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Abstract: High frequency (95 GHz, W-band) pulsed ENDOR measurements were carried outéretomntaining

zeolites: Fe-sodalite (FeSOD), Fe-L (FeLTL), Fe-mazzite (FeMAZ), and Fe-ZSM5 (FeMFI), wia@ll) was
introduced during synthesis. The echo-detected EPR spectra of all zeolites investigated, recorded at 1.8 K, show
mainly the|—5/,10 |—3/,EPR transition. Accordingly, the ENDOR spectra exhibit only fffee ENDOR transitions

at 67.8-68.8 and 39.639.6 MHz, corresponding tMs = —5/, and —3/,, respectively. From these frequencies
isotropic hyperfine couplings 0£29.0,—29.3,—29.5, and-29.6 MHz were derived fot’FeSOD >"FeL,>"FeMAZ,
and>FeMFI, respectively. On the basis of an earlier assignment af the signal in FeSOD to Fe(lll) in tetrahedral
framework sites it is concluded that hyperfine couplings in the rang8.0 to —29.6 MHz are characteristic of
57Fe(lll) in zeolite frameworks. In contrast to the X-ba®tfe 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 8fFeL,>"FeMAz, ancP’FeMFI and the detection of the ENDOR spectra was practically
impossible: All zeolites studied exhibited ENDOR signals frétl and 5’FeSOD showed also cle#iNa ENDOR

signals. The hyperfine interaction of th#a was significantly larger than that of tA&l, confirming the assignment

of the Fe(lll) to framework sites, substituting for Al. Moreover, the value obtained foi*he anisotropic hyperfine
component, 0.53 MHz, corresponding to a distance of 3.4 A, is in good a agreement with the known structure of
sodalite where the distance between a framework atom and thealimns in the center of the six rings is 3.35 A.

This work demonstrates the power and potential of high-field ENDOR in terms of resolution, signal assignment, and
spectral analysis.

Introduction 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 surfacé?1° The
'Egchniques commonly used to characterize iron sites in molecular
sieves and oxide catalysts include $88bauer, UV-vis, IR, and
EPR spectroscopigé®® and extended X-ray absorption fine
structure (EXAFS$~11 Unambiguous assignment of the iron

The prospect of transition metal incorporation into the
framework of aluminosilicate and aluminophosphate molecular
sieves has been drawing a continuous interest among researche
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 meta! andsites usually requires a combination of several methods.
on the molecular sieve structure. One of the most extensively . . - .
studied transition metals in the context of framework substitution Ve have recently investigated the feasibility of using pulsed
has been iron. In many natural and synthetic zeolites it is found 5e7lectr02-{1uclear double resonance (ENDOR) spectroscopy of
as an impurity, 3 and there have been numerous reports on its Fe (=) comblneq W'J.[h EPR spectrqscopy as an additional
successful incorporation into the frameworks of zeolites and 00! for the characterization of Fe(lll) sites in zeoli#sThe

aluminophosphate molecular sieve$? In these materials the _ENDOR spectrum provi_des tié e hyperfine interaction whic_h
in turn gives information on local geometry and bonding
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Table 1. The Composition of the Zeolites Investigated, Given in Relative Atom %

Fe a
sample zeolite T sites Fe Al Si Na K Fe+ Al + Si ref
5FeSOD sodalite 1 0.001 0.999 0.96 1.32 0.05 10
STFeLTL Linde L 2 0.002 0.998 2.71 1.01 0.07 9
STFeMAZ mazzite 2 0.003 0.997 2.92 0.78 0.07 23
STFeMFI ZSM5 12 0.0018 0.982 28.2 0.65 0.06 24

aMolar ratio of Fe expressed as a molar percé@ynthesized according to these references.

characteristics such as the degree of covaléhclhe hyperfine
interaction of5’Fe can also be determined by “S&bauer

the anisotropic hyperfine interaction which is in good agreement
with a framework Fe(lll) interacting with Niaions in the center

spectroscopy, but pulsed ENDOR provides additional resolution of the six-member ring, thus providing additional evidence for
obtained from the EPR spectrum. Furthermore, the versatility framework substitution.

of the pulsed ENDOR experiments offers a larger scope for
resolving and assigning signafs.

