differ only in the methods
used to determine the fixed atom positions. Yakovlev &8 al.
first optimized the SiH distances of the terminal hydrogen
atoms for the ZKH model and then kept the positions of these
atoms frozen in all subsequent calculations. As a result, the
cluster model used in the present work resembles the crystal-
lographic structure of ZSM-5 more closely than the cluster
model used by Yakovlev et &.Nevertheless, it is noted that
this subtle difference in the two models is not expected to affect
electronic energy differences significantly.

Calculation of the ground state energy of a binuclear metal
cluster by density functional methods is complicated by the spin
coupling of the unpaired electrons in the metal cerfter$.The

spin coupling parameter can be calculated using the original
broken-symmetry approach proposed by Noodleman through
the following equatiorf®

Bus — Egs= =255 @)

Here S and S are the total spins of the two interacting
aramagnetic centers. The first energy telnys, corresponds

o the high spin solution and the second dag;, to the broken-

symmetry solution, a single-determinant wave function \&th

= 0 and opposite spins at the two paramagnetic centers.

Equation 1 was shown to give accurate results for self-interaction

free methods$? For DFT calculations not corrected for the self-

' interaction error, the following nonprojected approach was
Sdemonstrated to give accurate coupling constefits.

Eus — Egs= (2SS, + S)J )

Equation 2 was used in the present work to calculate coupling
constants for the binuclear oxygen bridged iron site.
The representation of the open-shell low spin coupliMg (

Al substituted T-sites in close proximity are required to charge = 1) of the two iron centers by a single determinant method
balance the active site. The Al distribution in Fe-ZSM-5 has like DFT usually gives a heavily spin contaminated wave
been the subject of several theoretical studies using statisticalfunction, which makes the results questionable especially for
method&*-38 and quantum chemical calculatio{s#? Accord- energetic§? As a consequence, it is necessary to apply a
ing to Rice et af’ 5T rings are the preferable exchange sites multireference method; however, this is impractical for the
for Fe cations in Fe-ZSM-5. Goodman et3&inoted that the system sizes studied in this work. Therefore, if the reaction
open ZSM-5 channel structure favors Al pairs that lie along mechanism is not influenced by antiferromagnetic coupling it
one side of a channel wall rather than across a channel. Quantunis computationally more practical to ignore the antiferromagnetic
chemical calculations have revealed that Al substitutes prefer- nature of the system and to perform spin-unrestricted open-
entially at T9 and T12 position. Combining these findings, an shell calculations for ferromagnetically coupled high-spin
inter-ring bridging structure consisting of two adjoining 5T rings states® In the present work, the catalytic cycles for the
where in one ring the T9 and in the other ring the T12 site is decomposition of MO on binuclear oxygen bridged iron sites
substituted by Al was used in the present work as model of the were determined using spin-unrestricted open-shell calculations
catalytically active site. We note, though, that since the for ferromagnetically coupled high spin states. For the most

distribution of framework Al during zeolite synthesis may be
controlled kinetically rather than energetically, as concluded by
Han et al4® a number of other possible binuclear structures
may also be present in Fe-ZSM-5.

The catalytically active center and a portion of the zeolite
framework are represented by a-3411 atom cluster consisting
of a pair of 5T rings sharing an edge (see Figure 1). All Si

relevant reaction steps additional broken-symmetry calculations
have been carried out to study the influence of antiferromagnetic
coupling on the reaction mechanism of thgONdecomposition
and to validate the ferromagnetically coupled high-spin calcula-
tions. As mentioned above, all reported results for antiferro-
magnetically coupled states are subject to large spin contami-
nation. We obtained numbers for the expectation vael

atoms were placed in their crystallograpic positions as reportedranging between 3.9 for ground states and 4.9 for transition

by Olson et af* The Si~O bonds not belonging to the 5T rings
were replaced by terminal SH bonds oriented in the direction
of the former Si-O bond. The SiH bond length was set to
1.487 A, which is the optimized bond length for SiHt the

states, far away from the correct vallgs + 1) = 0, for a
singlet state.

For the ferromagnetically coupled high spin states quantum
chemical calculations of the geometry and potential energy
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TABLE 1: Geometries and Imaginary Frequencies of the Transition States in NO Decomposition on Ferromagnetically
Coupled Binuclear Oxygen Bridged Iron Siteg

elementary step Ruv (A) Rvo (A) ONN'O (deg) w (cm™h)
Z [HOFeOFeOH'(ON;)Z~ — Z [HOFeOOFeOH}'Z~ + N 1.10 1.61 153.4 690
Z [HOFe(ONy)_FeOH}'Z~ — Z [HOFeO_FeOH'Z~ + N, 1.14 1.38 137.4 502
Z [HOFeO_(NO)FeOHP*Z~ — Z [HOFeO_OFeOHI'Z~ + N, 1.13 1.42 136.9 613
Z [FeOHFEOH} (ON,)Z~ — Z [OFeOHFeOH*Z~ + N, 111 151 145.0 820
Z [OFeOHFeOH{*(ON,)Z~ — Z [OOFeOHFeOH}*Z~ + N, 113 1.50 131.3 810
Z [FeOFe}(ON,)Z — Z [FeOFeO}'Z~ + N, 1.13 1.43 136.7 619
Z [FeOFeO}*(ONy)Z~ — Z [OFeOFeO1"Z~ + N, 1.12 1.46 137.7 710
Z [FeOFe} (ON,)Z~ — Z [OFeOFe}Z~ + N, 1.13 1.44 136.7 650
Z [OFeOFe}*(ONy)Z~ — Z [OFeOFeO}'Z~ + N, 1.13 1.45 137.6 754

