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Abstract

The spin state of iron ions in Fe-ZSM-5 zeolites can be purposefully varied by adsorption of gaseous probe molecules. The resulting Fe

complexes with half-integer spin (S ¼ 1
2
, S ¼ 3

2
and S ¼ 5

2
) can be reliably identified by electron paramagnetic resonance (EPR). A good correlation

has been found between the concentration of surface sites active in low-temperature nitrous oxide decomposition and the concentration of low-spin

(S ¼ 1
2
) nitrosyl complexes of Fe formed after adsorption of NOmolecules. Based on the analysis of the formation of such complexes under varying

conditions, we conclude that these active sites contain a binuclear iron complex with S = 0 and three adsorbed NO molecules. An approach to

investigate various Fe-containing sites in oxidation catalysts is discussed.
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1. Introduction

In the last years a large number of publications have been

devoted to the investigation of the state of Fe ions accounting

for low-temperature N2O decomposition over iron-containing

ZSM-5 zeolites [1–9]. This interest is largely related to the

remarkably unusual properties of these materials that are able to

selectively convert benzene to phenol using N2O as oxidant. It

has been established that these catalytic properties of Fe-ZSM-

5 zeolites are due to the presence of a small amount of sites

involving Fe ions. Upon decomposition of nitrous oxide over

such sites, often referred to as a-sites, a new form of active

oxygen (a-oxygen) is formed that exhibits unusual reactivity

[2]. Its interaction with benzene results in selective formation of

phenol, even at room temperature, while its reaction with

methane yields methanol [10–12]. This catalytic behaviour has

led to the proposal that a-oxygen is an analog of active oxygen

in methanemonooxygenase enzymes performing biological

methane oxidation [11,12]. Mössbauer spectroscopic data has

provided strong indications that the active sites are made up of

extralattice ferrous ions [12].

Whereas the conventional application of electron para-

magnetic resonance (EPR) is limited to the detection of high-
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spin Fe3+ ions (S ¼ 5
2
) and ferromagnetic oxide-like particles

and is as such not suitable for the identification of the active

sites in iron-containing zeolites [13–15], EPR is one of the most

informative spectroscopic techniques for investigation of the

structure and properties of low-valence Fe ions in a wide range

of enzymes. The interaction with NO molecules leads to the

formation of paramagnetic nitrosyl complexes with different

spin states which can be identified by characteristic EPR

features. As a result, NO is widely used as a spin probe for

investigation of the state of Fe2+ ions in enzyme systems [16–

20]. The application of this method to the characterization of

ferrous ions in Fe-containing zeolites has been rather limited

[21–23].

In the current paper we report on the possibility of

purposeful variation of the spin state of iron various complexes

in Fe-ZSM-5 zeolites due to adsorption of gaseous molecules

and their investigation by EPR. We will not only discuss the

interaction of adsorbed molecules with the various ferrous ions

but also study the formation of new complexes formed upon the

interaction of oxidizable molecules (H2, NO, CH4) with a-

oxygen generated upon N2O decomposition.

2. Experimental

Iron-containing ZSM-5 zeolite similar to the one character-

ized in detail earlier [15] was prepared by impregnation of the

hydrogen form of ZSM-5 zeolite with a FeCl3 solution followed
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Fig. 1. Evolution of EPR spectra of Fe-ZSM-5 zeolite during dehydration:

initial spectrum in ambient air (1), after sample evacuation at room temperature

for 12 h (2), after additional dehydration for 1 h at 473 K (3) and 773 K (4) and

after sample rehydration at 473 K followed by evacuation at the same tem-

perature (5).
by calcination in vacuum at 773 K for 1 h followed by

calcination in oxygen for 1 h. The resulting zeolite contains

1.66 wt.% Al and 0.3 wt.% Fe.

Most experiments have been performed using an in situ EPR

apparatus as described in detail elsewhere [15,24]. Homemade

computer package EPR–CAD was used for processing of the

experimental EPR spectra. The concentrations of paramagnetic

species were determined by traditional double integration of the

experimental EPR spectra with zero line correction.

Prior to recording spectra, the zeolites were placed in quartz

ampoules connected to a vacuum system and subjected to a

calcination and vacuum pretreatment at 823 K for dehydration

and removal of chemisorbed molecules. The total duration of

the oxygen–vacuum treatments prior to the experiments was

6–8 h. In all cases, treatment in oxygen (1 Torr) was carried out

with freezing of gaseous reaction products (H2O, CO2, etc.) in a

trap cooled with liquid nitrogen. The last step consisted of

oxidation in molecular oxygen (1 Torr) at 823 K for 1 h.