The hyperfine interaction dfFe(lll) (d°, S= 5, | = Y,) is
predominately isotropi¢ and the ENDOR frequencies, given
to second order, ale

) o

where v and v are the electronic and nuclear Larmor
frequencies, respectively, arak, is the isotropic hyperfine
constant. The first-orde¥Fe(lll) ENDOR spectrum consists
of three doublets, centered@&iaiso, 3/2ais0 and®/zais, and each
doublet is split by 2,.. The higher order perturbation terms
cause deviations of the splitting of the doublets from Gee
eq 1) and shift the center of the doubléts.
X-band & 9.2 GHz) pulsed ENDOR spectra 6fFe in

sodalite #?FeSOD), recorded a= 2 (H, = 3317 G), showed

2
_ 8soM
V(Mglyom,, = |~V MeBigo — ” S(MI + Mg+

e

Experimental Section

Synthesis. All zeolites were synthesized according to published
procedurek!®2324 ysing an enriched’FeCh solution prepared by
dissolving®Fe,0; in exces 1 N HCI 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®> Echo-detected (ED) EPR spectra were recorded using
either the two-pulse sequence2—r—x—7—echo, or the three-pulse
sequenceg/2—1—m/2—T—nx/2—t—echo, where the echo amplitude is
measured as a function of the magnetic field and the time intervals
and T are held constant. The ENDOR spectra were recorded using
the Davies ENDORs—T—n/2—t—a—t—echo¥® and Mims ENDOR
(n/2—1—n/2—T—n/2—1—echo¥’ pulse sequences where a Rpulse
is introduced during the time intervdl 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 0.10.3 us for then/2 andx pulses, respectively.

three doublets centered at 14.86, 43.87, and 72.09 MHz with The duration of the RF pulsexf) was 56-200 us and the repetition

splittings of 1.2, 2.5, and 1.3 MHz, respectivéfZ! These
splittings deviate significantly from12 which at this field is

rate was 90 Hz. Depending on the S/N;3D scans of 6 echoes per
data point were accumulated for each spectrum.

0.96 MHz. These deviations cannot be accounted for just by

taking into account the second-order effect of the hyperfine pagyits

interaction. Moreover, ENDOR spectra recorded at different

magnetic fields within the EPR powder pattern showed orienta- The ED-EPR spectra 6fFeSOD,>FeLTL, 5"FeMAZ, and

tion dependence which was most significant for the peaks S7FeMFI are shown in Figure 1. The spectra are dominated by

corresponding to théls = +%, and 3/, manifolds?! Since
the anisotropic hyperfine interaction oFe(lll) is negligiblel”

the |—5,3-|—3/,0EPR transition since at 95 GHz and 1.5 K
the only significantly populated energy level is that correspond-

this dependence has been attributed to contributions of the ZFSng to Ms = —5/, (the relative populations of the energy levels
to the ENDOR frequencies and the orientation dependence couldgre 1:4.6x 10°22.3 x 10°31.1 x 1045.3 x 10°52.58 x

be reproduced in simulated specaline broadening attributed
to the ZFS has also been observed in*fn(Il) ENDOR lines
of Concanavalin £° While the ENDOR spectrum 6fFeSOD
was highly resolved® the spectra of’Fe containing zeolite L
(>"FeLTL), Mazzite 'FeMAZ), and ZSM5 {'"FeMFI) exhibited

1075, respectively). All spectra show a narrow peak assigned
to the |—1/,03-|Y,0 transition, superimposed on the broad
asymmetric peak of the-%,03-|—3,ransition. Although the
population of theMs = —%/; level is very low, the —%/,03-|Y/,0
transition is observed due to its small inhomogeneous line width.