aThe connectivity of the atoms is assumed to be'GIN

minima were performed for spin potential energy surfaces with was used for the transition state searches. Minimum potential
spin multiplicity Ms = 7 to 11, using gradient-corrected spin energy structures on the seam of two PESs were determined
density-functional theory (DFT). To represent the effects of with a multiplier penalty function algorithm (see Heyden etal.
exchange and correlation, Becke’s three-parameter exchangend Heydeff for details). Converged minimum energy crossing
functionab* together with the correlation functional of Lee, point structures had a maximum energy difference between both
Yang, and Parr (B3LYPYwas used with a very fine numerical PESs of less than 16 Ha.

grid size (m5)p® The B3LYP functional has proven to be

effective for a number of reactions involving iron oxide Results and Discussion

molecule$%0 leading us to conclude that a DFT-B3LYP

approach can also be used successfully to investiga@ N 'h€ nuclearity of the active site in Fe-ZSM-5 for the
decomposition on binuclear oxygen bridged iron sites in decomposition of BO is still a matter of active debate in the

Fe-ZSM-5. Basis sets at the triplelevel with polarization literature. While it has been proposegl thatdifferent preparat-ion
functions (TZVP) were used for all atoms including irdn. ar_1d pretreatment methods produce dlfferen_t kinds of active sites,
Electronic energy differences were found to be converged with Pirngruber et at? have observed that differently prepared
respect to the basis set size. All calculations were carried outZ&0lites show qualitatively similar catalytic behavoir inQ\
using the TURBOMOLE V5.7 suite of prografisin C; qlecpmposmon. The present study supports thIS. experimental
symmetry. Our calculations on different spin potential energy finding by demonstrating that the overall behavoir of the®N
surfaces (PESs) revealed that the energy difference betweerfl€composition on binuclear oxygen bridged iron sites does not
different PESs is usually significant so that only energies of differ considerably from that on isolated, single iron sites. In
PES minima for the ground state are reported. Spin contamina-2ddition, we show that oxygen migration over a binuclear iron
tion was not observed for ground-state minimum structures. Structure is not expected to be the rate-limiting step of the
Some spin contamination was observed for transition states andcatalytic cycle.
minimum structures on the seam of two PESs. Nevertheless, in  In what follows, we first present calculations showing how
all cases it was still possible to distinguish clearly between statesPinuclear oxygen bridged iron sites can be formed. Second, two
of different spin multiplicities. different catalytic cycles for the XD decomposition on hy-
Two recent DFT studies have demonstrated that the B3LYP droxylated binuclear iron sites are presented. Third, we show
functional gives very accurate results for the coupling constant how NO dissociates on dehydroxylated binuclear iron sites.
J of binuclear Fe complexes in models of metalloenzymes, with The latter mechanism takes place at elevated temperatures after
four to five unpaired electrons on each cation, using directly Water has desorbed from the catalytic surface. Fourth, we show
the energies corresponding to the broken-symmetry wave that the reaction mechanism fop® decomposition on binuclear
function5063 These results suggest that the DFT/B3LYP ap- OXygen bridged iron sites is essentially unchanged if antiferro-
proach can also be used successfully to study antiferromagneticnagnetic coupling is taken into account.
coupling in binuclear oxygen bridged iron sites in Fe-ZSM-5.  In Table 1, geometries of the transition states as well as the
In the present study we computed broken-symmetry solutions imaginary frequencies associated with the transition state mode
for the most relevant reaction steps (determined from ferro- for the N;O dissociation steps on the ferromagnetically coupled
magnetic DFT calculations) along the catalytic cycle to inves- PES are summarized. Table 2 lists the imaginary frequencies
tigate the influence of antiferromagnetic coupling in binuclear of all other transition states on the ferromagnetically coupled
oxygen bridged iron sites on the reaction mechanism. For eachPES. In Table 3, geometries and imaginary frequencies associ-
broken-symmetry solution, we computed the Mulliken spin ated with the transition state mode for transition states deter-
densities to check whether the number of unpaired electronsmined with the broken-symmetry approach are presented.
was close to the formal integer value (3.3.7 for an Fe(ll)e* Coupling constants for theJ® decomposition on ZFeOFe}"Z~
center and 3.84.1 for an Fe(lll)e® center)?3 are summarized in Table 4. All enthalpies discussed in the text
During the geometry optimizations, energies were converged are averaged over a temperature range from 600 to 800 K.
to 1077 Ha and the maximum norm of the Cartesian gradient  Formation of Binuclear Iron Sites. The existence of
to 10 Ha/bohr. Transition states were localized using a Z [Fe(OH)]* sites in Fe-ZSM-5 prepared by solid-state
combination of interpolation and local methods. The growing- exchange of H-ZSM-5 with Fegland by high-temperature
string metho®* was used in mass-weighted coordinates with a pretreatment of Fe/AtMFI has been demonstrated in XAFS
maximum of 13 to 16 nodes. After the two ends of the growing investigation$7:68 A recent DRIFTs study of Krishna and
string join, the growing-string method was terminated and an Makkeé® also shows that high-temperature catalyst preparation
approximate saddle point was obtained. To refine the position or pretreatment leads to isolated dihydroxylated iron species
of the saddle point, the modified-dimer metfodas employed. Z [Fe(OH)]™". Figure 2 illustrates a mechanism by which an
A gradient norm convergence criterion of>5 1074 Ha/bohr oxygen bridged iron site of type ZHOFeOFeOH{*Z™ is
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TABLE 2: Imaginary Frequencies of Transition States on
the Ferromagnetically Coupled PES Not Involved in NO
Dissociation

