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X-band (~9.3 GHz) pulsed ENDOR measurements were car-
ried out on *"Fe-substituted sodalite (FeSOD) which contains only
one type of Fe(lll) (S = %) located at a framework site. The

ENDOR spectrum recorded at g = 2 shows three doublets corre-
sponding to the six Ms manifolds. The assignment of these signals
was confirmed by hyperfine-selective and triple ENDOR experi-
ments. The components of each of the doublets had different inten-
sities, reflecting the different populations of the EPR energy levels
at the measurement temperature, 1.8 K. ENDOR spectra were
recorded at magnetic fields within the EPR powder pattern, and
the field dependence observed showed an anisotropic behavior,
unexpected from the isotropic character of the *’Fe(111) hyperfine
coupling. This dependence was attributed to the high-order effects
of the zero-field splitting (ZFS) interaction on the ENDOR fre-
quencies. Three different theoretical approaches were used to ac-
count for the dependence of the ENDOR spectrum on the ZFS
interaction. The first involves the exact diagonalization of the total
spin Hamiltonian, the second uses third-order perturbation ap-
proximations, and the third employs an effective nuclear Hamilto-
nian for each of the Ms manifolds. The simulations showed that
the ENDOR signals of the Mg = +5/2 (v.s;2) manifold are the
least sensitive to the magnitude of the ZFS parameter D and are
therefore the most appropriate for the determination of aj,. It is
shown that at X band and a;, values of about 30 MHz, the pertur-
bation approach is valid up to D values of 500 MHz if all three
doublets are concerned. However, if only the v.s,, doublet is con-
sidered, then this approach is valid for D < 1000 MHz. The third
approach was found inappropriate for a;, values of ~30 MHz.
Using the method of exact diagonalization together with orienta-
tion selectivity, the trends observed in the experimental spectra
could be reproduced. The ENDOR spectra of the >’Fe-substituted
zeolites ZSM5, L, and mazzite showed broad and ill-defined peaks
since the ZFS of Fe(lll) in these zeolites is significantly larger
than that of FeSOD. Because this broadening is a high-order effect,
it can be significantly reduced at higher spectrometer frequencies.
© 1997 Academic Press

INTRODUCTION

The incorporation of iron into auminosilicate and alumi-
nophosphate molecular sieves has been a subject of numer-
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ous studies due to the potential new catalytic properties of
the modified materials (1-9). In these Fe-substituted materi-
as, the iron does not necessarily exclusively occupy frame-
work sites. Fe cations can also be found at extra-framework
sites, balancing the negative charge of the framework, or as
an interstitial phase of small particles located either within
the molecular sieve cavities or between the crystallites (10—
12). In order to control and optimize the catalytic activity
of the iron-substituted materials, it is necessary to know
which type of iron is responsible for the activity, and there-
fore an unambiguous characterization of the various iron
sites and types is essential.

One of the methods commonly applied to characterize
Fe(lll) sites in molecular sieves is EPR spectroscopy. EPR
can provide information regarding the number of the differ-
ent types of Fe(l11) present (lower limit only), and it gives
general information regarding their symmetry. However, be-
cause of its low resolution, arising from the inhomogeneous
broadening caused by the zero-field splitting (ZFS) interac-
tion, the EPR spectrum usually does not give detailed infor-
mation on the local environment of the Fe(111) (13). Addi-
tional characterization information can be obtained from the
NMR frequencies of *Fe(l1l) and of other nuclear spins
coupled to the iron. These, in turn, give the corresponding
hyperfine interactions which provide information such as the
identity of neighboring atoms, the degree of covalency, and
bonding distances. The NMR frequencies are best deter-
mined from electron—nuclear double-resonance (ENDOR)
spectroscopy (14, 15) and/or eectron spin-echo-envelope
modulation (ESEEM ) techniques (16, 17) . M dssbauer spec-
troscopy can aso provide the hyperfine interaction of
>Fe(111) but ENDOR spectroscopy may be advantageous
due to the additional resolution provided by the EPR spec-
trum and the broad scope of experiments offered by the
pulsed methodology.

The hyperfine interaction of >Fe(lll) (d°, S= 3,1 = 3)
ispredominately isotropic (18) and the ENDOR frequencies,
given to second order, are (15)
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where v, and v, are the electronic and nuclear Larmor fre-
guencies, respectively, and as, isthe isotropic hyperfine con-
stant. The first-order >’Fe(111) ENDOR spectrum consists of
three doublets, centered at 2a, 3a<, and 3, and each
doublet is split by 2v,. The higher-order perturbation terms
cause deviations of the splitting of the doublets from 2v,
(see Eq. [1]) and shift the center of the doublets (19).