very weak and broad signals that were barely detectable andypjike the other transitions, the frequency of this transition

highly orientation dependeft. The excessive broadening in
these zeolites was attributed to the ZFS, which is significantly
larger than inP"FeSOD®

In this work we present pulsed ENDOR measurements on

57FeSOD, 5"FelLTL, 5"FeMAZ, and 5"FeMFI, 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 thé’Fe hyperfine interaction is indeed
isotropic. ENDOR spectra 6fFeLTL and>’FeMAZ, 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 for®’Fe(lll) in framework sites of zeolites. In the
case of5"FeSOD, ENDOR signals ofNa were observed as
well. Analysis of the?®Na powder patterns gave a value for
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the signal suffers from large inhomogeneous broadening which
prevents its detection.
The spectrum ot’FeSOD is significantly narrower than those
of the other zeolites due to its weaker ZFS interaction. The
FesOD ZFS parameterD, was estimated to bez750 MHz from
simulations of the X- and Q- and W-band EPR spectra. The

line shape of the ED-EPR spectrum at 95 GHz indicatesRhat
is positive and thaE/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
FelTL ~1200 MHz for the|—5/,3-|—3/,Otransition and 90 MHz for
the |—1/,3-|Y,[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 th® and E values®°
FeMFI Comparison of the width of the powder pattern%FeSOD
with that of the other zeolites indicates thatSitFeLTL D is
1200-1500 MHz whereas iffFeMFI andP’FeMAZ it is 1400
1600 MHz. The largerD value in these zeolites is also
manifested in the width of the—/,03-|Y/,0peak which is

N

FeMAZ

b

] n 1 " 1 " 1 PR— |

% 2 30 32 34 % 3 proportional to B/ve.28 The presence of several types of T sites
Magnetic Field (KGauss) in 5"FelLTL, 5"FeMAZ, and 5"FeMFI, which may exhibit
different ZFS parameters, could be another source for broaden-

Figure 1. ED-EPR spectra of the zeolites investigated. The upper two ing
spectra were obtained using the two-pulse sequencerwitld.4 and ) .
0.5us, respectively. The bottom two spectra were recorded using the ENDOR Spectra of >FeSOD. Figure 2 shows thé'Fe
three-pulse sequence with= 0.5 us andT = 2 us. Davies and Mims ENDOR signals corresponding to the=
—5/, manifold. The spectra consist of a single peak at 67.8
MHz from which a hyperfine coupling constant ©£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 measurementd. The frequency of thé’Fe Ms =
—5/;) ENDOR signal was found to be practically field inde-
Mims ENDOR pendent. This is expected owing to the very low gyromagnetic
ratio of 5Fe. 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.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.

3

Davies ENDOR

.

e Davies ENDOR spectra in the 3414 MHz region, recorded
RF frequency (MHz) at dn‘fergnt magnetlc fields within the EPR powder pattern, are
shown in Figure 3. Spectra recorded with relatively short
Figure 2. Pulsed ENDOR spectra 6fFeSOD in the region of the ~ microwave pulses, which are nonselective with respect to small
*FeMs= —%/>) peak: (top) Mims ENDOR«(= 1us,T = 110us,tre hyperfine couplings, are depicted in Figure 3A. The spectra
= 95 us); (bottom) Davies ENDORz(= 1 us, T = 66 us, tre = 55 exhibit only one field independent signal at 39.0 MHz, assigned
#s). For both spectrél, = 33.856 kG. to the 5FeMs = —3/,) transition and yieldingais, = —29.0

