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Abstract: High frequency (95 GHz, W-band) pulsed ENDOR measurements were carried out on the57Fe-containing
zeolites: Fe-sodalite (FeSOD), Fe-L (FeLTL), Fe-mazzite (FeMAZ), and Fe-ZSM5 (FeMFI), where57Fe(III) was
introduced during synthesis. The echo-detected EPR spectra of all zeolites investigated, recorded at 1.8 K, show
mainly the|-5/2〉 to |-3/2〉 EPR transition. Accordingly, the ENDOR spectra exhibit only two57Fe ENDOR transitions
at 67.8-68.8 and 39.0-39.6 MHz, corresponding toMS ) -5/2 and-3/2, respectively. From these frequencies
isotropic hyperfine couplings of-29.0,-29.3,-29.5, and-29.6 MHz were derived for57FeSOD,57FeL,57FeMAZ,
and57FeMFI, respectively. On the basis of an earlier assignment of theg) 2 signal in FeSOD to Fe(III) in tetrahedral
framework sites it is concluded that hyperfine couplings in the range-29.0 to-29.6 MHz are characteristic of
57Fe(III) in zeolite frameworks. In contrast to the X-band57Fe ENDOR signals, the W-band signals are free from
second- and third-order contributions of the hyperfine and zero-field splitting (ZFS) interactions and are thus
significantly simpler to assign and interpret. The ZFS contributions caused excessive inhomogeneous broadening of
the X-band ENDOR spectra of57FeL,57FeMAz, and57FeMFI and the detection of the ENDOR spectra was practically
impossible: All zeolites studied exhibited ENDOR signals from27Al and 57FeSOD showed also clear23Na ENDOR
signals. The hyperfine interaction of the23Na was significantly larger than that of the27Al, confirming the assignment
of the Fe(III) to framework sites, substituting for Al. Moreover, the value obtained for the23Na anisotropic hyperfine
component, 0.53 MHz, corresponding to a distance of 3.4 Å, is in good a agreement with the known structure of
sodalite where the distance between a framework atom and the Na+ cations in the center of the six rings is 3.35 Å.
This work demonstrates the power and potential of high-field ENDOR in terms of resolution, signal assignment, and
spectral analysis.

Introduction

The prospect of transition metal incorporation into the
framework of aluminosilicate and aluminophosphate molecular
sieves has been drawing a continuous interest among researchers
due to the potential new catalytic properties of the modified
materials. These for instance can be expressed in oxidation/
reduction activity and/or in the modification of the acidity,
depending on the nature and loading of the transition metal and
on the molecular sieve structure. One of the most extensively
studied transition metals in the context of framework substitution
has been iron. In many natural and synthetic zeolites it is found
as an impurity,1-3 and there have been numerous reports on its
successful incorporation into the frameworks of zeolites and
aluminophosphate molecular sieves.3-14 In these materials the

iron usually does not occupy exclusively tetrahedral (T)
framework sites. It can also exist as extra-framework cations
and/or as an interstitial phase of small particles located either
within the zeolite pores or on its external surface.1-3,9,10 The
techniques commonly used to characterize iron sites in molecular
sieves and oxide catalysts include Mo¨ssbauer, UV-vis, IR, and
EPR spectroscopies3,15 and extended X-ray absorption fine
structure (EXAFS).9-11 Unambiguous assignment of the iron
sites usually requires a combination of several methods.
We have recently investigated the feasibility of using pulsed

electron-nuclear double resonance (ENDOR) spectroscopy of
57Fe (I ) 1/2) combined with EPR spectroscopy as an additional
tool for the characterization of Fe(III) sites in zeolites.16 The
ENDOR spectrum provides the57Fe hyperfine interaction which
in turn gives information on local geometry and bonding
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characteristics such as the degree of covalency.17 The hyperfine
interaction of 57Fe can also be determined by Mo¨ssbauer
spectroscopy, but pulsed ENDOR provides additional resolution
obtained from the EPR spectrum. Furthermore, the versatility
of the pulsed ENDOR experiments offers a larger scope for
resolving and assigning signals.18