The number of >’Fe(l11) ENDOR studies (CW or pulse)
where the electron spin Zeeman interaction dominates
(gB8H, > D, and D is the ZFS parameter) and al five EPR
transitions can be observed have been limited so far. The
reported experimental results were mostly on single crystals
(20—22) and the specific effects of the ZFS interaction on
the ENDOR fregquencies was not analyzed. Moreover, the
characteristics of the orientation-selective spectrain orienta-
tionally disordered samples have not been addressed. It is
expected that the ZFS interaction will introduce a significant
inhomogeneous broadening in the ENDOR spectra (19).

In thiswork, we present adetailed X-band pulsed ENDOR
study of *"Fe-substituted sodalite (*’FeSOD ), which contains
only one type of Fe(lll) with a relatively small D, located
in a framework tetrahedral site (13, 23). Although the Zee-
man and hyperfine interactions of high-spin *Fe(lll) are
highly isotropic (18), the ENDOR spectra showed signifi-
cant orientation dependence. The orientation dependence is
attributed to the ZFS interaction and is confirmed by simula-
tions. Three different theoretical approaches were used in
the simulations: (i) numerical diagonalization of the tota
spin Hamiltonian, (ii) third-order perturbation treatment of
the ZFS and hyperfine interactions, and (iii) analytical diag-
onalization of nuclear Hamiltonians, each representing a dif-
ferent Mg manifold, employing an effective (S,) vaue ob-
tained by a third-order perturbation treatment of the ZFS
interaction. It is found that for a hyperfine coupling constant
of about 30 MHz, which is the typical value for high-spin
*"Fe(111), method (ii) is valid only for D < 500 MHz. The
third method is not appropriate because the second-order
effects of the hyperfine coupling are neglected.

EXPERIMENTAL

Sample preparation. The Fe-substituted zeolites were
synthesized according to published procedures using an en-
riched *’FeCl; solution prepared by dissolving *'Fe,O; in
excess 1IN HCI solution. The compositions of the zeolites
studied, and the appropriate references for the synthesis pro-
cedures are listed in Table 1.
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ENDOR measurements. The pulsed-ENDOR measure-
ments were carried out at ~9.34 GHz and 1.8 K on ahomeb-
uilt spectrometer described elsewhere (26, 27). ENDOR
spectra were obtained using the Davies ENDOR sequence
(28):

MW 7—T—n/2— 17— 77— 7—¢cho
RF T '

For signal assignment, the hyperfine-selective (HS) ENDOR
sequence (29)

MW, 7—T—
RF T
MW, wl2— 17— m—1—¢cho

and the time-domain triple sequence (30)

MW 7—T—=n/2—7— 71— 7—¢echo

RFl T
RF2 T

were employed. In aternating scans, the phase of the echo-
forming pulses was varied by 180° reversing the sign of the
echo and thereby eliminating baseline offsets. The length of
the microwave (mw) pulses was 50, 30, 50 ns, respectively,
and thewidth of the RF pulsewas 2—3 us. Therepetition rate
was 50 Hz for ’FeSOD and 333 Hz for the other zeolites. For
5"FeSOD, strong echo modulations due to interactions with
#Al and *Na were observed, and 7~ was chosen to coincide
with the second maxima of the two-pulse ESEEM pattern
(0.49-0.71 pus).

RESULTS

ENDOR Measurements

The EPR spectrum of FeSOD at X band consists of a
major singlet at g = 2 corresponding to the |—3) — |3)
transition and two wings which are due to all the other EPR
transitions (13). The ENDOR spectrum recorded at g = 2.0,
shown in the bottom trace of Fig. 1, exhibits three groups
of peaks with maxima at 15.4, 42.6, and 71.4 MHz and
weaker shoulders at 14.3, 45.1, and 72.8 MHz. The ENDOR
spectrum of a similar nonenriched sample did not show any
of these peaks.* According to Eqg. [1], the intense peaks at

1 The sloping baseline was, however, observed in both enriched and
nonenriched samples. It is not an instrumental effect and its origin is not
clear.
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TABLE 1
The Composition of the Zeolites Investigated, Given in Relative Atom Ratios
Fe a
Sample Zeolite T sites Fe Al Si Na K Fe + Al + Si Ref P
*"FeSOD Sodalite 1 0.001 0.999 0.96 132 0.05 )
SFel TL Linde L 2 0.002 0.998 271 101 0.07 (6)
SFeMAZ Mazzite 2 0.003 0.997 2.92 0.78 0.07 (24)
S"FeMFI ZSM5 12 0.0018 0.982 28.2 0.65 0.06 (25)

2Molar ratio of Fe expressed as a molar percent.
® Synthesized according to these references.