. MHz. This is in good agreement with the value derived from
depends on the ZFS only to second orferSince only two  he frequency of the'Fe(Ms = —5-) peak. Note that in contrast
out of the five EPR transitions appear, just four ENDOR tg the peak at 67.8 MHz, in these spectra the signal is positive
transitions corresponding to thds = —3/5, —%5, =/, and/, as expected. Davies ENDOR spectra recorded with selective
manifolds are expected. The latter two should be observed onlypu|5es, shown in Figure 3B, exhibit additional peaks, close to
at magnetic fields close @= 2. No EPR signals were detected  the 22Na and?’Al Larmor frequencies. Unlike th&Fe signal,
below the range shown in Figure 2, although the X-band spectrathe frequencies of these peaks do vary with the magnetic field
of all samples under study, excépFeSOD, did show signals  and they are therefore assigned?#la and/or?’Al. A close
at low fields g ~ 6 andg = 4.3 )!° It is possible that the  observation of the line shapes in Figure 3B reveals two negative
conditionve < D, leading to the appearance of the isotropic  features (marked with arrows) at the low- and high-frequency
= 4.3 peak wher/D = Y3,2° no longer holds at 95 GHz, and  edges of the spectrum, the frequencies of which also vary with

(28) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of (29) Castner, T.; Newell, G. W.; Holton, W. C.; Slichter, CJPChem.
Transition Metal lons Clarendon Press: Oxford, U.K., 1970, pp 156 Phys.196Q 32, 668.
163. (30) Gaffney, B. J.; Yang, A.-Biophys. J.1987 51, 55.
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Figure 3. Davies ENDOR spectra dfFeSOD in the region of the
STFe(Ms = —9%/,) signal measured at different magnetic fields: (A)
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us. In both spectra = 0.5 us.
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Figure 5. The ENDOR frequencies in téFe(Ms = —3%,) region as
a function of the resonant magnetic field for (EFeSOD, (BYFeLTL,
and (C)>FeMAZ. The solid lines represent théFeMs = —%/,) peak,
and the dashed and the dotted lines represeriiteeand?’Al Larmor
frequencies, respectively.

Larmor frequencies of’Al or 2Na. Unfortunately, the close
gyromagnetic ratios off’Al 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 ${Avr) where Av = venpor
— .18 Itis therefore essential to record the spectra at several
values ofr to ensure that all ENDOR peaks are indeed detected.
Figure 4 shows Mims ENDOR spectra recorded at 33.856 kG
at several values of. In these spectra the€FeMs = —3/5,)
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 spdf.These spectra show
that the two well-resolved low-frequency peaks observed at
= 0.45u 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 whenincreases from 0.45 to 1.1
us and the same dependence was observed at other magnetic

the magnetic field. Comparison with the spectra presented in fields. Thist dependence indicates that these signals correspond
Figure 3A shows that these negative signals are not a conseto small hyperfine couplingsh < 0.45 MHz. Unfortunately,
guence of baseline problems. Due to the small couplings, thewe cannot use this dependence to assign the signalgial

signals of?3Na and?’Al corresponding to thés = —5/, and
—3/, manifolds overlap. In analogy to tHéFeMs = —5/,)

or 2Na because the signals corresponding to Nhe= —3/,
and—>%, manifolds cannot be distinguished. These signals can,

signal, the negative signals may be attributed to signals however, be assigned by comparing the spectPd&SOD with

belonging to theMs = —5/, manifold.
The Mims ENDOR spectra 6fFeSOD in the region of the
STFeMs= —3%,) line, recorded at different magnetic fields within

those off’FeLTL where the exchangeable cations arerther
than Na (see below). This comparison shows that the high-
frequency line avenpor = Yna + 2.5 MHz (see Figure 5A)

the EPR powder pattern, are shown in Figure 4. The peaks inand that appearing at a frequency somewhat lower thaare
these spectra are negative as expected for Mims ENDOR. Thedue to?*Na. The third signal (represented by squares in Figure
spectra consist of four signals, one field independent at 39.05A) is attributed to?7Al.