Subsequently, the catalyst was cooled to room temperature in

oxygen atmosphere followed by evacuation. After the experi-

ments the initial state of the sample was regenerated using the

above procedure. The amounts of adsorbed gases, decomposed

N2O and oxygen thermally desorbed during heating were

determined under ‘‘in situ’’ conditions by measuring pressure in

he reaction chamber using a Pirani manometer for pressures

10�5 to 0.5 Torr and a Mechanotron manometer for pressures

from 0.2 to 100 Torr. More precise determination of the

concentrations of a-sites was carried out by N2O decomposi-

tion in static vacuum installation as previously described [10–

12,32]. Partial gas pressures were determined using a PPT

Residual Gas Analyser (MKS Instruments) mass spectrometer

and Baratron (MKS Instruments) manometer with linear range

from 2 � 10�3 to 2 Torr.

The a-site density was determined from the amount of N2

released during N2O decomposition at 473 K. This value was

compared with the total amount of oxygen desorbed from the

sample after heating to 773 K and the average of these two

values was taken.

3. Results and discussion

Ferric ions are usually paramagnetic both in the isolated

state and in polynuclear structures. The spin Hamiltonian is

usually applied for analysis of the EPR spectra of paramagnetic

Fe complexes

H ¼ g0bBSþ DðS2z � SðSþ 1Þ=3Þ þ EðS2x � S2yÞ; (1)

where S is the system electron spin and the parameters D and E

characterize the axial and rhombic components of the zero-field

splitting. The experimental spectra of polyoriented systems

yield information about the full spin (S) and the axial symmetry

distortion degree (E/D). For Fe-ZSM-5 materials only high-

spin (S ¼ 5
2
) states of Fe3+ ions have been reliably identified by

EPR. Two types of signals are observed: (i) complexes of low

symmetry with geff = 4.3, E/D = 1/3 and (ii) octahedral com-

plexes with axial symmetry and tetragonal distortion (g? = 6.0,
E/D� 1) [13–15]. Most works also report the presence of wide

ferromagnetic resonance signals (DH > 500 G) that are related

to the presence of residual oxide or oxide-like phases in the

zeolites.

3.1. Dehydration and dehydroxylation of Fe-ZSM-5

zeolites

Under conventional storage conditions zeolites contact with

air and are consequently extensively hydrated. This leads to

significant changes in the state and reactivity of Fe species.

Moreover, prior to catalytic reactions these materials are

usually dehydrated. Consequently, zeolite activation is essential

before EPR or other spectroscopies. Thus, we attempt to follow

changes in the state of iron during dehydration.

A typical EPR spectrum of Fe-ZSM-5 after storage in air is

presented in Fig. 1. It contains a component with g = 4.3 related

to isolated Fe3+ ions, a wide ferromagnetic resonance (FMR)

spectrum and weak components near ge related to an impurity

of Mn2+ ions that are hardly noticeable in the background of the

wide FMR spectrum. Such spectra are fairly typical for various

oxide systems containing Fe impurities or intentionally added

Fe species registered in air. Brief evacuation at 293 K does not

lead to changes in the spectra. However, prolonged evacuation

at room temperature results in almost complete disappearance

of the features due to Mn2+ ions and significant intensification

of the line with g = 4.3. An increase of dehydration temperature



A.M. Volodin et al. / Catalysis Today 110 (2005) 247–254 249
to 473 K leads to the appearance of an intense band with

g? = 6. Further dehydration at 773 K leads to almost complete

disappearance of the latter complexes and slight growth in the

intensity of the signal with g = 4.3. This last step represents the

typical last step of zeolite pretreatment prior to low-temperature

N2O decomposition which leads to the stabilization of a-oxygen

(Oa). All changes in the EPR spectra described above are related

to removal of coordinated water and are reversible. Subsequent

rehydration of the zeolite at 473 K practically restores its initial

state at this temperature.

3.2. Formation of a-oxygen

As noted earlier [15], the formation of a-oxygen was not

accompanied by any changes in the EPR spectra. This

observation is extremely important for understanding the

elementary steps taking place during formation of the active

oxygen species. Therefore, we will analyze the formation of

these species in more detail.