The hyperfine interaction of57Fe(III) (d5, S) 5/2, I ) 1/2) is
predominately isotropic17 and the ENDOR frequencies, given
to second order, are19

where νe and νL are the electronic and nuclear Larmor
frequencies, respectively, andaiso is the isotropic hyperfine
constant. The first-order57Fe(III) ENDOR spectrum consists
of three doublets, centered at1/2aiso, 3/2aiso and5/2aiso, and each
doublet is split by 2νL. The higher order perturbation terms
cause deviations of the splitting of the doublets from 2νL (see
eq 1) and shift the center of the doublets.20

X-band (≈ 9.2 GHz) pulsed ENDOR spectra of57Fe in
sodalite (57FeSOD), recorded atg ) 2 (Ho ) 3317 G), showed
three doublets centered at 14.86, 43.87, and 72.09 MHz with
splittings of 1.2, 2.5, and 1.3 MHz, respectively.16,21 These
splittings deviate significantly from 2νL which at this field is
0.96 MHz. These deviations cannot be accounted for just by
taking into account the second-order effect of the hyperfine
interaction. Moreover, ENDOR spectra recorded at different
magnetic fields within the EPR powder pattern showed orienta-
tion dependence which was most significant for the peaks
corresponding to theMS ) (1/2 and(3/2 manifolds.21 Since
the anisotropic hyperfine interaction of57Fe(III) is negligible,17

this dependence has been attributed to contributions of the ZFS
to the ENDOR frequencies and the orientation dependence could
be reproduced in simulated spectra.21 Line broadening attributed
to the ZFS has also been observed in the55Mn(II) ENDOR lines
of Concanavalin A.20 While the ENDOR spectrum of57FeSOD
was highly resolved,16 the spectra of57Fe containing zeolite L
(57FeLTL), Mazzite (57FeMAZ), and ZSM5 (57FeMFI) exhibited
very weak and broad signals that were barely detectable and
highly orientation dependent.22 The excessive broadening in
these zeolites was attributed to the ZFS, which is significantly
larger than in57FeSOD.15

In this work we present pulsed ENDOR measurements on
57FeSOD, 57FeLTL, 57FeMAZ, and 57FeMFI, performed at
W-band (95 GHz), which demonstrate the power of high-field
ENDOR spectroscopy. We show that at this frequency the third-
order contribution of the ZFS to the ENDOR signals is
negligible and that the57Fe hyperfine interaction is indeed
isotropic. ENDOR spectra of57FeLTL and57FeMAZ, which
could not be obtained at X-band frequencies, are readily
observed at 95 GHz. The hyperfine coupling constants of the
57Fe in all four zeolites are close, indicating that these values
are typical for57Fe(III) in framework sites of zeolites. In the
case of57FeSOD, ENDOR signals of23Na were observed as
well. Analysis of the23Na powder patterns gave a value for

the anisotropic hyperfine interaction which is in good agreement
with a framework Fe(III) interacting with Na+ ions in the center
of the six-member ring, thus providing additional evidence for
framework substitution.

Experimental Section

Synthesis. All zeolites were synthesized according to published
procedures9,10,23,24 using an enriched57FeCl3 solution prepared by
dissolving57Fe2O3 in excess 1 N HCl solution. The compositions of
the zeolites studied are listed in Table 1.

ENDOR Measurements. The ENDOR spectra were recorded at
1.5 K on a pulsed spectrometer operating at 95 GHz described
elsewhere.25 Echo-detected (ED) EPR spectra were recorded using
either the two-pulse sequence,π/2-τ-π-τ-echo, or the three-pulse
sequence,π/2-τ-π/2-T-π/2-τ-echo, where the echo amplitude is
measured as a function of the magnetic field and the time intervalsτ
andT are held constant. The ENDOR spectra were recorded using
the Davies ENDOR (π-T-π/2-τ-π-τ-echo)26 and Mims ENDOR
(π/2-τ-π/2-T-π/2-τ-echo)27 pulse sequences where a RFπ pulse
is introduced during the time intervalT in both sequences. In both
experiments the echo amplitude is recorded as a function of the RF
frequency. Typical pulse durations for the microwave pulses were
0.050-0.15 and 0.1-0.3 µs for theπ/2 andπ pulses, respectively.
The duration of the RF pulse (tRF) was 50-200µs and the repetition
rate was 90 Hz. Depending on the S/N, 2-30 scans of 6 echoes per
data point were accumulated for each spectrum.

