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1. Introduction

Silicon-rich zeolites (Si/Al> 8), such as ZSM-5 (MFI), mordenite
(MOR), ferrierite (FER) and beta (*BEA) zeolites represent cata-
lytic materials with wide industrial application. Their transition-
metal-exchanged forms were discovered as exceptional redox
catalysts.[1] Fe-zeolites together with Cu-zeolites are the two
most important systems as they have real potential for applica-
tions in industrial processes under real conditions. Fe-zeolites
were studied as catalysts for a spectrum of related environ-
mental processes, such as N2O decomposition,[2] N2O selective
oxidation,[3] N2O selective catalytic reduction (SCR),[2c] direct NO
decomposition,[2g] as well as for SCR of NOx using various re-
ducing agents.[2g, 4]

A direct relationship between the parameters of the N2O de-
composition and an isotope exchange of O2 and O atoms pres-
ent in oxide catalysts was established by Winter decades ago.[5]

Later, the role of framework oxygen atoms in the decomposi-
tion of nitrous oxide was also investigated over zeolites con-
taining metal cations.[2a, 6] Leglise et al.[6a] studied the decompo-
sition of N2

16O over exhaustively 18O-oxygenated Fe-FAU (FAU:
faujasite) and Fe-MOR zeolites and detected 18O in the oxygen
molecules in the gas phase, thus showing an involvement of
framework oxygen atoms in the decomposition. Valyon et al.[6b]

employed nitrous oxide labeled by 18O in the reaction over Fe-
MOR at 673 K and learned that the isotope exchange included

framework oxygens. They assumed that there were two “port-
holes” in the catalysts, one for the entrance of oxygen from de-
composing N2O, and the other for the exit of a different
oxygen atom from the catalyst. The mobility of framework
oxygen atoms of Fe-MFI was suggested by Pirngruber et al.[6c, d]

to explain the appearance of 18O labeled oxygen during an ex-
periment similar to Leglise et al. ,[6a] that is, the interaction of
N2

16O with 18O enriched catalysts. However, due to the high
concentration of various Fe oxidic species present in their sam-
ples, we assume that part of the exchanged oxygen atoms
could originate from the oxidic Fe species (see ref. [5b]). Panov
et al.[2a] investigated highly active oxygen atoms formed in Fe-
MFI during the decomposition of nitrous oxide. They conclud-
ed that the isotope exchange between 18O2 and the active
oxygen proceeds with a minor activation energy and that the
equilibration of O2 isotopologues without direct involvement
of the active oxygen occurs even at cryogenic temperature-
s.[6e, k] Sobalik et al. observed: 1) a room-temperature isotope
exchange of 18O2 with Fe extra-framework 16O of Fe-FER oxi-
dized by N2

16O, and 2) the involvement of framework oxygen
atoms in experiments with N2

18O in the production of O2.[6f, g]

In the present study, we investigated the role of Fe frame-
work oxygen atoms of Fe-ferrierite in the N2

18O decomposition
over the catalyst with a very low iron content and thus a negli-
gible amount of iron oxides. This isotope exchange is the only
source of 16O in the O2 molecules formed by the N2

18O decom-
position. All O2 molecules originate from decomposed N2

18O as
there is no O2 added. The exception is the experiment with
a mixture of 18O2 and 16O2 without the presence of N2O. We
carried out the N2

18O decomposition over Fe-ferrierite in batch
experiments which were followed by mass spectroscopy meas-
urements. In addition, we employed periodic density functional

The role of framework oxygen atoms in N2O decomposition
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18O decomposition in
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ments) and theoretical (density functional theory calculations)
approach. The occurrence of the isotope exchange indicates
that framework oxygen atoms are involved in the N2O decom-
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theory (DFT) calculations to examine the mechanisms of the
isotope exchange.

Our model considers the FeII exchanged ferrierite without
structural defects, with FeII accommodated exclusively in the
a and b cationic sites, and without the presence of oxidic Fe
species.[2e, 7] Also, within the scope of this study is the correla-
tion with experiments at a low N2O pressure, so as to limit the
involvement of atoms other than oxygen and iron. Investiga-
tion of the mechanism of the isotope exchange in the high-
temperature region when most framework oxygen atoms can
be potentially involved in the exchange is beyond the scope
of this study.

Experimental and Computational Methods

Ferrierite Samples

Fe-FER: Na,K-FER (Tosoh, Japan; Si/Al 8.6) was used as the parent
zeolite to prepare Fe-FER. The parent was the same as that used in
our prior studies.[2e, 7] The Fe0.04-FER sample (0.04 is the Fe/Al ratio)
was prepared using the procedure based on an impregnation of
the parent ammonia zeolite form by a FeCl3 solution in acetyl-ace-
tone, followed by a calcination in an air stream at 700 K for 10 h.
The procedure is described in detail elsewhere.[8] The Fe/Al ratio of
the Fe0.04-FER sample was very low, significantly below the maxi-
mum ion-exchange capacity for Me(II) cations which is 0.33,[9] to
guarantee the exclusive presence of cationic FeII accommodated in
the a and b sites in the sample.[2h, 10] In addition, EPR spectroscopy
confirmed the absence of FeIII in the Fe-FER sample used.[10] The
heating of the Fe0.04 sample up to 700 K led to no release of O2.
Our prior study showed that O2 is evolved only from Fe-FER sam-
ples with a significantly higher Fe/Al ratio (Fe/Al 0.26) during hea-
ting.[2e]

H-FER: H-FER was provided by Vyzkumny ustav anorganicke
chemie, a.s. , Czech Republic. The
sample, which was synthesized
from extra-pure components and
exchanged into H-FER via the am-
monium form, contains less than
50 ppm of Fe and therefore it was
used for comparison.