w

elementary step (cm™)
Z [HOFe_QFeOHP'Z- — Z [HOFe_FeOHj*Z~ + O, 16i
Z7[O,FeOHFeOH}"Z™ — Z [FeOHFeOH}*Z~ + O, 90i
Z [FeOFeQ)|?*Z~ — Z [FeOFe}'Z~ + O, 78
Z"[HOFeOHFe(OHy)|>**Z~ — Z"[HOFeOFeOH{"(OH)Z~ 1141
Z [HOFeOOFeOH|'Z~ — Z [HOFe_QFeOHF'Z~ 118
Z"[HOFe_FeOH}*Z~ — Z [FeOHFeOH}*Z~ 18i
Z"[OFeOHFeOH"Z{Ms = 9} — Z"[OFeOFeOH]|?"Z~ 943
Z"[OFeOHFeOH{"Z{Ms = 11} — Z"[HOFeOFeOH}"Z~ 1291
Z [FeOHFeOH}'Z~ — Z [FeOFeOH]2+Z~ 1141
Z"[OOFeOHFeOH"Z~ — Z[O,FeOHFeOH{*Z~ 754
Z"[HOFeO_OFeOH]'Z~ — Z"[HOFeOOFeOH}"Z~ 382
Z"[HOFeO_FeOHf"Z~ — Z [HOFeOFeOH{"Z~ 180
Z"[OFeOFeOf"Z~ — Z [FeOOFeO}*Z~ 629
Z"[FeOOFeOf"Z~ — Z[FeQ,FeOF 2~ 260
Z [FeOFeOp'Z-— Z [FeOFeQJ2'Z~ 145

formed from two Z[Fe(OH)]* species while releasing water.

This reaction is calculated to be endothermic with an enthalpy of AHg =

of reaction ofAHg = 18.8 kcal/mol. The reaction mechanism
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9.2 kcal/mol and the enthalpy of desorption is 1.7 kcal/mol. A
N>O molecule can dissociate on each hydroxylated iron site of
Z[HOFe_FeOH}"Z~. N,O adsorbs from the O-end on the T9
site with an enthalpy of adsorption &fH,49s= —0.2 kcal/mol.
The activation energy for the reaction of [HOFe(ON)
FeOHP+Z~ to form Z'[HOFeO_FeOH{*Z~ and N is Ef =
25.9 kcal/mol. This reaction is exothermic lyHg = —15.0
kcal/mol. On the T12 site, D adsorbs from the O-end with
an enthalpy of adsorption oAHsgs = 0.2 kcal/mol. The
activation energy for the reaction; JHOFeO_(NO)FeOHFZ~

— Z [HOFeO_OFeOH]"Z~ + N,, is E* = 25.0 kcal/mol. The
enthalpy of reaction of this exothermic stepAsir = —11.9
kcal/mol. The peroxo structure ZJHOFeOOFeOH"Z~ is
formed from Z[HOFeO_OFeOH}"Z~. This exothermic reac-
tion, AHg = —18.5 kcal/mol, involves surmounting a small
barrier of E* = 9.4 kcal/mol and closes the catalytic cycle on
Z [HOFeOOFeOH"Z~ sites. An alternative path goes from
Z [HOFeO_FeOH"Z~ back to Z[HOFeOFeOH}™Z~, which
closes the catalytic cycle omHOFeOFeOH{*Z~ sites. The
latter reaction is highly exothermic with an enthalpy of reaction
—27.9 kcal/mol and a very small activation energy
of Ef = 0.1 kcal/mol. Because of the high activation barrier for

consists of a sequence of three slightly endothermic elementaryl\IZO dissociation on Z[HOFeO_FeOH}"Z~ compared to the

reactions, none of which has a reaction barrier larger than 10.6

kcal/mol. As a result, the overall barrier for the reaction
Z [HOFeOH_HOFeOH}'Z~ — Z [HOFeOFeOH{*Z~ +
H,0 is calculated as the energy difference betweefHDFe-
OFeOHPZ~ + H,0 and Z[HOFeOH_HOFeOH}"Z~, with

Ef = 19.2 kcal/mol. Considering the low29 partial pressure

in industrial exhaust streams the entropy gain in desorbing a
water molecule outweighs the higher energy of the products

formation of the oxygen bridge, ZHOFeO_FeOH*Z~ —
Z [HOFeOFeOH}"Z-, the latter reaction is much more likely,
and hardly any Z[HOFeO _FeOHj"Z~ is expected to be
present under reaction conditions.