MHz and three field dependent at 37.7, 38.3 and 40.5 MHz

Although the phases of the peaks in the-80 MHz region

(forg=2). These are the same peaks observed in the Daviesof the Mims ENDOR spectra are negative as expected, their
ENDOR spectra with selective pulses (Figure 3B). Their field phase can be inverted by extending the intef7gland trg)
dependence, presented in Figure 5A, is similar to that of the between the second and the last pulse. Changifrgm 195
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Figure 6. ENDOR spectra of’FeSOD in the region of th&FeMs= (Ms = —3,) peak recorded at various magnetic fields within the EPR

—3),) peak: (top) Davies ENDORc(= 1 us, T = 66 us, trr = 55 us, _ _ _
microwave pulses 0.4/0.3/0u4); (bottom three spectra) Mims ENDOR powder pattem(= 0.54s, T = 120us, trr = 100u5).
spectra as a function of (T = 110us, trr = 95 us), Ho = 33.856 KG. B

*"FeMAZ, H,=35.2 KG
to 560us 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 interval T and/ortge. 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 tfi&e ENDOR transitions
within the Ms = —%/,, 1/, 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 thds = —3/, and —%/» manifolds are
10.3 and 16.3, respectively, it is only 4.11 for thig = £/,
signalst® Therefore, the RF pulse for these ENDOR transitions

TFeLTL, H,=33.6 KG

was far from the ideal value of 180 P T R T
ENDOR Spectra of>"FeLTL. The field dependence of the 66 68 70 72 74
Mims ENDOR spectra of’FeLTL in the frequency region 34 RF frequency (MHz)

44 MHz is shown in Figure 7. Thé'FeMs = —3l2) peak Figure 8. Mims ENDOR spectra in the region of thg~e(Ms= —55)
appears at 39:039.5 MHz. An increase of 4 kG in the external  peak of5’FeLTL (H, = 33.6 kG) and’FeMAZ (H, = 35.2 kG),7 =

magnetic field introduced only a slight decrease in the frequency 0.5 us, T = 120 us, tre = 100 us.
(see Figure 5B) and the hyperfine coupling extractee29.4
MHz. The peak of’FeMs= —5/,) appears at 68.8 MHz (see experiment is larger than that of the Mims ENDOR experi-

Figure 8A), yieldingaiso = —29.2 MHz, which in a good ment!8 we found that it was generally easier to obtain Mims
agreement with the above considering the width of the signal. ENDOR spectra because the echo to be sampled was usually
As in the spectra of’FeSOD, the phases of théreMs = more intense. The low RF power required a long RF pulse

—5/,) and>"FeMs = —3/,) have opposite signs. Another broad during which most of the inverted echo in the Davies ENDOR
signal with a frequency close trgy appears in the region of  had already relaxed, thus reducing significantly the S/N. In
the 5’Fe(Ms = —3/,) peak (Figure 7) and its field dependence 5FeSOD the spirlattice relaxation time is significantly longer
is shown in Figure 5B. Itz dependence is similar to that and the echo remained inverted also with Idpg

observed for>FeSOD, indicating that this ENDOR peak ENDOR Spectra of FeMAZ. The5FeMs = —5/,) peak

corresponds to a small hyperfine coupling assignédAbsince of ’FeMAZ appears at 68.7 MHz (see Figure 7b) corresponding
in 57FeLTL the exchangeable cations aré &nd not Nd as in to aiso = —29.4 MHz and Figure 9 shows the field dependence
the other zeolites. of the Mims ENDOR spectra in the region of thtFeMs =

Davies ENDOR spectra ¢fFeLTL could not be obtained  —3/,) signal. Although the S/N is rather poor three signals are
due to the limited RF power at the sample and the relatively observed. As in the other zeolites studiede peak overlaps
short T; which affects the intensity of the inverted echo. with other signals, but at low fields it is well separated from
Although the ENDOR efficiency of the Davies ENDOR the 27Al and/or 23Na signals and it yieldsiso = —29.6 MHz.
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Figure 9. Mims ENDOR spectra of’lFeMAZ in the region of the
STFe(Ms = —9%/,) peak recorded at various magnetic fields within the
EPR powder patteril(= 120us, tre = 100us, 7 = 0.5us except for
Ho, = 31.2, 32.2, 33.6 34.6 kG where= 0.55us).
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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,venpor — vai & 0.5 MHz, is assigned t&Al
whereas the signal with a larger coupling, which is well resolved
at only one field (31.8 kG), may be due #&Na.