Results

The ED-EPR spectra of57FeSOD,57FeLTL, 57FeMAZ, and
57FeMFI are shown in Figure 1. The spectra are dominated by
the |-5/2〉-|-3/2〉 EPR transition since at 95 GHz and 1.5 K
the only significantly populated energy level is that correspond-
ing toMS ) -5/2 (the relative populations of the energy levels
are 1:4.6× 10-2:2.3 × 10-3:1.1 × 10-4:5.3 × 10-5:2.58×
10-6, respectively). All spectra show a narrow peak assigned
to the |-1/2〉-|1/2〉 transition, superimposed on the broad
asymmetric peak of the|-5/2〉-|-3/2〉 transition. Although the
population of theMS ) -1/2 level is very low, the|-1/2〉-|1/2〉
transition is observed due to its small inhomogeneous line width.
Unlike the other transitions, the frequency of this transition
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Table 1. The Composition of the Zeolites Investigated, Given in Relative Atom %

sample zeolite T sites Fe Al Si Na K
Fe

Fe+ Al + Si
a

refb

57FeSOD sodalite 1 0.001 0.999 0.96 1.32 0.05 10
57FeLTL Linde L 2 0.002 0.998 2.71 1.01 0.07 9
57FeMAZ mazzite 2 0.003 0.997 2.92 0.78 0.07 23
57FeMFI ZSM5 12 0.0018 0.982 28.2 0.65 0.06 24

aMolar ratio of Fe expressed as a molar percent.b Synthesized according to these references.

ν(MS)MITMI+1
) |-νL + MSaiso -

aiso
2 MS

νe (MI + MS+ 1
2)| (1)
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depends on the ZFS only to second order.28 Since only two
out of the five EPR transitions appear, just four ENDOR
transitions corresponding to theMS ) -5/2, -3/2, -1/2, and1/2
manifolds are expected. The latter two should be observed only
at magnetic fields close tog) 2. No EPR signals were detected
below the range shown in Figure 2, although the X-band spectra
of all samples under study, except57FeSOD, did show signals
at low fields (g ∼ 6 andg ) 4.3 ).15 It is possible that the
conditionνe , D, leading to the appearance of the isotropicg
) 4.3 peak whenE/D ) 1/3,29 no longer holds at 95 GHz, and

the signal suffers from large inhomogeneous broadening which
prevents its detection.
The spectrum of57FeSOD is significantly narrower than those

of the other zeolites due to its weaker ZFS interaction. The
ZFS parameter,D, was estimated to be≈750 MHz from
simulations of the X- and Q- and W-band EPR spectra. The
line shape of the ED-EPR spectrum at 95 GHz indicates thatD
is positive and thatE/D≈ 0.2. A reasonable agreement between
the line shapes of the ED-EPR spectrum and the simulated
spectrum was achieved only with a very large line width of
≈1200 MHz for the|-5/2〉-|-3/2〉 transition and 90 MHz for
the|-1/2〉-|1/2〉 transition. The large line width (1200 MHz) is
responsible for the smearing of the powder pattern turning
points. One possible explanation for this large line width is
the existence of a distribution in theD and E values.30

Comparison of the width of the powder pattern of57FeSOD
with that of the other zeolites indicates that in57FeLTL D is
1200-1500 MHz whereas in57FeMFI and57FeMAZ it is 1400-
1600 MHz. The largerD value in these zeolites is also
manifested in the width of the|-1/2〉-|1/2〉 peak which is
proportional to D2/νe.28 The presence of several types of T sites
in 57FeLTL, 57FeMAZ, and 57FeMFI, which may exhibit
different ZFS parameters, could be another source for broaden-
ing.
ENDOR Spectra of 57FeSOD. Figure 2 shows the57Fe

Davies and Mims ENDOR signals corresponding to theMS )
-5/2 manifold. The spectra consist of a single peak at 67.8
MHz from which a hyperfine coupling constant of-29.0 MHz
is determined using eq 1. This value is in good agreement with
the value of-28.8 MHz previously obtained from X-band
ENDOR measurements.21 The frequency of the57Fe (MS )
-5/2) ENDOR signal was found to be practically field inde-
pendent. This is expected owing to the very low gyromagnetic
ratio of 57Fe. A change of 1000 G should introduce a frequency
shift of only 0.13 MHz which is within the experimental error.
The amplitude of the inverted echo in the Davies ENDOR