An alternative cycle starting fromZHOFeOFeOH{tZ" is
illustrated in Figure 4. As in the previous cycle [EHOFe_
FeOHF"Z~ is formed. Isolated Z[FeOHJ" sites are active in

and significant more binuclear iron species than isolated N20 decompositiod! However, if such species are in close

Z~[Fe(OH)]™ sites are present in equilibrium at low temper-

proximity they tend to form an oxygen bridged structure. The

atures. Steady-state simulations of the catalytic surface taking'€@ction Z[HOFe_FeOH}"Z~ — Z"[FeOHFeOH}'Z™ is
into account the whole reaction network presented in this work €xothermic with an enthalpy of reaction &Hg = —10.9 kcal/

show that the formation of ZHOFeOFeOH}™Z~ sites takes

mol and a very small barrier oE¥ 2.0 kcal/mol. NO

place already at room-temperature if two iron sites are in close dissociation occurs on"ZFeOHFeOH}*Z™ only on the dehy-

proximity.

N,O Decomposition on Z[HOFeOFeOH]*"Z~ Sites.Fig-
ure 3 illustrates a catalytic cycle for the decomposition g®N
on Z [HOFeOFeOH}™Z~ sites. Nitrous oxide adsorbs on
Z [HOFeOFeOH}™Z~ through the O-end with an enthalpy of
adsorption ofAHags = —0.8 kcal/mol. The activation barrier
for the reaction of Z[HOFeOFeOH{"(ON,)Z~ to form
Z [HOFeOOFeOH}"Z~ and N is Ef = 40.2 kcal/mol. The
peroxo structure ZIHOFeOOFeOH"Z~ was calculated to

droxylated iron atom since the reaction barrier on the hydroxy-
lated iron atom is considerably higher,®l adsorbs from the
O-end with an enthalpy of adsorption a&H.qs = —2.2 kcal/
mol. The activation energy for the reaction [EeOHFe-
OHJ2"(ONp)Z~ — Z"[OFeOHFeOH{*Z~ + N, is Ef = 32.3
kcal/mol. This reaction is exothermic with an enthalpy of
reaction ofAHg = —8.4 kcal/mol. The species ZTOFeOHFe-
OH]?*Z~ is more stable on the 11-et PES than on the nonet
PES. A negligible spin change barrier of ab&it= 1.6 kcal/

have a lower energy than the structure that would appear if the Mol was found for the spin inversion process. The enthalpy of

oxygen was deposited on top of the iron. This result is in line

reaction isAHr = —3.6 kcal/mol. Because of the low barrier

with DFT calculations on isolated, single iron sites conducted both structures are in equilibrium"FOFeOHFeOH}*Z~{Ms

by Heyden et al? In the latter study, it was shown that the
reaction of Z[Fe(OH)]"(ON,) to form Z"[OFe(OH)}]* and
N2 is endothermic, with an enthalpy of reactioniflr = 16.7
kcal/mol and an activation energy & = 42.8 kcal/mol on

=11} is a possible active site forJ® dissociation. MO adsorbs
from the O-end with an enthalpy of adsorption/ifl,gs= 0.1
kcal/mol. The activation energy for the reactionf@FeOHFe-
OHJ?"(ONp)Z~ — Z"[OOFeOHFeOH{*Z~ + N, is Ef = 34.7

the sextet PES. In the present study an enthalpy of reaction ofkcal/mol. This step is exothermic with an enthalpy of reaction

AHgr = 18.9 kcal/mol and an activation energy of more than

of AHr = —6.8 kcal/mol. Diatomic oxygen can be formed from

40.0 kcal/mol has been calculated for the corresponding dioxo species ZIOOFeOHFeOH}"Z~. This reaction is exo-

reaction, i.e., for Z[HOFeOFeOH}"(ON,)Z~ — Z [HOFe-
OFeOOH}"Z~ + Ny (not shown in Figure 3). The formation
of the peroxo structure ZHOFeOOFeOH"Z~ is slightly
exothermic with an enthalpy of reaction AHg = —1.4 kcal/
mol. From the latter structure ZHOFe QFeOHF'Z~ is
formed by surmounting an activation barrier®f= 6.5 kcal/
mol. This reaction is endothermic with an enthalpy of reaction
of AHr = 5.2 kcal/mol. Molecular oxygen can desorb from
Z[HOFe_QFeOHF"Z~. The G desorption barrier i€* =

thermic with an enthalpy of reaction &Hg = —15.0 kcal/
mol and has an activation energy & = 11.2 kcal/mol.
Molecular oxygen desorbs readily from[D,FeOHFeOH{"Z~.
The activation energy for this processgs= 0.2 kcal/mol; the
enthalpy of reaction was calculated to Aélr = —2.5 kcal/
mol. An alternative path goes fronTFOFeOHFeOH{"Z{Ms
= 11} to Z'[HOFeOFeOH{*Z~. This process is exothermic
with an enthalpy of reaction oAHr = —18.0 kcal/mol and
has a relatively small activation energy Bf = 6.2 kcal/mol.