Quantitative experiments on the formation of a-oxygen

were carried out under in situ conditions. The starting point of

these experiments was registration of the spectrum of the

zeolite, that was activated in vacuum at 793 K, subsequently

cooled to 523 K in oxygen and finally evacuated. At this

temperature the zeolite was exposed to nitrous oxide which led

to the following reaction:

N2O þ ð Þa ! ðOÞa þN2 (2)

For the present Fe-ZSM-5 zeolite the concentration of Oa

stabilized on the surface was approximately 1.5 � 1019 sites/

g. After deposition of a-oxygen, we did not observe any

changes in the intensity or shape of the EPR signal of Fe3+

ions with g = 4.3 nor the appearance of new lines in the range of

the magnetic field from 100 to 6000 G, which corresponds to

effective g-values ranging from 1.1 to 30. As neither the sample

position in the spectrometer cavity nor it’s temperature chan-

ged, we conclude that the EPR spectra of this system before and

after reaction are absolutely identical. The relative error in

determination of the EPR signal intensity under these condi-

tions did not exceed 1%. A similar result was obtained when the

EPR spectra were registered at 113 K. To this end, the spectrum

of the initial dehydrated zeolite was also recorded at 113 K.

Then, the sample was heated to 523 K followed by exposure to

nitrous oxide. Subsequently, the sample was cooled to 113 K

and its EPR spectrum was registered. Similar experiments were

also performed in sealed ampoules. The goal was to compare

EPR spectra before and after reaction using low registration

temperatures (10–77 K) that are not available in our in situ

setup. Also for this case essentially no difference was observe in

EPR spectra of zeolites before and after formation of a-oxygen.

Thus, the aggregate of the experimental EPR data obtained

in a very wide registration temperature range learns that neither

the initial state of the active site nor its state after the a-oxygen

formation can be observed by EPR. These results are in good

agreement with the data obtained earlier by Mössbauer spec-

troscopy. These data indicate that Fe2+ ions are the active sites in
the initial zeolite, and they are oxidized to Fe3+ ions during thea-

oxygen formation [12]. Hence, we may rewrite reaction (2) as

Fe2þ þN2O ! ½Fe3þO�� þ N2 (3)

We note here the importance of cooling the sample from the

high evacuation temperature to the temperature of nitrous oxide

exposure in molecular oxygen to prevent the presence of Fe2+

species that do not form a-sites.

These ferrous ions have integer electron spin (S = 2) and are

consequently not observed in EPR spectra. Fe3+ ions in [Fe3+O�]

complexes formed after thea-oxygen formation have a high-spin

state (S1 ¼ 5
2
)whereas thea-oxygen ligand is anO� radical anion

(S2 ¼ 1
2
). Theaggregate spin of this complex is still integer (S = 2,

for the most likely case of antiferromagnetic coupling) [25]. In

principle, the resulting complex is not amenable to observation

by EPR. The possible formation [Fe4+O2�] that is discussed in

the literature [26] requires further experimental and theoretical

proof and will not be discussed by us. In our opinion, O� radical

anions stabilized in the first coordination sphere of Fe3+ ions are

the most likely candidates for the role of a-oxygen in Fe-ZSM-5

zeolites. Such anion-radicals (or rather [Mn+–O�] complexes

stabilized on diamagnetic low-coordinated metal cations) are

well known on the surface of various oxide catalysts. Usually,

they are either observedbyEPR themselves ormadevisible using

a proper test reaction [27,28]. The main specific feature of O�

radical anions on Fe-ZSM-5 zeolites is their stabilization on

paramagnetic Fe3+ ions. As a result, the aggregate spin state of

such complex determined by the interaction of two paramagnetic

fragments is very different from that of O� radical anions on

diamagnetic ions (Mg2+, Zn2+, V5+, etc.). As O� radical anions

are very reactive towards oxidizable molecules at temperatures

as low as 77 K [29–31], we choose such species to convert them

into diamagnetic species stabilized on the same Fe3+ ions.

Reactions with hydrogen and methane appeared to the most

suitable.