experiment is expected to decrease upon the application of a
RF pulse at the NMR frequency, thus generating a spectrum
with positive peaks, whereas in the Mims ENDOR the positive
echo amplitude is expected to decrease by the RF action leading
to a spectrum with negative peaks.18 Note, however, that in
the spectra presented in Figure 2 the opposite is observed, the
Davies ENDOR signal is negative and the Mims ENDOR signal
is positive.
Davies ENDOR spectra in the 34-44 MHz region, recorded

at different magnetic fields within the EPR powder pattern, are
shown in Figure 3. Spectra recorded with relatively short
microwave pulses, which are nonselective with respect to small
hyperfine couplings, are depicted in Figure 3A. The spectra
exhibit only one field independent signal at 39.0 MHz, assigned
to the 57Fe(MS ) -3/2) transition and yieldingaiso ) -29.0
MHz. This is in good agreement with the value derived from
the frequency of the57Fe(MS) -5/2) peak. Note that in contrast
to the peak at 67.8 MHz, in these spectra the signal is positive
as expected. Davies ENDOR spectra recorded with selective
pulses, shown in Figure 3B, exhibit additional peaks, close to
the23Na and27Al Larmor frequencies. Unlike the57Fe signal,
the frequencies of these peaks do vary with the magnetic field
and they are therefore assigned to23Na and/or27Al. A close
observation of the line shapes in Figure 3B reveals two negative
features (marked with arrows) at the low- and high-frequency
edges of the spectrum, the frequencies of which also vary with
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Figure 1. ED-EPR spectra of the zeolites investigated. The upper two
spectra were obtained using the two-pulse sequence withτ ) 0.4 and
0.5 µs, respectively. The bottom two spectra were recorded using the
three-pulse sequence withτ ) 0.5 µs andT ) 2 µs.

Figure 2. Pulsed ENDOR spectra of57FeSOD in the region of the
57Fe(MS) -5/2) peak: (top) Mims ENDOR (τ ) 1 µs,T) 110µs, tRF
) 95 µs); (bottom) Davies ENDOR (τ ) 1 µs, T ) 66 µs, tRF ) 55
µs). For both spectraHo ) 33.856 kG.
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the magnetic field. Comparison with the spectra presented in
Figure 3A shows that these negative signals are not a conse-
quence of baseline problems. Due to the small couplings, the
signals of23Na and27Al corresponding to theMS ) -5/2 and
-3/2 manifolds overlap. In analogy to the57Fe(MS ) -5/2)
signal, the negative signals may be attributed to signals
belonging to theMS ) -5/2 manifold.
The Mims ENDOR spectra of57FeSOD in the region of the

57Fe(MS) -3/2) line, recorded at different magnetic fields within
the EPR powder pattern, are shown in Figure 4. The peaks in
these spectra are negative as expected for Mims ENDOR. The
spectra consist of four signals, one field independent at 39.0
MHz and three field dependent at 37.7, 38.3 and 40.5 MHz
(for g ) 2 ). These are the same peaks observed in the Davies
ENDOR spectra with selective pulses (Figure 3B). Their field
dependence, presented in Figure 5A, is similar to that of the

Larmor frequencies of27Al or 23Na. Unfortunately, the close
gyromagnetic ratios of27Al or 23Na prevent the specific
assignment of these signals exclusively on the basis of their
field dependence.
Mims ENDOR spectra suffer from blind spots when small

hyperfine couplings are concerned. The intensity of the ENDOR
signals in this case varies with sin2(∆ντ) where∆ν ) νENDOR
- νL.18 It is therefore essential to record the spectra at several
values ofτ to ensure that all ENDOR peaks are indeed detected.
Figure 4 shows Mims ENDOR spectra recorded at 33.856 kG
at several values ofτ. In these spectra the57Fe(MS ) -3/2)
peak at 39.0 MHz can be used as a reference since for large
hyperfine couplings the microwave pulses are selective and the
spectra do not suffer from blind spots.18 These spectra show
that the two well-resolved low-frequency peaks observed atτ
) 0.45 µ s are actually a consequence of a blind spot in the
center of one powder pattern. This is confirmed by comparison
with the line shape of the Davies ENDOR spectrum, shown in
the top of Figure 6. The relative intensities of the 37.7 and
38.3 MHz signals increase whenτ increases from 0.45 to 1.1
µs and the sameτ dependence was observed at other magnetic
fields. Thisτ dependence indicates that these signals correspond
to small hyperfine couplings,A < 0.45 MHz. Unfortunately,
we cannot use thisτ dependence to assign the signals to27Al
or 23Na because the signals corresponding to theMS ) -3/2
and-5/2 manifolds cannot be distinguished. These signals can,
however, be assigned by comparing the spectra of57FeSOD with
those of57FeLTL where the exchangeable cations are K+ rather
than Na+ (see below). This comparison shows that the high-
frequency line atνENDOR ) νNa + 2.5 MHz (see Figure 5A)
and that appearing at a frequency somewhat lower thanνAl are
due to23Na. The third signal (represented by squares in Figure
5A) is attributed to27Al.
Although the phases of the peaks in the 30-50 MHz region