Measurements in the Batch Reactor

About 100 mg of the ferrierite samples described above were
placed in a glass reactor (reaction volume of 287 cm3). The samples
were pretreated in situ in vacuum at 700 K prior to exposure to
15N2

18O at about 180 Pa (Medical Isotopes Inc. , USA, 99 % of 18O;
the double labeled compound was used, but the nitrogen isotope
does not play any role in the reactions; therefore the N2

18O formula
is used in the text). A simple equilibration between oxygen mole-
cules without the presence of N2O was measured using an equi-
molecular mixture of 16O2 and 18O2. The progress of the N2O de-
composition and that of the isotope composition was monitored
using a Balzers QMG 420 quadrupole mass spectrometer. A negligi-
ble amount of the gas phase was continuously fed into the analyt-
ic chamber of the mass spectrometer via a needle valve. Pure com-
pounds, including all the isotope combinations, were employed for
the calibration. The mass spectrometry (MS) signals were converted
to the amounts of the individual compounds using calibration and
corrections for fragmentation. For brevity, the Y axes in the figures

represent the corrected MS signals showing a value of 1.0 for the
initial amount of N2O.

Studied Reactions

The role of the Fe-framework oxygen atoms, hereafter designated
by OFR [i.e. the four oxygen atoms of the two AlO4

� tetrahedra lo-
cated in the six-membered rings forming the cationic sites for the
divalent cations Fe((16OFR)4)-FER[7]] of Fe-ferrierite in the N2

18O de-
composition is studied [Eq. (1)]:

N2
18O oxidizes the FeII cation accommodated in a cationic position

of ferrierite to yield 18O = Fe((16OFR)4)-FER and N2(g). Then, the extra-
framework 18O atom, hereafter designated OEXFR, can exchange
with OFR atoms to give 16OEXFR = Fe((16OFR)3

18OFR)-FER [Eq. (2)]:

There is another isotope exchange which occurs in the studied cat-
alyst. It is the isotope exchange of OEXFR with O2(g) molecules [O2

originating from decomposed N2O or eventually added O2 (not our
study)] . This process is responsible for the equilibration of the iso-
topologues of the O2 molecules [Eq. (3)]:

We employed periodic DFT calculations to examine the mecha-
nisms, including all the transition states and intermediates, respon-
sible for the two isotope exchanges [Eqs. (2) and (3)] . Eqs. (1)–(3)
are schematic because they show only the active site of Fe-ferrier-
ite. However, our periodic DFT computations use the entire super
cell of Fe-ferrierite composed of one or two unit cells depending
on the structural model.

Structural Models

Herein, we used four models of Fe-ferrierite which are the same as
those employed in our previous study.[7] The four models, possess-
ing P1 symmetry, were utilized to investigate four distinct possible
arrangements of the active sites in ferrierite. The first two models
(a and b�2) represent isolated cationic sites while the other two
models (b�1 +b�1 and b�2 +b�2) feature two cooperating adja-
cent FeII cationic sites. The b�1 model was not used in this study
since N2O does not adsorb via the O atom on FeII accommodated
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in isolated b�1 sites,[7] and therefore, no isotope exchange can
occur. Moreover, our recent study[9] of the parent ferrierite zeolite
(FER/D in ref. [9]) revealed that b�2 and a cationic sites are pres-
ent in the sample. The optimized structures of molecular dynamics
simulations obtained in our prior study[7] were employed as the
starting structures.

Electronic Structure Calculations

Spin-polarized periodic DFT calculations were carried out employ-
ing the VASP code.[11] The high-spin configuration Fe d5› d1fl[12]

and other possible spin states were employed for all the minima
and transition states to localize the electronic ground state for all
the species. The Kohn–Sham equations were solved variationally in
a plane-wave basis set using the projector-augmented wave (PAW)
method of Blçchl,[13] as adapted by Kresse and Joubert.[14] The ex-
change–correlation energy was described by the PW91 generalized
gradient approximation (GGA) functional.[15] Brillouin zone sam-
pling was restricted to the G-point. A plane-wave cutoff of 400 eV
was used.

Electronic structure calculations do not consider nuclei of different
isotopes and therefore all isotope-exchange reactions are thermo-
neutral as the reactants and products are chemically identical.

Geometry Optimizations

The atomic positions were optimized by employing a conjugate-
gradient algorithm minimization of energies and forces while the
lattice parameters were fixed (constant volume) at their experimen-
tal values. Transition structures were identified using the dimer
method,[16] as recently improved by Heyden et al.[17]

2. Experimental Results

2.1. Concentration of 18O in the Released O2 Molecules and
the Q Variable

The concentration of 18O (in %) in the released O2 molecules
originating from the decomposing N2

18O is given by Equa-
tion (4):

%18O ¼ 100� 16O18O½ � � 0:5þ 18O18O½ �ð Þ
16O16O½ � þ 16O18O½ � þ 18O18O½ � ð4Þ

The concentration of 18O serves as a measure of the isotope
exchange between OEXFR and OFR.