2096 J. Phys. Chem. C, Vol. 111, No. 5, 2007

Hansen et al.

TABLE 3: Geometries and Imaginary Frequencies of Transition States for Key Reactions on the Antiferromagnetically

Coupled PES
elementary step Ruv (A) Rvo (A) ONN'O (deg) w (cmh)
Z-[FeOFe} (ON,)Z~ — Z [FeOFeO}*'Z~ + N, 1.13 1.41 136.6 635
Z [FeOFeO}*(ON,)Z~ — Z [OFeOFe0}Z~ + N, 1.13 1.46 137.0 756
Z [OFeOFeO}*Z~ — Z [FeOOFeO}*Z~ 745
Z [FeOOFeO}Z- — Z [FeO:FeOp 7 335
Z [FeOQ,FeOF"Z~ — Z [FeOFeQ]>*Z~ 409
Z [FeOFeQ2*Z- — Z [FeOFe}'Z~ + O, 108

2 The connectivity of the atoms is assumed to be' QN

TABLE 4: Fe—Fe Distances and Fe O—Fe Bond Angles for
Antiferromagnetically Coupled Iron Atoms, Energy
Differences between the Ferromagnetic and
Antiferromagnetic PES, and Coupling Constants for

Z [HOFeOFeOH]?*Z~ and Dehydroxylated Sites

Rrere OFeOFe Ens — Egs J

A (deg) (kcal/mol) (cm™)
Z [HOFeOFeOH}*Z~ 3.55 158.2 6.8 —157.5
Z [FeOFettZ~ 3.07 1177 41 —1434
Z-[FeOFe} (ONp)Z~ 311 1192 39 -138.1
TS1 3.26 1295 55 -194.1
Z [FeOFeO}*Z~ 3.20 1283 2.7 —-95.5
Z~[FeOFeO}"(ONp)Z~ 3.23 1289 2.4 —-82.7
TS 2 3.40 123.2 2.5 —87.2
Z~[OFeOFeOf"Z~ 3.26 133.6 1.8 —-62.2
TS 3 355 1364 -2.0 68.7
Z [FeOOFeOf"Z~ 3.76 0.1 -25
TS 4 4.40 -0.1 21
Z [FeO,FeOFfZ~ 3.66 -0.1 34
TS5 3,57 1324 3.2 -1109
Z [FeOFeQJ?'Z-{Ms=1} 3.30 133.0 55 —194.0
SC 3.33 1351 5.2 -182.4
Z [FeOFeQ]*'Z {Ms=3} 3.28 1317 55 —128.7
TS 6 3.17 12338 41 —-957

Wang’2 As a consequence, the ground state ofFfOFeOFe-
OHJ?*Z~ lies on the nonet PES while in the present work it
lies on the 11-et PES. Furthermore, in the study of Yakovlev et
al 33 spin transitions along the reaction path were not considered
so that all calculations with an even number of electrons were
carried out on the nonet PES.
N,O Decomposition on Z[FeOFeftZ~ Sites. Figure 5
illustrates the catalytic cycle on~ZFeOFeftZ~ sites. From
Z [OFeOHFeOH{tZ~{Ms = 9} water can desorb and JOFe-
OFef*Z~ is formed. This process is endothermic. The overall
barrier is determined by the energy difference between
Z[OFeOFe}"Z~ and Z [OFeOHFeOH{"Z{Ms = 9} (E* =
21.5 kcal/mol). Furthermore, water can desorb fronfFOHFe-
OHJ?>*Z~. This process is endothermic with an enthalpy of
reaction of AHgr 21.6 kcal/mol. The overall barrier is
determined by the energy difference betweellF2OFe}Z~
and Z[FeOHFeOH}*Z~ (Ef = 22.8 kcal/mol). Both proces-
ses are expected to occur at elevated temperatures when the
entropy gain in desorbing 4@ outweighs the enthalpy term.
The fully dehydroxylated site ZFeOFef"Z~ is active for
N>O decomposition, and hence in what follows we will only

aThe coupling constants were calculated using the nonprojected discuss the reaction path from—EeOFeFZ_ to Z"[OFeO-
approach [eq 2]. Transition states connecting the minima are denotedFeOF"Z~ via Z [FeOFeO}"Z". The path via Z[OFeOFe}"Z~
as TS, the minimum on the seam of two potential energy surfaces isis very similar. NO adsorbs on Z[FeOFe}*Z~ through the

denoted as SC.

As a result, this reaction is more likely to occur than thg®N
dissociation on Z[OFeOHFeOH{"Z{Ms = 11}.