of the Mims ENDOR spectra are negative as expected, their
phase can be inverted by extending the intervalT (and tRF)
between the second and the last pulse. ChangingT from 195

Figure 3. Davies ENDOR spectra of57FeSOD in the region of the
57Fe(MS ) -3/2) signal measured at different magnetic fields: (A)
nonselective MW pulses, 0.08/0.06/0.08µs,T) 53-60µs, tRF ) 45-
55 µs; (B) selective MW pulses, 0.4/0.2/0.4µs, T ) 60 µs, tRF ) 55
µs. In both spectraτ ) 0.5 µs.

Figure 4. Mims ENDOR spectra of57FeSOD in the region of the57Fe-
(MS ) -3/2) peak recorded at various magnetic fields within the EPR
powder pattern (τ ) 0.45µs, T ) 210µs, tRF ) 195µs).

Figure 5. The ENDOR frequencies in the57Fe(MS ) -3/2) region as
a function of the resonant magnetic field for (A)57FeSOD, (B)57FeLTL,
and (C)57FeMAZ. The solid lines represent the57Fe(MS ) -3/2) peak,
and the dashed and the dotted lines represent the23Na and27Al Larmor
frequencies, respectively.
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to 560µs generated a spectrum with a non-uniform phase across
the spectrum, some peaks were positive and some negative. This
suggests that the phase of the ENDOR signals is a function of
the intervalT and/or tRF. We have no explanation for this
behavior as yet and believe it is a consequence of some
relaxation processes. This phenomenon requires further sys-
tematic investigations which are beyond the scope of the present
work.
We were not able to observe the57Fe ENDOR transitions

within theMS ) -1/2, 1/2 manifolds, expected in the region of
10-20 MHz for g ) 2, with either the Davies or the Mims
ENDOR sequences. We attribute their absence to the low
effective RF power at the sample. While the hyperfine
enhancement factor for theMS ) -3/2 and-5/2 manifolds are
10.3 and 16.3, respectively, it is only 4.11 for theMS ) (1/2
signals.19 Therefore, the RF pulse for these ENDOR transitions
was far from the ideal value of 180°.
ENDOR Spectra of57FeLTL. The field dependence of the

Mims ENDOR spectra of57FeLTL in the frequency region 34-
44 MHz is shown in Figure 7. The57Fe(MS ) -3/2) peak
appears at 39.0-39.5 MHz. An increase of 4 kG in the external
magnetic field introduced only a slight decrease in the frequency
(see Figure 5B) and the hyperfine coupling extracted is-29.4
MHz. The peak of57Fe(MS ) -5/2) appears at 68.8 MHz (see
Figure 8A), yieldingaiso ) -29.2 MHz, which in a good
agreement with the above considering the width of the signal.
As in the spectra of57FeSOD, the phases of the57Fe(MS )
-5/2) and57Fe(MS) -3/2) have opposite signs. Another broad
signal with a frequency close toνAl appears in the region of
the 57Fe(MS ) -3/2) peak (Figure 7) and its field dependence
is shown in Figure 5B. Itsτ dependence is similar to that
observed for57FeSOD, indicating that this ENDOR peak
corresponds to a small hyperfine coupling assigned to27Al since
in 57FeLTL the exchangeable cations are K+ and not Na+ as in
the other zeolites.
Davies ENDOR spectra of57FeLTL could not be obtained

due to the limited RF power at the sample and the relatively
short T1 which affects the intensity of the inverted echo.
Although the ENDOR efficiency of the Davies ENDOR