The Q variable is defined as [Eq. (5)]:

Q ¼ ½16O18O�2=ð½16O16O� � ½18O18O�Þ ð5Þ

The Q variable presents a measure of the equilibrium among
the isotopologues of O2 molecules and attains the value of
four when the equilibrium is reached.[18]

2.2. N2
18O Decomposition

The decomposition of N2
18O over H-FER at 673 K is nearly neg-

ligible (see Figure S1 of the Supporting Information, SI) while
that over Fe-FER occurs above 493 K[6f] and proceeds with in-
creasing rate at 553, 573, and 593 K (Figure 1). The equilibra-

tion of oxygen isotopologues released into the gas phase
occurs at all three temperatures. The concentration of 18O
reaches about 55 % at 553 K, 50 % at 573, and 45 % at 593 K
and the Q variable is equal to four for all the temperatures
(Figure 1).

Table 1 shows the ratios of the number of 18O exchanged to
the number of Fe cations (Oexch/Fe) as well as of the number of
N2

18O decomposed to the number of Fe cations (N2Odecomp/Fe)

in Fe0.04-FER after 40 min of the N2O decomposition for the
temperatures in the interval from 553 to 593 K. The Oexch/Fe
and N2Odecomp/Fe ratio values range from 0.7 and 1.6 at 553 K
to 1.4 and 2.9 at 593 K, respectively. Both the Oexch/Fe and
N2Odecomp/Fe ratio values increase as the temperature rises, but
the Oexch/Fe values do not exceed 4, which is consistent with
the number of OFR forming the cationic site.

The equilibration of a mixture of 18O2 and 16O2 without the
presence of N2O (i.e. in the absence of OEXFR) does not occur
and the isotope composition remains constant during the time
of the experiment (not shown in the figures).

3. Computational Results

3.1. Spin States

The high-spin configuration Fe d5› d1fl was found to be the
electronic state for all the species calculated allowing for
a complete potential energy surface, where all minima and
transitions states are calculated, and leading to the lowest
energy barriers (see Table S1). In this configuration, the struc-
tures with one Fe have four unpaired electrons in total while
those with two Fe have eight unpaired electrons. The excep-
tions are complexes 2’ and 4’ (Scheme 1) as well as the very
weak monodentate complexes 7’ and 9’ (Scheme 2) in which
the O2 moiety only loosely interacts with the active site. The 7’
and 9’ complexes have six unpaired electrons, four of which
are located on Fe and two on the O2 moiety. Spin-state
changes throughout the course of the reaction for systems
containing transition metals are quite common.[19]

3.2. Mechanism of the Isotope Exchange

Four different mechanisms were computationally investigated
to explain our experimental findings. The former two corre-
spond to Equation (3), while the latter two to Equation (2).
Specifically, we report the results for the isotope exchange be-

Table 1. Ratios of the number of 18O exchanged to the number of Fe cat-
ions (Oexch/Fe) and of the number of N2

18O decomposed to the number of
Fe cations (N2Odecomp/Fe) in Fe0.04-FER after 40 min of N2O decomposition
at various temperatures (in K).

Temperature Oexch/Fe N2Odecomp/Fe

553 0.7 1.6
573 1.1 2.6
593 1.4 2.9
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Figure 1. Temperature effect (temperature in K) on the decomposition of nitrous oxide over Fe0.04-FER. The weight of the sample was 109 mg; the initial pres-
sure of N2

18O was 179 Pa. The corrected MS signals (MScorr.), showing the amount of N2
18O, N2, 18O2, 18O16O, and 16O2 during the decomposition of N2

18O and
formation of N2 and O2 isotopologues, are presented. The corrected MS value is 1.0 for the initial amount of N2O equal to 22 mmol of N2O. For brevity, the
y axes in the figures represent % of 18O in oxygen isotopologues, and Q.

Scheme 1. Schematic energy profiles (in kcal mol�1) for the isotope exchange between OEXFR atoms and O2 molecules occurring on two FeII cations accommo-
dated in two adjacent b�1 and b�2 sites. O is 18O originating from N2

18O. Complexes 2’ and 4’ have ten unpaired electrons while all the other species have
eight. The energy profiles for both sites are independent and are not interconnected.
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tween OEXFR and O2 molecules occurring on the active site
composed of two collaborating FeII cations (Section 3.2.1;
Scheme 1) as well as on isolated FeII cations (Section 3.2.2;
Scheme 2). The mechanism introduced in Section 3.2.3
(Scheme 3) examines the isotope exchange between 18OEXFR

and 16OFR. This process involves framework oxygen atoms and
is only considered for isolated FeII sites since no benefit can be
gained from a bimetallic active site, due to the large distance
between the two FeII cations. Scheme 3 reveals that the
energy cost of a creation of an oxygen vacancy starting from
the ferrierite framework without structural defects is prohibi-
tively high. Therefore, other possible processes were investi-
gated to rationalize the framework oxygen mobility. This result-
ed into a discovery of another mechanism of the isotope ex-
change between 18OEXFR and 16OFR which involves O2 molecules.
This mechanism which corresponds to the more facile ex-
change is described in Section 3.2.4 (Scheme 4).