We had significant difficulties in obtaining ENDOR spectra
of 5’FeMFI 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
S"Fe(Ms = —3/,) andais, was estimated to be29.6 MHz.

Discussion

The results presented above demonstrate that the determina

tion of the hyperfine coupling o¥’Fe(lll) 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 for~ 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/,3-|—3/,0] compared to the usual five transitions appearing
at X-band. Furthermore, the signBfcan 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 aiso.

The 57Fe isotropic hyperfine constants of all zeolites inves-
tigated were found to be within the range 629.0 to —29.6
MHz as summarized in Table 2. On the basis of the similar
hyperfine constants and the unambiguous assignment @ the
= 2 signal to Fe(lll) in the tetrahedral site for FeS@Dye
conclude that in the other zeolites investigatedgle 2 signal
represents contributions from Fe(lll) in the framework sites as
well”8 and that an isotropic hyperfine coupling in the range of
—29.0 t0—29.6 MHz is typical for Fe(lll) in T sites of zeolites.
This range is not surprising since the overall structure and

Goldfarb et al.

Table 2. 57Fe Isotropic Hyperfine Constants of the Zeolites
Investigated as Determined from the ENDOR Frequencies oMge
-3/, and —%/, Manifolds

8isor MHZ
zeolite Ms= *3/2 Ms= *5/2
5FeSOD 29.0 29.0
STFelLTL 29.4 29.2
SFeMAZ 294 29.6
STFeMFI 29.6
Table 3. Isotropic Hyperfine Constant 6fFe(lll) in Various

Hosts with Oxygen Coordination Determined by Either ENDOR or
Méssbauer Spectroscopy

host coordination Qso, MHZ ref
CaO 6, octahedral 29.81 36
MgO 6, octahedral 30.15 36
Al,O3 6, octahedral 30.27 37
yttrium iron garnet 6, octahedral 30.25 38
Fe.O3 6, octahedral 29.7 39
RbAI(SOy)2:12H,0 6, trigonal 32.3 40
RbGa(SQ)2:12H,0 6, trigonal 32.3 40
guanidinium aluminum 6, trigonal 31.77 41
sulfate hexahydrate

Fe(NH;)(SOy)-12H,0 6 32.1 42

nG 6, rhombic 30.3, 29.7 43
ferric ghydroxide gels 6 27.2427.96 44
ZnO 4, tetrahedral 26.9 45
Fe04 4, tetrahedral 28.15 46
FePQ 4, tetrahedral 28.2 47

composition of the zeolites studied are different, leading to small
variations in the bond angles. These differences are well
expressed in the spread486i chemical shifts in zeolit€sand

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 variatiori3. 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 5"Fe(lll) 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 smallegig!” The
hyperfine constant of’Fe(lll) in an octahedral environment is
in general larger by about 10% thafiFe(lll) in a tetrahedral
geometry, although some exceptions have been observed. Table
3 lists a5 values of*”Fe(lll) in a number of matrices where it
is coordinated to 4 or 6 oxygen atoms in various geometries.
The values obtained for Fe(lll) 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 negatf@
chemical shifts has been established in zeofteBor instance,
the presence of Al in the framework is known to reduce the
oxygen electronegativity as manifested in #¥8i chemical
shift.31 The chemical shift of a Si surrounded by four-@l is
higher than that surrounded by three-8 and one G-Si etc.
Similarly, the 2°Si chemical shift of gallosilicate zeolites is

(31) Engelhardt, G.; Michel, DHigh Resolution Solid State NMR of
Silicates and Zeoliteslohn Wiley and Sons: New York, 1987; Chapter 4.
(32) Engelhardt, G.; Radeglia, Ehem. Phys. Lettl984 108 271.