3.3. Reactions of a-oxygen with H2 and CH4

The formation of O� radical anions after N2O decomposi-

tion on reduced surface sites of oxides is due to electron transfer

to the adsorbed N2O molecule followed by its dissociation

according to reaction (4) similar to the above reaction

describing the formation of a-oxygen [27,28]

Mðn�1Þþ þN2O ! ½MnþO�� þ N2: (4)

One of the most typical reactions of oxygen radical anions is

hydrogen abstraction from various molecules containing hydro-

gen atoms

½MnþO�� þ RH ! ½MnþOH�� þ R�: (5)

In particular, they easily react with hydrogen and methane as

follows:

½MnþO�� þ H2 ! ½MnþOH�� þ H�; (5a)

½MnþO�� þ CH4 ! ½MnþOH�� þ CH3
�: (5b)
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Fig. 2. Reaction of a-oxygen with hydrogen at 113 K: (a) low-field region of

the EPR spectra (1) after zeolite activation under vacuum at 773 K, (2) H2

adsorption (P = 0.2 Torr) at 113 K, (3) a-oxygen formation and (4) reaction of

a-oxygen with H2; (b) low-field region of the EPR spectra (1) after a-oxygen

formation, (2) simulated component of the signal with g? = 6.0, gk = ge and (3)

their sum (spectrum 3 = spectrum 1 + spectrum 2) and (4) the spectrum after a-

oxygen reaction with H2.
The resulting H� and CH3
� radicals are highly reactive and

very mobile and are most likely readily engaged in secondary

chemical reactions. At low temperatures methyl radicals in

some cases can be stabilized on the oxide surface. Such radicals

can be registered by EPR [31]. It is noteworthy that these

reactions alter the spin of the paramagnetic complex [Mn+O�]

due to addition of H� radical having its own spin. So, for

diamagnetic Mn+ ions the resulting complexes with hydroxyl

groups are not observed by EPR. Mössbauer spectroscopy data

[12] have also shown that the a-oxygen atoms in Fe-ZSM-5

exposed to nitrous oxide are of radical anionic nature. They

react with hydrogen and methane at temperatures as low at

173 K. The associated activation energies are low [32] and

comparable with the activation energies of similar reactions

with participation of O� radical anions [30].

Hence, we investigated the reaction of a-oxygen with

hydrogen and methane by in situ EPR. In these experiments

a-oxygen was formed by N2O decomposition at 523 K

(reaction (2)) followed by evacuation and cooling to the

desired reaction temperature (100–250 K). At this tempera-

ture hydrogen (or methane) was adsorbed and the kinetics of

the formation of new paramagnetic products was monitored.

After the experiments the standard state of the zeolite was

regenerated by pretreatment at 823 K. We stress that the

interaction of the zeolite without a-oxygen with hydrogen

or methane does not lead to any changes in its EPR spectra

(Fig. 2a).

Fig. 2a and b presents the EPR spectra of the interaction of

a-oxygen with hydrogen at 113 K. The reaction results in the

appearance of a component with g? = 6 typical for high-spin

(S ¼ 5
2
, E/D� 1) iron complexes. The second weak component

of this spectrum gk ffi ge is not observed under our conditions.

Computer simulation of the spectrum with g? = 6 and gk = ge
(Fig. 2b) yields a spectrum that is in a very good agreement with

the experimental results. Similar complexes were observed

during investigation of the zeolite dehydration (Fig. 1). Thus,

the obtained results allow us to conclude that reaction with

hydrogen is accompanied by a change of the spin state of Fe

complexes. This reaction appears to be very similar to the above

reactions with the participation of O� radical anions

½Fe3þO�� þ H2 ! ½Fe3þOH�� þ H�: (6a)

Similar paramagnetic complexes with g? = 6 and gk = ge have

been also observed during a-oxygen reaction with methane

(Fig. 3) that can be described by the following reaction:

½Fe3þO�� þ CH4 ! ½Fe3þOH�� þ CH3
�: (6b)

The latter two reactions result in the change of the spin state of

the iron complexes from S = 2 (integer spin, no EPR signal) to

S ¼ 5
2
(half-integer spin, high-spin complexes observed by

EPR). These results are in a good agreement with the data

obtained for the same reactions by kinetic methods [32,33].

They convincingly show the analogy in the formation and

chemical properties of a-oxygen and O� radical anions stabi-

lized on oxide surfaces.