3.2.1. Mechanism of the Isotope Exchange between OEXFR and
O2 Molecules on the Active Sites Composed of Two
Collaborating FeII Cations

We reported in our previous study that two FeII cations coordi-
nated in two adjacent b sites of Fe-ferrierite most likely form
the active site responsible for the superior activity of Fe-ferrier-
ite in the N2O decomposition over Fe-ZSM-5 and Fe-beta in
the low-temperature region.[7] Naturally, we also tested this
type of active site for the oxygen-exchange mechanism.

Scheme 1 reveals the reaction mechanism of the isotope ex-
change between 18OEXFR and an 16O2 molecule occurring on
two FeII cations accommodated in two adjacent b sites. N2

18O
oxidizes the Fe(1) cation to form complex 1 (Figure S2 of the
SI).[7] Then, 16O2 adsorbs on Fe(2) to form complex 2 (Figure S3
of the SI). The calculations on the b�1 +b�1 and b�2 + b�2
models yield adsorption energies of �13.4 and �14.8 kcal
mol�1 for the b�1 and b�2 sites, respectively. Complex 2 has
eight unpaired electrons and the O2 moiety is in a singlet
state. The spin variant of complex 2 with ten unpaired elec-
trons (complex 2’) is higher in energy by 3.0 and 3.1 kcal mol�1

for the b�1 and b�2 sites, respectively, but it is more stable

Scheme 2. Schematic energy profiles (in kcal mol�1) for the isotope exchange between OEXFR atoms and O2 molecules proceeding on FeII located in an isolated
a and b�2 cationic site. O is 18O originating from N2

18O. Complexes 7’ and 9’ have six unpaired electrons while all the other species have four. The energy
profiles for both sites are independent and are not interconnected.
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than complex 1 and the O2(g) is in a triplet state (Scheme 1).
Our scan calculations (i.e. computations of a series of points
along the reaction coordinate) reveal that when an O2(g) mole-
cule in a triplet state approaches FeII of complex 1 then the
energy drops monotonously till complex 2’ is formed. Howev-

er, as O2 gets closer to FeII of complex 1, then the spin variant
with eight unpaired electrons becomes more stable than that
with ten unpaired electrons. A spin change can occur at this
point and the energy further monotonously decreases as com-
plex 2 is yielded (not shown in the figures). It is obvious from

Scheme 3. Schematic energy profiles (in kcal mol�1) for the isotope exchange between OEXFR atoms and OFR atoms in the absence of O2 molecules occurring
on FeII located in an isolated a and b�2 cationic site. O is 18O originating from N2

18O. The energy profiles for both sites are independent and are not intercon-
nected.

Scheme 4. Schematic energy profiles (in kcal mol�1) for the isotope exchange between OEXFR atoms and OFR atoms in the presence of O2 molecules occurring
on FeII located in an isolated a and b�2 cationic site. O is 18O originating from N2

18O. The energy profiles for both sites are independent and are not intercon-
nected. The energy of O2(g) is added to the energy of the species 11, TS6, and 12 to maintain the same number of atoms for all the species.
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these calculations that the formation of complex 2 is barrier-
less.

The two adsorbed 16O atoms rearrange to form a 16O�18O
bond with the 18O atom to yield complex 3 (Figure S4 of the
SI) with a �16O�16O�18O� fragment bound to both of the FeII

cations via transition state TS1 (Figure S5 of the SI). This reac-
tion step is endothermic as the corresponding reaction ener-
gies are 7.1 and 10.6 kcal mol�1

for the b�1 and b�2 sites, re-
spectively. The exchange is fast
as the calculated barriers are
only 10.0 and 11.8 kcal mol�1 for
the b�1 and b�2 sites, respec-
tively. The 16O�16O bond of the�
16O�16O�18O� fragment in com-
plex 3 is instantly cleaved (the
corresponding barriers have
negligible values of 2.9 and
1.2 kcal mol�1 for the b�1 and
b�2 sites, respectively) and com-
plex 4 is formed (the reaction
energies are �7.1 and �10.6 kcal
mol�1 for the b�1 and b�2
sites, respectively) via transition
state TS2 (Scheme 1). Subse-
quently, an 18O16O molecule de-
sorbs from FeII to the gas phase.
The formation of complex 3 is calculated to be the rate-deter-
mining step of the isotope exchange between OEXFR and an O2

molecule occurring on two FeII cations accommodated in two
adjacent b sites.

3.2.2. Mechanism of the Isotope Exchange between OEXFR and
O2 Molecules on the Active Sites Composed of Isolated FeII

Cations

The mechanism of the isotope exchange between OEXFR and
the O2 molecule differs on FeII located in an isolated cationic
site (the a and b�2 models; Scheme 2). The structure of the
cationic sites accommodating oxidized iron cations (complex 6
in Scheme 2) is depicted in Figure S6 of the SI. FeII accommo-
dated in isolated a and b�2 sites is oxidized by N2

18O to form
the Fe�18O complex (complex 6 in Scheme 2) via the
Fe···18ONN complex.[7] FeII coordinated in an isolated b�1 site
cannot be oxidized in this way since the Fe···ONN complex is
not formed.[7]

16O2 in a triplet state interacts with the Fe-18O complex to
give the very weak complex 7’. The interaction energies are
only �1.1 and �0.5 kcal mol�1 for the a and b�2 sites, respec-
tively. The loosely coordinated O2 moiety of complex 7’ has
two unpaired electrons and there are four more on Fe, thus
complex 7’ has six unpaired electrons in total. The structure of
7’ significantly differs for the a and b�2 sites. One of the
oxygen atoms of O2 is weakly ligated to the FeII atom (Fe···O
distance is 3.088 �) for the a site, while for the b�2 site the
closest contact is to the OEXFR atom (OEXF···O distance is
2.357 �).