experiment is larger than that of the Mims ENDOR experi-
ment,18 we found that it was generally easier to obtain Mims
ENDOR spectra because the echo to be sampled was usually
more intense. The low RF power required a long RF pulse
during which most of the inverted echo in the Davies ENDOR
had already relaxed, thus reducing significantly the S/N. In
57FeSOD the spin-lattice relaxation time is significantly longer
and the echo remained inverted also with longtRF.
ENDOR Spectra of 57FeMAZ. The57Fe(MS ) -5/2) peak

of 57FeMAZ appears at 68.7 MHz (see Figure 7b) corresponding
to aiso ) -29.4 MHz and Figure 9 shows the field dependence
of the Mims ENDOR spectra in the region of the57Fe(MS )
-3/2) signal. Although the S/N is rather poor three signals are
observed. As in the other zeolites studied the57Fe peak overlaps
with other signals, but at low fields it is well separated from
the 27Al and/or 23Na signals and it yieldsaiso ) -29.6 MHz.

Figure 6. ENDOR spectra of57FeSOD in the region of the57Fe(MS)
-3/2) peak: (top) Davies ENDOR (τ ) 1 µs,T ) 66 µs, tRF ) 55 µs,
microwave pulses 0.4/0.3/0.4µs); (bottom three spectra) Mims ENDOR
spectra as a function ofτ (T ) 110µs, tRF ) 95µs),Ho ) 33.856 kG.

Figure 7. Mims ENDOR spectra of57FeLTL in the region of the57Fe-
(MS ) -3/2) peak recorded at various magnetic fields within the EPR
powder pattern (τ ) 0.5 µs, T ) 120µs, tRF ) 100µs).

Figure 8. Mims ENDOR spectra in the region of the57Fe(MS) -5/2)
peak of57FeLTL (Ho ) 33.6 kG) and57FeMAZ (Ho ) 35.2 kG),τ )
0.5 µs, T ) 120µs, tRF ) 100µs.
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The dependence of the ENDOR frequencies on the magnetic
field is summarized in Figure 5C. The peak with the relatively
small coupling,νENDOR - νAl ≈ 0.5 MHz, is assigned to27Al
whereas the signal with a larger coupling, which is well resolved
at only one field (31.8 kG), may be due to23Na.
We had significant difficulties in obtaining ENDOR spectra

of 57FeMFI and the S/N was rather poor. One reasonable Mims
ENDOR spectrum was however recorded at 34 kG, showing a
clear peak at 39.8 MHz. Based on the ENDOR spectra obtained
from the other zeolites studied, this signal was assigned to the
57Fe(MS ) -3/2) andaiso was estimated to be-29.6 MHz.

Discussion

The results presented above demonstrate that the determina-
tion of the hyperfine coupling of57Fe(III) from the ENDOR
spectra recorded at 95 GHz is considerably simpler than that at
conventional X-band frequencies. At 95 GHz the anisotropy
of the ENDOR frequencies introduced through third-order
contributions of the ZFS is negligible even forD ≈ 1200 MHz.
Moreover, the second-order hyperfine shifts observed at X-band
are eliminated as well. The low-temperature EPR spectrum at
95 GHz is simple and consists of primarily one transition,
|-5/2〉-|-3/2〉, compared to the usual five transitions appearing
at X-band. Furthermore, the sign ofD can be readily determined
from the shape of the powder pattern. The simplified EPR
spectrum leads to an ENDOR spectrum with only two NMR
transitions, the frequencies of which provide directly the
magnitude and sign ofaiso.
The 57Fe isotropic hyperfine constants of all zeolites inves-

tigated were found to be within the range of-29.0 to-29.6
MHz as summarized in Table 2. On the basis of the similar
hyperfine constants and the unambiguous assignment of theg
) 2 signal to Fe(III) in the tetrahedral site for FeSOD,15 we
conclude that in the other zeolites investigated theg) 2 signal
represents contributions from Fe(III) in the framework sites as
well7,8 and that an isotropic hyperfine coupling in the range of
-29.0 to-29.6 MHz is typical for Fe(III) in T sites of zeolites.
This range is not surprising since the overall structure and

composition of the zeolites studied are different, leading to small
variations in the bond angles. These differences are well
expressed in the spread of29Si chemical shifts in zeolites31 and
are expected also to cause some changes in the hyperfine
coupling of a paramagnetic T site atom. The different bond
angles are probably also responsible for the variations inD. It
is interesting that while FeLTL, FeMAZ, and FeMFI have rather
similar ZFS parameters, those of FeSOD are significantly
smaller. This could be due to the highly symmetric and tight
structure of sodalite.