To conclude, owing to the high activation energy for the
reaction Z[HOFeOFeOH}*Z~ + N,O — Z"[HOFeOOFe-
OH]**Z~ + Np, both catalytic cycles presented show only a
minor activity in NbO decomposition. This result is in agreement
with a recent theoretical study of isolated, single iron sites
reported by Heyden et &.In that study an activation energy
of 41.5 kcal/mol was calculated for the first dissociation gON
on Z [Fe(OH)]™ sites. A value only sligthly larger than the
activation energy calculated for the dissociation ofONon
Z[HOFeOFeOH{*Z~ sites (37.7 kcal/mol). By contrast,
Yakovlev et af3 concluded from quantum chemical calculations
on a similar active site model that"FHOFeOFeOH{*Z~
species are active for the decomposition gENHowever, this

O-end with an enthalpy of adsorption aH.qs = —2.7 kcal/
mol. The activation barrier for the reaction of [FeO-
FeP"(ON,)Z~ to form Z [FeOFeO}Z~ and N is Ef = 25.6
kcal/mol. With respect to the gas phase, the latter reaction has
an activation energy of 21.0 kcal/mol. This is slightly lower
than the activation barrier calculated by Heyden & &r the
N.O decomposition on ZFeOJ" sites to form Z[OFeO]"
speciesE* = 24.3 kcal/mol on PES witMs = 6). The enthalpy

of reaction for Z[FeOFef"(ON,)Z~ — Z-[FeOFeO}"Z~ +

N, is AHg = —12.6 kcal/mol. The structure ZFeOFeO}Z~

is an active site for BD decomposition. BO adsorbs through
the O-end on the unoccupied Fe atom with an enthalpy of
adsorption ofAHags = —3.6 kcal/mol. The activation energy
for the reaction Z[FeOFeO}(ON,)Z~ — Z-[OFeOFeO}"Z~

+ N2 is Ef = 30.1 kcal/mol. With respect to the gas phase the
latter reaction has an activation energy of 24.8 kcal/mol. The

conclusion is based entirely on thermodynamic aspects; noactivation energy for depositing two oxygen atoms on the same

transition states were calculated in the work of Yakovlev &t al.
In addition, the dissociation of X0 on Z" [HOFeOFeOH}*Z~
sites to form Z[HOOFeOFeOH{"Z~ species was calculated
to be exothermic by—11.9 kcal/mol by Yakovlev et &
compared tet-16.7 kcal/mol in the present study. This difference

iron atom was calculated to & = 42.4 kcal/mol with respect
to the gas phase, i.e., with respect tdiZ2eOFeOj"Z~. There-
fore, the dissociation of two D molecules on the same iron
atom is very unlikely to occur. This result is in line with the
two recent DFT studies on isolated, single iron sies.For

can be attributed to differences in the density functionals and N,O dissociation on Z[OFeOH]", we calculated an activation
the basis sets used in these two studies and to the failure toenergy of 43 kcal/mol with respect to the gas-phase making

account for spin surface crossing in the work of Yakovlev et
al 33 In the latter study all geometry optimizations were carried
out in the local spin density approximation (LSDA) using Slater
exchang® and Voske-Wilk —Nusair correlation functionals.

At the LSDA geometry the energy was computed at the GGA

this step unlikely to occur except at elevated temperafiries.
contrast, the BO dissociation barrier on ZOFeO}" and
Z~[FeQ,]" sites was previously calculated to be only 12.0 kcal/
mol and 17.3 kcal/mol, respectively The reason that the XD
dissociation barrier on ZOFeOH]" is significantly higher than

level using the exchange-correlation functional of Perdew and on Z"[OFeQJ" or Z [FeQ,] " is that a superoxide speciesy(Q
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Figure 3. Catalytic cycle of the BD dissociation on ZIHOFeOFeOH{"Z~ sites. All energies are zero-point corrected, in kcal/mol and with
reference to Z[HOFeOFeOH}"Z~ with the appropriate amounts of,, N,, and Q. Energies of potential energy minima are in black. Energies

of transition states are in red. Black structures are on the ferromagnetically coupled PBMswitB. Structures in blue are on the PES wiitly

= 11. Multiple numbers under a PES minimum structure correspond to different catalytic cycles. The left Fe atom in each structure represents the
T9 site, the right Fe atom represents the T12 site.

cannot be formed on ZOFeOH]" before the third oxygen  of reaction of AHr = 8.3 kcal/mol. A superoxide ZFe-
atom is deposited on the iron atom as is possible JOEeO]" OFeQ]?*Z~ is formed from the peroxo structure FFe-
or Z[FeQ)] ™ sites. Likewise, on Z[FeOFeO}"Z~, a super- OOFeO¥Z~ via a stable intermediate ZFeQ,FeOFZ~.
oxide species cannot be formed before the third oxygen atomFor the reaction, ZIFeOOFeOj"Z~ — Z [FeOQ,FeOF Z,

is deposited on the iron. This also explains why larger+iron  we calculated an activation energy Bf = 6.2 kcal/mol. This
oxo clusters are observed to be significantly less active for the process is exothermic withHg = —5.3 kcal/mol. An activation
dissociation of NO.?2 Here, an oxygen atom has to be energy ofE* = 25.3 kcal/mol was calculated for the reaction
deposited on an iron atom similar to an iron atom in Z-[FeO,FeOF"Z~ to form the superoxide ZFeOFeQ]2'Z.