In order for the oxygen exchange to proceed, a spin change
of the weakly adsorbed O2 from triplet to singlet must occur.
This is accompanied by a shortening of the Fe···O (a site) and
O�O (b�2 site) distance to 2.139 and 1.592 �, respectively, to
yield complex 7 (Figure 2). Complex 7 has a total of four un-
paired electrons, and is calculated to be less stable than 7’ by
8.1 and 5.2 kcal mol�1 for the a and b�2 sites, respectively.

Our calculations reveal that when the distance between the
O atom of the O2 moiety which is weakly ligated to either:
1) the FeII atom (a site) or 2) the OEXFR atom (b�2 site) decreas-
es beyond the equilibrium distance in complex 7’ (3.088 and
2.357 �, respectively), the energy of the spin variant with six
unpaired electrons increases. Furthermore, when the same
bond increases from its equilibrium value in complex 7 (2.139
and 1.592 �), the energy of the calculated system of the spin
variant with four unpaired electrons increases. The spin
change occurs at the point at which the two energy curves
cross each other. The difference between the energy of the
curve crossing and the energies of 7 and 7’ corresponds to the
barriers for the 7!7’ and 7’!7 processes, respectively. The nu-
merical noise prevented us from calculating smooth energy
curves to accurately determine the barriers for 7!7’ and 7’!
7. Instead, we used a published barrier for a similar system.
Berthomieu et al. studied the formation of molecular oxygen
on the [Fe(m-O)(m-OH)Fe]+ site of the ZSM-5 zeolite.[20] They
obtained a spin change barrier of 14.6 kcal mol�1 for a change
of adsorbed O2 from triplet to singlet using a method to
locate the MECP (minimum energy crossing point).[21] We
assume that this value could be a rough estimate of the barrier
for 7’!7.

The formation of complex 8 differs for the two active sites.
The oxygen atom of the O2 moiety of 7 (a site) which is not
coordinated to Fe forms a bond with 18OEXFR to give complex 8
with a �16O�16O�18O� ring (Figure 3) via TS3 (Figure S7 of the
SI) (the reaction energy is �11.1 kcal mol�1 and the barrier is
6.9 kcal mol�1). Subsequently the 16O�16O bond in the �16O�
16O�18O� fragment of complex 8 breaks to yield complex 9 via

Figure 2. Optimized structure of complex 7 [a model (left) and b�2 model (right)] . The distances are in �. Silicon
atoms are in gray, aluminum atoms in yellow, iron atoms in violet, and oxygen atoms in red; the OEXFR atom is
shown in green.
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transition state TS4 (the reaction energy is 11.1 kcal mol�1 and
the barrier is 18.0 kcal mol�1). On the other hand, for the b�2
site, the �16O�16O�18O� fragment of 7 rotates to yield com-
plex 8 with a �16O�16O�18O� ring (Figure 3) via TS3 (Figure S7
of the SI). This reaction step is exothermic by �2.0 kcal mol�1

and very fast with a very small barrier of 1.6 kcal mol�1. Similar-
ly, 8 can change via TS4 to 9 by a rotation of the �16O�16O�
18O� fragment (the reaction energy is 2.0 kcal mol�1 and the
barrier is 3.6 kcal mol�1).

Complex 9 undergoes a spin crossover to give 9’ with six
unpaired electrons, two of them are located on the O2 moiety
while four are on Fe. The 18O16O molecule resulting from the
previous reaction step can desorb to the gas phase. Species 7,
TS3, 8, TS4, and 9 have four unpaired electrons and lie on one
potential energy surface. The cleavage of the 16O�16O bond in
complex 8 to give complex 9 is calculated to be the rate-deter-
mining step of the isotope exchange on isolated FeII cations in
the a site. On the other hand, the spin change 7’!7 is most
likely the rate-determining step
for the exchange on isolated FeII

cations located in the b�2 site,
because all the corresponding
barriers are very small. It should
be stressed here that the differ-
ent pathways followed by the
a and b�2 sites in this scheme
were dictated by the structural
features of their respective weak
complexes (7’). Other than those
reported, all attempts to locate
other weak complexes between
O2 and OEXFR or Fe were unsuc-
cessful. Therefore, we can con-
clude that most likely there is no
low barrier pathway for the iso-
tope exchange on isolated FeII

cations in the a site analogous

to that on the isolated FeII coor-
dinated in the b�2 site.

The isotope exchange be-
tween OEXFR and O2 atoms occur-
ring on FeII located in an isolated
a site is more sluggish than that
proceeding on two cooperating
FeII cations, as the largest barrier
for the former is 18 kcal mol�1,
while for the latter the highest
barriers are 10 and 12 kcal mol�1

for the b�1 and b�2 sites, re-
spectively. On the other hand,
the rate of exchange on FeII

positioned in an isolated b�2
site is most likely comparable
with that on two collaborating
FeII cations since the spin
change 7’!7 is most likely the
slowest step of the exchange.