Radeglia, R.; Engelhardt, @hem. Phys. Lett1l985 114, 28.



Studies of Framework Iron in Zeolites

higher than that of the corresponding aluminosilicate zedclftes.
Thus, it is not surprising that small differences ag, were

J. Am. Chem. Soc., Vol. 118, No. 19, ¥&gd

Assuming that the two negative signals at the edges of the
Davies ENDOR correspond to the turning pointis= 0°, 90°

observed considering the different compositions of the zeolitesin eq 2) of the inverted powder pattern of tivs = —5,

studied. On the basis of tl#g, values the degree of covalency
of the Fe-O bonds varies in the series investigated according
to FeSOD> FelLTL ~ 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 resolvec?’Al and 2Na signals in’FeSOD. Unlike
the hyperfine interaction of’Fe, those of’Al and 23Na are
usually anisotropic and the ENDOR frequencies are given to
first order by

V(M ., = |7 + M@, + a3 cos0 — 1) (2)

When the point-dipole approximation appli@s= gBg,S/hr3,

and@ is the angle between the vector connecting the paramag-

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 g 2 a value of 0.53 MHz is obtained far.
Once the paralleld = 0°) and perpendicula®(= 90°) turning
points of the powder pattern are assigned it is also possible to
calculatea;so 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/, powder pattern using the aboeg, andag and eq

2, yielding perpendicular and parallel singularities at 39.9 and
37.5 MHz, respectively (aH, = 33.856 kG). This is in

netic center and the coupled nucleus and the external magnetigeasonable agreement with spectral features observed in Figure

field, Ho. 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 aMs manifolds overlap and the reduction in
the number of overlapping powder patterns significantly simpli-
fies the spectrum and its analysis.

The larger hyperfine coupling of*Na in 5FeSOD, as
compared to?’Al, shows that the FeNa distance is shorter
than the Fe-Al distance, as expected for Fe(lll) & T site. In

3B and with the peak assignment ¥FeSOD based on the
comparison with®FeLTL. The 2Na anisotropic hyperfine
componentag, of 0.53 MHz corresponds to a distance of 3.4
A which is in excellent agreement with the distance 3.35 A
obtained from X-ray measurements for Si(ANa in sodalite$*

In the above analysis ti#éNa quadrupole interactions have been
neglected. This assumption is justified since the quadrupole
interaction is relatively small as indicated by the readily
observed®Na NMR spectrum of sodalité.

this site the Fe(lll) is surrounded by a tetrahedral arrangement - cjusions

of four Na' ions, each situated on the symmetry axis of the
6-member ring, with a FeNa distance of 3.35 A% correspond-
ing toag = 0.56 MHz. The Fe(lll) 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 distancexaf.5

or ~5.4 A, depending on whether the Al is across a four ring
or a six ring3* These distances correspond to very sraall
values, 0.22 and 0.12 MHz, respectively. The Fe framework
site is negatively charged and its proximity to positive Nans

is thus of no surprise. However, if the Fe(lll) 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 smalAl hyperfine
couplings found in the other zeolites investigated support the
assignment of at least part of the Fe(lll) with the= 2 signal
to T sites.

Unfortunately, the line shapes of th#\a 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 offia ions.

(33) Engelhardt, G.; Michel, DHigh Resolution Solid State NMR of
Silicates and Zeoliteslohn Wiley and Sons: New York, 1987; Chapter 4,
p 254.

(34) Lons, V. J.; Schultz, HActa Crystallogr, 1967, 23, 434.

The hyperfine interaction ofFe(lll) in T sites of sodalite,
zeolite L, mazzite, and ZSM5 was found to be isotropic with
aiso in the range 0f-29.0 to—29.6 MHz. In the case of FeSOD
superhyperfine couplings 8¥Na 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(lll) 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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