The 57Fe(III) isotropic hyperfine constant is sensitive to the
degree of covalency and to the geometry of the Fe site. The
higher is the degree of covalency, the smaller isaiso.17 The
hyperfine constant of57Fe(III) in an octahedral environment is
in general larger by about 10% than57Fe(III) in a tetrahedral
geometry, although some exceptions have been observed. Table
3 listsaiso values of57Fe(III) in a number of matrices where it
is coordinated to 4 or 6 oxygen atoms in various geometries.
The values obtained for Fe(III) in T sites of sodalite, zeolite L,
mazzite, and ZSM5 are in general lower than those obtained in
octahedral symmetries, but are larger than the value listed for
the tetrahedral symmetries. This may be attributed to differences
in covalency. The degree of covalency decreases with the
increasing electronegativity of the oxygen which in turn is a
function of the oxygen environment. A linear relationship
between the oxygen electronegativity and the negative29Si
chemical shifts has been established in zeolites.32 For instance,
the presence of Al in the framework is known to reduce the
oxygen electronegativity as manifested in the29Si chemical
shift.31 The chemical shift of a Si surrounded by four O-Al is
higher than that surrounded by three O-Al and one O-Si etc.
Similarly, the 29Si chemical shift of gallosilicate zeolites is

(31) Engelhardt, G.; Michel, D.High Resolution Solid State NMR of
Silicates and Zeolites; John Wiley and Sons: New York, 1987; Chapter 4.

(32) Engelhardt, G.; Radeglia, R.Chem. Phys. Lett.1984, 108, 271.
Radeglia, R.; Engelhardt, G.Chem. Phys. Lett.1985, 114, 28.

Figure 9. Mims ENDOR spectra of57FeMAZ in the region of the
57Fe(MS ) -3/2) peak recorded at various magnetic fields within the
EPR powder pattern (T ) 120µs, tRF ) 100µs, τ ) 0.5µs except for
Ho ) 31.2, 32.2, 33.6 34.6 kG whereτ ) 0.55µs).

Table 2. 57Fe Isotropic Hyperfine Constants of the Zeolites
Investigated as Determined from the ENDOR Frequencies of theMS

) -3/2 and-5/2 Manifolds

aiso, MHz

zeolite MS) -3/2 MS) -5/2
57FeSOD 29.0 29.0
57FeLTL 29.4 29.2
57FeMAZ 29.4 29.6
57FeMFI 29.6

Table 3. Isotropic Hyperfine Constant of57Fe(III) in Various
Hosts with Oxygen Coordination Determined by Either ENDOR or
Mössbauer Spectroscopy

host coordination aiso, MHz ref

CaO 6, octahedral 29.81 36
MgO 6, octahedral 30.15 36
Al2O3 6, octahedral 30.27 37
yttrium iron garnet 6, octahedral 30.25 38
Fe2O3 6, octahedral 29.7 39
RbAl(SO4)2‚12H2O 6, trigonal 32.3 40
RbGa(SO4)2‚12H2O 6, trigonal 32.3 40
guanidinium aluminum
sulfate hexahydrate

6, trigonal 31.77 41

Fe(NH4)(SO4)‚12H2O 6 32.1 42
SnO2 6, rhombic 30.3, 29.7 43
ferric qhydroxide gels 6 27.24-27.96 44
ZnO 4, tetrahedral 26.9 45
Fe3O4 4, tetrahedral 28.15 46
FePO4 4, tetrahedral 28.2 47
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higher than that of the corresponding aluminosilicate zeolites.33

Thus, it is not surprising that small differences inaiso were
observed considering the different compositions of the zeolites
studied. On the basis of theaiso values the degree of covalency
of the Fe-O bonds varies in the series investigated according
to FeSOD> FeLTL≈ FeMAZ> FeMFI. This trend happens
to correlate with the Al content in the zeolites.
An additional advantage of high-field ENDOR is the obser-

vation of resolved27Al and 23Na signals in57FeSOD. Unlike
the hyperfine interaction of57Fe, those of27Al and 23Na are
usually anisotropic and the ENDOR frequencies are given to
first order by19