Regeneration of the initial state of the zeolite after reaction

with hydrogen or methane requires zeolite dehydroxylation at
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Fig. 3. Methane reaction with a-oxygen at 293 K: the low-field region of the

EPR spectra (1) after a-oxygen formation, (2) after its reaction with methane

and (3) the difference spectrum.
high temperature. For example, the initial state is completely

recovered after the standard oxygen–vacuum treatment at

773 K for 1 h. Moreover, the conditions required for

regeneration of the zeolite active sites after its prolonged

contact with ambient air and after reaction with hydrogen or

methane are similar. The magnetic resonance parameters of

the hydroxyl-containing complexes of Fe ions are also

identical in both cases (g? = 6, gk ffi ge). The concentrations

of these complexes obtained by two very different pretreat-

ment methods are also close to each other. These results prove

that the same hydroxyl-containing high-spin Fe complexes

are observed in both cases. High-temperature vacuum

treatment in both cases yields high-spin (S = 2) Fe2+ ions

that appear to be sites active in a-oxygen formation. The

appearance of such low-valence ions after the zeolite

dehydroxylation is described by reaction (7) and is similar

to the one suggested in [34]

2½Fe3þOH�� ! 2½Fe2þ� þ H2O þ 1=2O2: (7)

Deactivation of the zeolite active sites in ambient air is

described by the reverse reaction. This reverse reaction

describes deactivation (hydroxylation) of the active sites

with water in oxygen-containing atmosphere. The same

high-spin hydroxyl complexes of Fe3+ can be prepared by

the formation of a-oxygen followed by its reaction with

hydrogen

Fig. 4. EPR spectra of Fe-ZSM-5 dehydrated at 723 K (1) and 823 K (2)

registered after NO adsorption at 293 K (P = 10 Torr) followed by brief

evacuation at 173 K.
½Fe2þ� þ 2N2O þ H2 ! 2½Fe3þOH�� þ 2N2: (8)
The reverse reaction of reaction (7) and reaction (8) involve

the same active sites (high-spin Fe2+ ions) and result in the

formation of the same products (paramagnetic [Fe3+OH�]

complexes). The main and fundamental difference of these

reactions is that they use different sources of oxygen and

hydrogen for the formation of hydroxyls and hence they take

place under different reaction conditions.

3.4. NO interaction with the zeolite active sites

Another approach to alter the spin state of ferrous ions and

reveal them by EPR spectroscopy is their reaction with

paramagnetic NO molecules adsorbed from the gas phase. As

Fe-ZSM-5 zeolites typically contain different ferrous com-

plexes, their reactions with NO should also yield different

paramagnetic products.

3.4.1. Fe-nitrosyl complexes with intermediate spin (S ¼ 3
2
)

Fig. 4 presents the EPR spectra obtained after NO adsorption

at 173 K on the material dehydrated at 723 K (spectrum 1) and

823 K (spectrum 2). In addition to the signal with g = 4.3,

spectrum 1 contains components with g = 6.3 and g = 5.7.

When the spectra are registered at temperatures above 77 K,

these components are broadened and merge into one

component with g? = 6.0 (Figs. 1–3). It has been noted above

that this component is typical for high-spin (S ¼ 5
2
) octahedral

complexes of Fe3+ ions with strong tetrahedral distortion. EPR

spectra with axial symmetry are described by g? = 6, gk ffi ge.
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Fig. 5. EPR spectra of low-spin (S ¼ 1
2
) complexes in Fe-ZSM-5 registered after

NO adsorption at 293 K (P = 10 Torr) followed by 30 min evacuation at 113 K

(1), 173 K (2) and 253 K (3).
The splitting of the signal with g? = 6.0 into two components

symmetrical with respect to g = 6.0 is, most likely, due to

weak rhombic distortion of the axial symmetry of the para-

magnetic ion [34]. The disappearance of the EPR spectrum of

these complexes observed experimentally after the zeolite

evacuation at 823 K (Fig. 4, spectrum 2) is due to removal of

hydroxyl ligands from the coordination sphere of Fe ions

(reaction (7)).

In addition to the signals described above, a new EPR signal

with g = 4.0 and a spectrum with g? = 1.99, gk = 1.86,

AY = 31 G typical for NO molecules adsorbed on Lewis acid

sites of zeolites [35] can be distinguished in Fig. 4. Earlier [22]

we have shown that the appearance of the signal with g = 4.0

after NO adsorption on Fe-ZSM-5 zeolites is due to the

formation of iron–nitrosyl complexes with intermediate spin

(S ¼ 3
2
)

½Fe2þ� þ NO ! ½Fe3þ � � �NO��; (9)

which implies a change of the spin state from S = 2 to S ¼ 3
2
.