Z"[OFeOFeO}*Z". This reaction is exothermic with an enthalpy of reaction of
The enthalpy of the reaction, ZFeOFeO}"(ONy)Z~ — AHg = —19.4 kcal/mol. The latter structure is more stable on
Z[OFeOFe}"Z~ + Ny, is AHgR = —5.4 kcal/mol. For the 11-et PES than on the nonet PES. A small spin change
molecular oxygen to desorb fronTpDFeOFe}"Z~ an oxygen barrier of Ef = 7.6 kcal/mol was found for the spin inversion

atom has to migrate from one iron atom to the other. This process. The enthalpy of reaction AdHgr = —4.8 kcal/mol.
migration proceeds via a peroxo structurdZeOOFeO}™Z~. Because of the low activation energy [EeOFeQ]?"Z{Ms
The activation energy for this process was calculated t&be = 9} and Z[FeOFeQ]?*Z{Ms = 11} are in equilibrium.

= 27.3 kcal/mol. The reaction is endothermic with an enthalpy Molecular oxygen can desorb fronT FeOFeQ]2*Z~{Ms =
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different catalytic cycles. The left Fe atom in each structure represents the T9 site, the right Fe atom represents the T12 site.

11}. The G desorption barrier i€* = 8.1 kcal/mol and the
enthalpy of desorptioAHges= 7.1 kcal/mol. As in all catalytic

cycles reported in this study,Q@lesorption is fast and, hence,

oxygen inhibition is not projected to occur.
This conclusion differs from that of Kiwi-Minsker et dF,
who have reported that the steady-state rate,Gi decomposi-

the observed first-order kinetic inJ® partial pressure. The
barrier heights with respect to the gas phase for the two
successive pO dissociation steps are 21.0 and 24.8 kcal/mol,
respectively. For isolated, single iron sites Heyden et al.
calculated activation energies of 24.0 and 17.3 kcal/mol,
respectively. For oxygen migration to be rate-limiting on

tion on very low Fe-content Fe-ZSM-5 is zero-order at tem- binuclear iron sites the activation energy for this process would
peratures below 600 K, and have drawn from this observation need to be about 50 kcal/mol. Only then would[@Fe-

that O, desorption is rate-limiting. We have shown previously OFeOf"Z~ become an abundant surface intermediate and
that this experimental observation can be explained theoreticallyoxygen migration would become a rate-limiting step in the
for isolated iron sites in Fe-ZSM-5. In this case, the second overall reaction network presented in the present work. The

N,O dissociation step is rate-limiting at low temperatétesd
the presence of small amounts of NO results gONeaction

orders of 0.117:86 However, for binuclear oxygen bridged Fe

difference between this hypothetical value and the one calculated
in the present work (27.3 kcal/mol) is about 22 kcal/mol, which
is much larger than the error inherent in the calculation of

sites, such as would be found in highly exchanged Fe-ZSM-5 transition states using DFT-B3LYP. Therefore, the overall

(Fe/Al = 1.0), the rate of the second,® dissociation step is
rapid relative to the first, so that zero-order kinetics ipgON
should not be observed.

steady-state behavior of,8 decomposition on binuclear iron
sites is qualitatively the same as on isolated, single iron sites.
The NbO decomposition activity of Fe-ZSM-5 is affected less

To conclude, the rate-limiting step along the catalytic cycle by the nuclearity (mono- or binuclear) of the active iron sites

on Z [FeOFe}tZ™ is the first NO dissociation step, explaining

than by the presence of,B impurities in the reaction system.
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Figure 5. Catalytic cycle of the MO dissociation on Z[FeOFe}*Z~ sites. All energies are zero-point corrected, in kcal/mol and with reference
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9. Structures in blue are on the PES wills = 11. The left Fe atom in each structure represents the T9 site; the right Fe atom represents the T12
site.