When the point-dipole approximation appliesa⊥ ) gâgnân/hr3,
andθ is the angle between the vector connecting the paramag-
netic center and the coupled nucleus and the external magnetic
field, HBo. In eq 2 the nuclear quadrupole interaction has been
neglected. The observation of only two ENDOR transitions is
particularly useful in this case since the ENDOR signals
corresponding to allMSmanifolds overlap and the reduction in
the number of overlapping powder patterns significantly simpli-
fies the spectrum and its analysis.
The larger hyperfine coupling of23Na in 57FeSOD, as

compared to27Al, shows that the Fe-Na distance is shorter
than the Fe-Al distance, as expected for Fe(III) in a T site. In
this site the Fe(III) is surrounded by a tetrahedral arrangement
of four Na+ ions, each situated on the symmetry axis of the
6-member ring, with a Fe-Na distance of 3.35 Å,34 correspond-
ing to a⊥ ) 0.56 MHz. The Fe(III) most probably substitutes
for Al and according to the Loewenstein rule it should be
surrounded by four Si atoms in its second shell and Al will
appear only in the fourth shell with a minimal distance of≈4.5
or ≈5.4 Å, depending on whether the Al is across a four ring
or a six ring.34 These distances correspond to very smalla⊥
values, 0.22 and 0.12 MHz, respectively. The Fe framework
site is negatively charged and its proximity to positive Na+ ions
is thus of no surprise. However, if the Fe(III) ions were in
extra-framework locations, due to their positive charge they
would have been situated close to negative framework Al sites
rather than to positive Na ions. The small27Al hyperfine
couplings found in the other zeolites investigated support the
assignment of at least part of the Fe(III) with theg ) 2 signal
to T sites.
Unfortunately, the line shapes of the23Na signals are not well

resolved and distinct powder patterns cannot be extracted. In
Mims ENDOR spectra blind spots corrupt the line shape and
in Davies ENDOR signals with small couplings may have
reduced intensities. Additional complications arise from the
change of the phase of the signal due to the very long RF pulse.
The latter observation, however, can be used to obtain the
isotropic and anisotropic hyperfine components of the23Na ions.

Assuming that the two negative signals at the edges of the
Davies ENDOR correspond to the turning points (θ ) 0°, 90°
in eq 2) of the inverted powder pattern of theMS ) -5/2
manifold, a powder pattern with a total width of 4 MHz is
obtained, as indicated by the arrows in Figure 3B. From this
width and using eq 2 a value of 0.53 MHz is obtained fora⊥.
Once the parallel (θ ) 0°) and perpendicular (θ ) 90°) turning
points of the powder pattern are assigned it is also possible to
calculateaiso using eq 2. Although the low-frequency signal
seems less intense, we cannot attribute it to the parallel
singularity due to the reasons mentioned above. We thus
considered both options in our calculations. Only by taking
the low-frequency signal as the perpendicular edge was the same
aiso value (0.15 MHz) determined from the two negative signals.
The validity of this assignment was further evaluated by
calculating the parallel and perpendicular singularities of the
MS ) -3/2 powder pattern using the aboveaiso anda⊥ and eq
2, yielding perpendicular and parallel singularities at 39.9 and
37.5 MHz, respectively (atHo ) 33.856 kG). This is in
reasonable agreement with spectral features observed in Figure
3B and with the peak assignment of57FeSOD based on the
comparison with57FeLTL. The 23Na anisotropic hyperfine
component,a⊥, of 0.53 MHz corresponds to a distance of 3.4
Å which is in excellent agreement with the distance 3.35 Å
obtained from X-ray measurements for Si(Al)-Na in sodalites.34
In the above analysis the23Na quadrupole interactions have been
neglected. This assumption is justified since the quadrupole
interaction is relatively small as indicated by the readily
observed23Na NMR spectrum of sodalite.35

Conclusions
The hyperfine interaction of57Fe(III) in T sites of sodalite,

zeolite L, mazzite, and ZSM5 was found to be isotropic with
aiso in the range of-29.0 to-29.6 MHz. In the case of FeSOD
superhyperfine couplings of23Na were detected as well and the
corresponding isotropic (0.15 MHz) and anisotropic components
(0.53 MHz) were determined. These values provide additional
evidence for the location of the Fe(III) in framework T sites.
This work demonstrates the great potential of high-field pulsed
ENDOR for high-spin systems where complicating second- and
third-order broadening effects are eliminated and the number
of transitions observed is reduced.
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