Note that some Fe ions in the sample activated at 723 K exist as

[Fe3+OH�] complexes (Fig. 4, spectrum 1). As a result, the

concentration of [Fe3+� � �NO�] complexes on this sample is

lower than on the sample activated at 823 K (Fig. 4, spectrum

2). Thus, NO adsorption on Fe2+ ions leads to the change of

their spin similar to their hydroxylation. The resulting nitrosyl

complexes [Fe3+� � �NO�] with S ¼ 3
2
are readily identified by

EPR and can be used as paramagnetic probes for investigation

of Fe2+ ions in oxide systems.

3.4.2. Low-spin (S ¼ 1
2
) nitrosyl complexes

Different types of paramagnetic complexes with S ¼ 1
2

existing in equilibrium with the gas phase NO. These are

stable in the temperature range of 100–250 K. Fig. 5 presents

EPR spectra of such complexes observed under in situ

conditions at 110 K. Spectrum 1 (gav = 1.97, DH = 90 G) is

typical for monomeric NO stabilized on Lewis acid sites of the

zeolite

½LAS� þ NO ! ½LAS � � �NO�ads: (10)

At low temperatures such complexes exhibit well-resolved EPR

spectra (Fig. 4), whereas their spectra are broadened due to

dynamic effects at 110 K known for other oxide systems [36].

The removal of the majority of adsorbed NO by evacuation

at 173 K leads to disappearance of the corresponding EPR

features.

New paramagnetic complexes with gav = 1.998 and

DH = 20 G are observed in this case (Fig. 5, spectrum 2).

Significant broadening of the EPR spectra up to 30 Gwhen 57Fe

isotope is used and a clear dependence of the EPR signal

intensity on the iron concentration in the samples unambigu-

ously indicate that these spectra belong to iron–nitrosyl

complexes in a low-spin state (S ¼ 1
2
). The analysis of the

formation conditions of these species and their stoichiometry

indicate that, most likely, they contain three NO molecules.

Interestingly, only the third weakly bound NO molecules

accounts for the paramagnetism. The initial iron complexes and
dinitrosyl complexes formed by addition of two NO molecules

have zero spin and are not observed by EPR.

The state of iron with S = 0 is not very common for oxide

materials. This can be either monomeric Fe2+ ions in low-spin

state or binuclear structures with two Fe ions bound

antiferromagnetically ([Fe3+–Fe3+] or [Fe2+–Fe2+]). In com-

parison with oxygen anions, NO is a fairly strong ligand.

Therefore, the preservation of the low-spin state after

adsorption of three NO molecules on one Fe2+ ion appears

to be rather unlikely. The existence of Fe2+ ions with three free

coordination sites in a zeolite matrix is also very doubtful. In

our opinion, such trinitrosyl complexes are formed on a

binuclear Fe site

½Fe2þ�Fe2þ� þ 2NO ! ½NO � � � Fe2þ�Fe2þ � � �NO� (10a)

and

½NO�Fe2þ�Fe2þ�NO� þ NO ! ½Fe2þ�Fe2þ � � � ðNOÞ3�;
(10b)

in which all species except the trinitrosyl have zero spin. The

formation of a relatively strong dinitrosyl complex (reaction

(10a)) does not alter the spin of the complex. Only the addition

of the third NO molecule (reaction (10b)) leads to the appear-

ance of paramagnetic complexes observable by EPR.

One more low-spin (S ¼ 1
2
) iron–nitrosyl complex

(g1 = 2.94, g2 = 2.056, g3 = 2.014) similar to the one reported
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Table 1

Parameters of EPR spectra and composition of paramagnetic complexes observed in Fe-ZSM zeolites