3.2.3. Mechanism of the Isotope Exchange between OEXFR and
OFR in the Absence of O2 Molecules

The isotope exchange between OEXFR and OFR cannot benefit
from the proximity of the two FeII cations accommodated in
two adjacent b sites because the distance between OEXFR and
the other FeII cation is 5.3 �. Therefore, we investigated this ex-
change only using two models of isolated cationic sites (the
a and b�2 models).

Our DFT simulations reveal that O2 molecules play an impor-
tant role in the isotope exchange between OEXFR and OFR (see
Section 3.2.4). Since there is no O2 present in the initial stage
of the N2

18O decomposition, our computations reveal
(Scheme 3) that the isotope exchange proceeds directly via
complex 11 (Figure 4) and transition state TS5 (Figure 5). One
of the four 16OFR atoms and the 18OEXFR atom approach each
other and their distance drops from 2.875 to 1.496 � for the

Figure 3. Optimized structure of complex 8 [a model (left) and b�2 model (right)] . The distances are in �. Silicon
atoms are in gray, aluminum atoms in yellow, iron atoms in violet, and oxygen atoms in red; the OEXFR atom is
shown in green.

Figure 4. Optimized structure of complex 11 [a model (left) and b�2 model (right)] . The distances are in �. Silicon
atoms are in gray, aluminum atoms in yellow, iron atoms in violet, and oxygen atoms in red; the OEXFR atom is
shown in green.
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a site and from 2.986 to 1.463 � for the b�2 site when transi-
tion state TS5 is formed. This distance further decreases to
1.359 and 1.362 � for the a and b�2 sites, respectively, to
yield complex 11 with a unique
structural feature which is the �
16O�18O� fragment above the
plane of the cationic site and an
oxygen vacancy created in the
cationic site (Figure 4). The for-
mation of complex 11 is calculat-
ed to be extremely endothermic,
104.2 and 116.1 kcal mol�1 for
the a and b�2 sites, respectively.
The calculated barrier is prohibi-
tively high as its value reaches
109.3 and 136.7 kcal mol�1 for
the a and b�2 sites, respectively.
This reaction step is rate deter-
mining for the isotope exchange
between OEXFR and OFR in the ab-
sence of O2 molecules. The pres-
ence of the �16O�18O� fragment
and the oxygen vacancy enables
the oxygen exchange to occur
since 18O can occupy the oxygen
vacancy in the cationic site to
yield complex 12 via transition
state TS6 (the reaction energies
are �104.2 and �116.1 kcal
mol�1 for the a and b�2 sites,
respectively, and the energy bar-
riers are 5.1 and 20.6 kcal mol�1

for the a and b�2 sites, respec-
tively).

3.2.4. Mechanism of the Isotope
Exchange between OEXFR and OFR

in the Presence of O2 Molecules

Calculations performed on the
a and b�2 models reveal that
the presence of O2 molecules
significantly facilitates the iso-
tope exchange between OEXFR

and OFR. As reported in section
3.2.2, complex 6 reacts with 16O2

to yield complex 8 (Scheme 2). A
possibility that is addressed here
is (Scheme 4) that the 16O�16O
bond in the �16O�16O�18O� frag-
ment in complex 8 breaks and
16O forms a bond with one of
the four OFR atoms to give com-

plex 13 (Figure 6) via transition state TS7 (Figure 7). The calcu-
lated reaction energies are 20.5 (a) and 25.7 kcal mol�1 (b�2),
and the corresponding barriers are 24.9 (a) and 27.2 kcal mol�1

Figure 5. Optimized structure of transition states TS5 and TS6 [a model (left) and b�2 model (right)] . The distan-
ces are in �. Silicon atoms are in gray, aluminum atoms in yellow, iron atoms in violet, and oxygen atoms in red;
the OEXFR atom is shown in green.

Figure 6. Optimized structure of complex 13 [a model (left) and b�2 model (right)] . The distances are in �. Silicon
atoms are in gray, aluminum atoms in yellow, iron atoms in violet, and oxygen atoms in red; the OEXFR atom is
shown in green.

Figure 7. Optimized structure of the transition state TS7 [a model (left) and b�2 model (right)] . The distances are
in �. Silicon atoms are in gray, aluminum atoms in yellow, iron atoms in violet, and oxygen atoms in red; the OEXFR

atom is shown in green.
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(b�2). The corresponding 16O�16O distance decreases from
2.826 and 2.767 � in 8 to 1.702 and 1.576 � in TS7 and further
to 1.489 and 1.518 � in 13, respectively. The �16O�18O� frag-
ment above the plane of the cationic site which is the key
structural feature of complex 11 (Scheme 3) is already formed
in 13. Therefore, the newly formed 16O2 molecule is released
from complex 13 to the gas phase and complex 11 is formed.
This reaction step is calculated to be very endothermic as the
reaction energies are 87.9 and 87.3 kcal mol�1 for the a and
b�2 sites, respectively. There was no transition state found for
this reaction step, thus the corresponding reaction energy indi-
cates that it is the rate-determining step of the isotope ex-
change between OEXFR and OFR in the presence of O2. Since the
O2 molecule is released to the gas phase, this reaction step is
irreversible. Therefore complex 11 cannot rearrange back to
yield complex 13 despite the absence of a calculated barrier
separating 11 and 13, as all our attempts to locate a transition
state connecting 11 and 13 were unsuccessful. Furthermore,
O2 from the gas phase cannot adsorb later on Fe in 11 to yield
back 13 since complex 11 quickly rearranges to form com-
plex 12 (see Section 3.2.3).