As in the case of isolated, single iron sites, only fully calculations). For the reaction”fOFeOFeO{"Z~ — Z [Fe-
dehydroxylated binuclear iron sites show a significant activity OOFeO}"Z~ the antiferromagnetic state was calculated to be
for N2O dissociation. higher in energy by 2 kcal/mol. As a consequence the activation
Effect of Antiferromagnetic Coupling. Figure 6 illustrates energy on the antiferromagnetic PES' & 31.1 kcal/mol) is
the energy splitting between the ferromagnetic and antiferro- 3.8 kcal/mol higher than on the ferromagnetic PES# 27.3
magnetic PES for the J0 decomposition on ZFeOFe}+Z~ kcal/mol). For the peroxo structure FeOOFeOj*Z~ and the
sites. The energy difference between the two surfaces isintermediate Z[FeO,FeOF"Z~ antiferromagnetic coupling was
calculated to be 4.1 kcal/mol forZreOFef"Z~ and 3.9 kcal/ found to be very weak, because of the larger-Fe distance.
mol for the NO adsorbed state. After passing the first transition For the reaction Z[FeQ,FeOF*Z~ — Z [FeOFeQ]**Z~ we
state where the energy difference is 5.5 kcal/mol, the difference calculated a energy difference between both PES of 3.2 kcal/
decreases to 2.7 kcal/mol for FeOFeO}"Z~ and 2.4 kcal/ mol for the transition state and 5.5 kcal/mol for the superoxide.
mol for the NO adsorbed state, consistent with a larger Fe For molecular oxygen to desorb in its ground state (a triplet
distance. The influence of antiferromagnetic coupling on the 3%47) a surface crossing from the antiferromagnetic singlet to
activation energies is small. For the first transition state along the antiferromagnetic triplet surface has to occur. The barrier
the catalytic cycle the activation energy is 23.9 kcal/mol on the for this process was calculated to be 7.9 kcal/mol. The energy
antiferromagnetic PES and 25.5 kcal/mol on the ferromagnetic difference between both PES at the crossing point is 5.2 kcal/
PES. For the second transition state, the activation energies arenol. As on the ferromagnetic PES FFeOFeQ]?>*Z~ is more
30.0 and 30.1 kcal/mol, respectively. These differences are stable in the higher spin state. The energy difference between
smaller than the error inherent in the determination of transition the ferromagnetic and the antiferromagnetic PES is 5.5 kcal/
states using DFT/B3LYP (in particular for the broken symmetry mol. The Q desorption barrier was calculated to be 9.5 kcal/
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Figure 6. Reaction energy diagram of the nitrous oxide decomposition on dehydroxylated binuclear iron sites for ferromagnetically coupled high
spin states (black curve) and antiferromagnetically coupled broken-symmetry states (red curve). All energies are zero-point correctedl, in kcal/m
and with reference to ZFeOFef"Z~ with the appropriate amounts of@, N, and Q. Black numbers correspond to the ferromagnetically coupled
states; the energies are the same as in Figure 5. Red numbers correspond to the antiferromagnetically coupled states.

mol. The coupling constants along the catalytic cycle calculated a low activity for O decomposition. At higher temperatures
using eq 2 are in the range fro#3 to —190 cnT? (see Table water can desorb, and,® decomposition on ZJFeOFef™Z~
4), which are common values for oxo-bridged diiron complexes becomes the slow process in the overall kinetic. On this site
in biochemistry’* N2O decomposition deposits an oxygen atom on each iron atom,
It can be concluded that antiferromagnetic coupling does not followed by subsequent oxygen atom recombination and de-
affect the main mechanistic aspects of the catalytic cycle suchsorption of Q. This sequence is favored over decomposition
as the rate-limiting step and the approximate height of the of two N>O molecules occurring on the same iron atom. In all
reaction barriers. However, the overall activity of the catalytic of the catalytic cycles examined in this work, oxygen desorption
cycle is mainly controlled by the fractions of the active sites was found to be fast and® decomposition was found to be

Z [FeOFeftz-, Z[FeOFeO}"Z-, and Z[OFeOFe}"Z". first order with respect to pO partial pressure. Therefore, there
The formation of these active sites requires the desorption of are many qualitative similarities between the mechanisms of
water from the inactive species HOFeOFeOH}"Z~, which N2O decomposition on single iron sites reported by Heyden et

predominate at low temperatures. The energy difference bet-al.}? and that on binuclear oxygen bridged iron sites presented
ween the ferromagnetic and the antiferromagnetic PES for in the present work. Both type of sites are poisoned by small
Z [HOFeOFeOH{*Z~ was calculated to be 6.8 kcal/mol. This amounts of water. As a result, the nuclearity (mono- or binuclear
relatively large value shows that the strength of antiferromag- iron site) of the catalytically active site forJ® decomposition
netic coupling does not depend exclusively on the-Fe appears to be less important than catalyst poisoning by traces
distance but also on the angle formed by the two iron ions and of water in the gas streams. Antiferromagnetic coupling was
the bridging groug#7> The magnetic coupling is strongest shown to have no effect on the reaction mechansism.

for Fe—O—Fe bond angles between 120 and 2,88nd de-

creases considerably for lower bond angles (e.o?).90For Acknowledgment. The authors would like to thank Dr. Jens

Z [HOFeOFeOH{*Z~ the bond angle was calculated to be Dobler, Dr. Bernd Kallies, and Dr. Uwe Huniar for support with
158.2, a value much larger than the bond angles for the the TURBOMOLE V5.7 software package. Computations were
dehydroxylated structures (see Table 4). As a result the energycarried out at the “Norddeutscher Verbundr fioch- und
difference between the inactive HOFeOFeOH}*Z~ site and Hochstleistungsrechnen” (HLRN) on an IBM p690-Cluster. The
the active dehydroxylated sites is slightly larger on the antifer- present work was supported by the “Deutsche Forschungsge-
romagnetic than on the ferromagnetic PES. Even though this meinschaft” (DFG) (German National Science Foundation) in
observation suggests that antiferromagnetic coupling slightly priority program SPP 1155, the “Fonds der chemischen Indus-
reduces the overall activity of diiron sites the effect of trie”, the Methane Conversion Cooperative funded by BP, and
antiferromagnetic coupling on the reaction mechanism is small the Max-Buchner Forschungsstiftung.

and will be quantified in a companion paper, reporting simula-
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