Observed EPR signal (g1, g2, g3) Spin and symmetry

of the complex

Most likely composition

of the complex

Designation of the active

site and its spin

gav = 4.3 S ¼ 5
2
, E/D = 1/3 [Fe3+] Fe3+ (1, 2, 3)a, S ¼ 5

2

6.3, 5.7, (�ge)
b

S ¼ 5
2
, E/D� 1 [Fe3+� � �OH�] [Fe2+], S = 2

g? = 4.0, (gk � ge)
b

S ¼ 3
2
, E/D� 1 [Fe3+� � �NO�] [Fe2+], S = 2

gav = 1.998, DH = 20 G S ¼ 1
2

[(Fe2+)2� � �(NO)x]I [Fe2+� � �Fe2+]I, S = 0

2.038, 2.058, 2.094 S ¼ 1
2

[(Fe2+)2� � �(NO)x]II [Fe2+� � �Fe2+]II, S = 0

g? = 1.99, gk = 1.86, Ay = 31 G S ¼ 1
2

[NO� � �As] As, S = 0

gav � ge, DH > 200 G S	 1 Oxide-like ferromagnetic nanoparticles

a Earlier we have shown that, at least, three types of ions with such parameters of the EPR spectra with different localization and reactivity are present in the studied

Fe-ZSM-5 zeolites [15].
b Expected g values of components not observed by EPR due to low intensity or overlapping with other lines are listed in parentheses.
earlier in literature [21,23] can be observed after evacuation at

253 K (Fig. 5, spectrum 3). The formation conditions and

stoichiometry of these complexes are similar to the ones

reported above. The main difference is much stronger bonding

with NO providing stability of such complexes even after

evacuation at 250 K.

3.5. Formation of a-oxygen and various iron-containing

sites in Fe-ZSM-5

In summary, we wish to stress that a variety of iron-

containing sites may be observed in Fe-ZSM-5 by EPR

spectroscopy after careful selection of the experimental
Fig. 6. Correlation between the concentrations of sites accounting for a-oxygen

stabilization after N2O decomposition measured by adsorption technique and

paramagnetic complexes with gav = 1.998 registered by EPR after NO adsorp-

tion over a series of Fe-ZSM-5 zeolites varying by Fe concentrations and

synthesis methods.
conditions and spin probes. Table 1 lists the magnetic resonance

parameters as well the most likely composition of such

paramagnetic complexes and the possible structure of such

sites. The various sites have different chemical properties and

account for different chemical reactions. Formation of a-

oxygen by nitrous oxide decomposition on Fe-ZSM-5 zeolites

is one of the few chemical reactions taking place on catalytic

materials where the concentration of active sites can be

measured relatively precisely. In this respect, it was of interest

to establish a correlation between the concentrations of the

various Fe sites as determined by EPR and sites accounting for

a-oxygen stabilization determined by adsorption techniques.

To this end, a series of five samples with different

concentrations of sites where a-oxygen could be stabilized

was chosen for such experiments. Subsequently, the concen-

trations of various iron-containing sites discussed above

([Fe3+], [Fe3+� � �NO�], [(Fe2+)2� � �(NO)x]I, [(Fe2+)2� � �(NO)x]II
complexes) were estimated under optimal conditions as

determined in this contribution. These experiments produced

a fairly unexpected result (Fig. 6). A good correlation with the

concentration of sites accounting for a-oxygen stabilization

was observed only for the signal with gav = 1.998 belonging to

[(Fe2+)2� � �(NO)x]I associated with binuclear iron sites

([Fe2+� � �Fe2+]I with S = 0). Further studies exploring the role

of the observed correlation for catalytic nitrous oxide

decomposition and benzene oxidation and the structure of

these sites are in our immediate plans.

4. Conclusions

In this study we have shown new approaches to characterize

Fe species in zeolitic catalysts by alteration of their spin state by

adsorption of gaseous probe molecules akin to the investigation

of EPR-silent iron structures in enzymes and other biological

objects. Complexes of Fe ions with half-integer spin (S ¼ 1
2
,

S ¼ 3
2
and S ¼ 5

2
) are reliably identified by EPR. This not only

allows to make Fe2+ species amenable to EPR observation but

also [Fe3+O�] complexes formed upon decomposition of

nitrous oxide. The observed correlation between the concen-

trations of sites active in N2O decomposition at low

temperatures (a-sites) and low-spin (S ¼ 1
2
) iron–nitrosyl

complexes formed after NO adsorption appears to a good
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starting point for the further development of studies aimed at

understanding the nature of the active sites and the mechanism

of their action. Undoubtedly, the results reported in this paper

require additional independent verification. Nevertheless,

the suggested approaches to investigation of iron-containing

active sites by EPR are fairly universal and can be applied to

many other oxide systems, especially systems with low Fe

concentration.
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