4. Discussion

Using 18O-labeled compounds allows for the examination of
the mechanism of the N2O decomposition by analyzing the
isotope composition of either the solid catalyst or, more effec-
tively, the gas phase (O2). Our results indicate that there is no
isotope exchange between unreacted nitrous oxide and ferrier-
ite in our experiments, since no N2

16O is observed. Thus, the
presence of 16O in O2 indicates the isotope exchange of 18OEXFR

with the 16OFR atoms which form the active site since the Fe0.04-
FER sample used contains exclusively FeII accommodated in
the a and b cationic sites due to the very low Fe/Al ratio.[10]

There are no other iron species (e.g. iron oxides) present in
Fe0.04-FER.[10] The number of participating framework oxygen
atoms in the isotope exchange can be determined from the
concentration of 16O in the released O2 molecules because all
16O atoms exclusively originate from the zeolite framework.

An FeII cation is coordinated to the four oxygen atoms, form-
ing the cationic site.[7] After the FeII in the fresh Fe((16OFR)4)-FER
sample is oxidized by N2

18O to give 18OEXFR = Fe((16OFR)4)-FER,
the isotope exchange can occur. We assume that in the tem-
perature interval of our experiments, 18OEXFR exchanges with
one of the four OFR atoms to yield 16OEXFR = Fe((16OFR)3

18OFR)-FER.
These four Fe framework oxygen atoms, 16OFR, are the closest
to Fe extra-framework oxygen atoms, 18OEXFR, and they can di-
rectly exchange with 18OEXFR. All other framework oxygen
atoms, 16OFR, besides the four forming the cationic site are too
distant from the Fe extra-framework oxygen atoms, 18OEXFR,
and we presume that in the studied temperature range they
cannot directly exchange with 18OEXFR. This assumption is con-
sistent with the observed values of Oexch/Fe which under the
conditions used in this study never exceed four. This reasoning
is further supported by the experimental evidence showing
that there is no isotope exchange observed in the absence of
Fe in the ferrierite sample indicating the necessity of the pres-

ence of a metal center. In addition, we observed no equilibra-
tion of a mixture of 18O2 and 16O2 without the presence of N2O
(i.e. in the absence of OEXFR), revealing that the isotope ex-
change occurs exclusively in the FeII cationic sites. The isotope
exchange proceeds further and OEXFR atoms exchange again
with one of the four OFR atoms forming the cationic site.

There are only three nitrous oxide molecules per one Fe
cation in the beginning of our batch experiments, therefore
N2O is decomposed to N2(g) and O2(g) on only a small part of
the active sites formed by two cooperating Fe cations in two
adjacent b sites of Fe-ferrierite.[7] In such a case, surface NOx

species are formed (four N2O molecules are needed to give
Fe(O4)NO3-FER) and the N2O decomposition proceeds via
Fe(O4)NOx-FER.[22] The remaining active sites with two cooper-
ating Fe cations without the presence of adsorbed NOx do not
efficiently catalyze the N2O decomposition, because no surface
NOx species are formed at these sites. On the other hand,
these Fe structures are easily oxidized[7] by N2O and then the
isotope exchange of both OEXFR with OFR, as well as OEXFR with
O2 molecules, occurs. Cationic sites with isolated Fe cations
can be also oxidized,[7] and so they contribute to the isotope
exchange. Some sites with isolated Fe cations can be blocked
in the initial stages of the N2O decomposition due to the for-
mation of the Fe···NNO complex.[7] Therefore, we conclude that
during the N2O decomposition on Fe-FER most Fe cations are
oxidized, a small part of Fe form surface NOx species, and the
remaining Fe cations either create the Fe···NNO complex or are
eventually empty.

Panov et al. showed that the process of the isotope ex-
change with O2 molecules occurs even at room temperature[6e]

and yields equilibrated oxygen isotopologues.[23] The Q variable
attains the value of four in the whole temperature range
(Figure 1), revealing that the equilibrium among the isotopo-
logues of O2 molecules is reached for all the temperatures. Our
calculated value of the activation energy of the rate-determin-
ing step of the isotope exchange between OEXFR and O2 mole-
cules (Schemes 1 and 2) is consistent with the observed facile
occurrence of the isotope exchange with O2 molecules.

The detailed mechanism of the recombination of two OEXFR

atoms to give an O2 molecule which proceeds mainly via
Fe(O4)NOx-FER is beyond the scope of this study. When the
N2Odecomp/Fe ratio is one and two, then the concentration of
18O in the released O2 molecules is 20 and 30 %, respectively, at
full equilibration between OEXFR and OFR atoms (see the SI for
details). Conversely, when there is no isotope exchange be-
tween OEXFR and OFR atoms, the concentration of 18O in the
formed O2 molecules is 100 % regardless of the number of de-
composed N2O molecules per Fe. Table 1 shows that the mea-
sured N2Odecomp/Fe values are 1.6, 2.6, and 2.9 at 553, 573, and
593 K, respectively. Therefore, the concentration of 18O in the
released O2 molecules is estimated to be 28, 37, and 39 % (see
the SI for details) at 553, 573, and 593 K if there is a full equili-
bration between OEXFR and OFR atoms at all Fe cationic sites.
However, the observed concentration of 18O in the released O2

molecules formed on Fe-FER after 40 min is higher, approxi-
mately 55 % at 553 K, 50 % at 573 K, and 45 % at 593 K
(Figure 1) indicating that OEXFR atoms are not fully equilibrated

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2013, 14, 520 – 531 529

CHEMPHYSCHEM
ARTICLES www.chemphyschem.org

www.chemphyschem.org


with OFR atoms at 553 and 573 K, while at 593 K the equilibri-
um is almost reached after 40 min. These experimental results
show that the oxygen exchange is more sluggish than the N2O
decomposition.

Our DFT calculations reveal that the energy cost of a creation
of an oxygen vacancy starting from the ferrierite framework
without structural defects is prohibitively high as the reaction
barrier reaches 109.3 and 136.7 kcal mol�1 for the a and b�2
sites, respectively (Scheme 3). Therefore, other possible routes
of oxygen exchange were investigated to rationalize the ob-
served framework-oxygen mobility. We discovered that O2 mol-
ecules originating from the decomposing N2O significantly fa-
cilitate the isotope exchange (Scheme 4). The easiest mecha-
nism of oxygen exchange involves complex 8, which is formed
from complex 6 and O2 (Scheme 2). Our computational results
reveal that the energy cost of the rate-determining step of the
isotope exchange between OEXFR and OFR in the presence of O2

drops to 87.9 and 87.3 kcal mol�1 (Scheme 4) for the a and
b�2 sites, respectively. These values are still very high since
the mechanism of the isotope exchange involves the forma-
tion of a defect in the cationic site (complex 11). The creation
of the defect includes a cleavage of covalent bonds, and there-
fore, complex 11 with an oxygen vacancy is very high in
energy. Since a molecule of O2 is released into the gas phase,
the formation of complex 11 is entropically favored resulting
into a slightly lower free energy barrier of the rate-determining
step of the isotope exchange.

We presume that the calculated energy barrier of 87 kcal
mol�1 (Scheme 4) is higher than the assumed experimental
value since otherwise the oxygen exchange would be extreme-
ly sluggish to occur at 553 K. The reason of the overestimation
of the calculated value is most likely the fact that our compu-
tational model considers the ideal FeII exchanged ferrierite
without structural defects. The only source of 16O in the O2

molecules formed by the N2
18O decomposition over our Fe0.04-

FER sample is framework 16O atoms as there are no other spe-
cies containing 16O in the sample. However, the zeolite sample
used was not completely free of defects. The oxygen exchange
requires a formation of an oxygen vacancy in the Fe site or the
presence of a preexisting structural defect in the vicinity of the
Fe site. In the confines of the computational model and the
absence of reliable data regarding the defects, we can only
model the simplest of defects, that is, a framework oxygen va-
cancy (Scheme 3). Our computational results for the defect-
free zeolite framework (Scheme 4) are the upper bound of the
corresponding reaction barriers of the exchange between OEXFR

and OFR. Preexisting structural defects in the vicinity of the Fe
site in the catalyst are likely responsible for the more facile oc-
currence of the oxygen exchange than suggested by our DFT
calculations.

The formation of complex 8 (Figure 3) featuring an �O�O�
O� fragment bound to the FeII cation by both the terminal
O atoms from the Fe-O complex and O2 (Scheme 2) indicates
that the structure of the active sites of catalysts based on FeII-
exchanged zeolites is in reality complex, and the Fe-OEXFR struc-
ture presents a simplification of the real active site. The possi-
ble presence of various arrangements of atoms in the active

sites of iron-exchanged zeolites likely affects their catalytic ac-
tivity. We presume that in the real catalyst, under the reaction
conditions, there might also exist another structural variant of
the active site (i.e. a complex similar to complex 8), especially
when a possible presence of pre-existing structural defects in
the vicinity of the Fe site is considered, for which the isotope
exchange is more facile than that for complex 8 (Scheme 4).
However, we were not able to localize any such complex on
the potential energy surface using our model without structur-
al defects.

5. Conclusions

The occurrence of an isotope exchange indicates that zeolite-
framework O atoms are involved in the formation of O2 mole-
cules during the N2O decomposition catalyzed by Fe-ferrierite.
Our combined experimental and theoretical investigation of
the role of OFR atoms of FeII-exchanged ferrierites in the N2O
decomposition shows plausible mechanisms of the isotope ex-
change between the OEXFR atoms and the OFR atoms. Our re-
sults in the temperature interval from 553 to 593 K are consis-
tent with the mobility limited to the four OFR atoms forming
cationic sites accommodating Fe. Our DFT calculations reveal
that O2 molecules facilitate the oxygen exchange. However,
the corresponding calculated energy barrier of 87 kcal mol�1 is
still very high, and it is higher than the assumed experimental
value based on the occurrence of the sluggish oxygen ex-
change at 553 K. Most likely, the presence of defects in the real
zeolite catalyst is responsible for the more facile occurrence of
oxygen exchange compared to what was suggested by our
DFT calculations.
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