42.6 and 71.4 MHz were assigned to the Mg = —3 and —3
manifolds (v_3, and v_s;,), respectively, whereas their
shoulders were assigned to the Ms = 3 and 3 manifolds
(va2 and vs;,) (31). The assignment was based on the inten-
sity difference within the v..5/, and v..5,, doublets attributed
to different populations of the energy levels at low tempera-
tures (1.8K) (32). The ENDOR signals at 14.3 and 15.4
MHz were assigned to the Ms = +3 manifolds (v.4,,). Using
these values and the first-order approximation for the hyper-
fine frequencies (Eg. [1]), three different values, —30.8,

A=30.9 MHz

Davies

0 20 40 60 80 100
Frequency ( MHz)

FIG.1. DaviesENDOR (bottom) and HS-ENDOR with A = 30.9 MHz
(top) spectra of *’FeSOD spectra recorded at Ho, = 3326 G (g = 2.0) and
ty=20usT =40pusand 7 = 0.56 us.

—27.7, and —28.6 MHz, were obtained for a,,,. This varia-
tion in a, and the different splittings of the three doublets
could not be accounted for by adding the second-order con-
tribution of the hyperfine interaction (see Eq. [1]).

To confirm that these peaks indeed arise from a single
Fe(l11) site, aHS-ENDOR experiment was carried out. This
experiment correlates all ENDOR transitions originating
from a hyperfine coupling preselected by A = w1 — Wiz
= a5, Where wmy is the frequency of the selective 7 pulse
and wmy2 IS the frequency of the echo-forming pulses (29).
The spectrum recorded with A = 30.9 MHz, shown at the
top of Fig. 1, exhibits all the lines observed in the Davies
ENDOR spectrum, in opposite phase, as expected. A triple
experiment was also carried out to verify the assignment of
the signals. In this experiment, one of the RF pulses is set
to one of the ENDOR frequencies while the frequency of
the other RF pulse is swept. This experiment selects only
ENDOR transitions that have a common EPR energy level
with the ENDOR transition excited by the fixed RF
frequency (14, 30). For instance, if the RF is set to v_g)»,
v_ay2 IS expected to appear, whereas setting it to v_s, should
result in the appearance of v_s;, and v_,,,. Thetriple experi-
ment was carried out a Hy, = 3025 G (g = 2.19), where
the v.5, peaks are well resolved but the v.,,, peaks are
very weak (see top of Fig. 2) as this field is outside the
range of the |—3) — |3) EPR transition. The triple spectra
obtained are shown in Fig. 2. These spectra confirm the
assignment of the 42.3 and 71.4 MHz peaks to the Mg = —
3 and —3 manifolds, respectively.

A series of orientation-selective pulsed-ENDOR spectra
which were recorded across the EPR powder pattern are
presented in Fig. 3. The v..,,, signals appear in the narrowest
range of fields as compared to the other two doublets. This
is expected if one considers the simulated powder patterns
of theindividual EPR transitions shown in Fig. 4. All transi-
tions contribute to the center of the spectrum (positions A
in Figs. 4a, 4b); however, as the edges of the spectrum are
approached, the relative contribution of the | —3) — |3) tran-
sition decreases (positions B, C in Fig. 4). This leads to a
significant reduction in the intensity of the v.,,, signals. At
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FIG.2. (a)DaviesENDOR spectrum of >’FeSOD and (b) triple spectra
recorded with RF, frequencies as noted on the figure. In all spectra, Hy, =
3025 G, 7 = 0.45 ps, and tge = 2.0 ps. The delay between the RF pulses
was 0.1 us. The vertical dotted lines were added to facilitate the observation
of the peak positions.

the outer most edges, only the | —3) = |—3) and |3) — |3)
transitions contribute, and therefore only v.5, and v.s,, are
observed. Other orientation-dependent effects are the field
dependence of v.,,, and v.3,, Which cannot be accounted
for by the above considerations and/or by the expected vari-
aion in v,. We attribute this orientation dependence to the
ZFS interaction which introduces anisotropy into the EN-
DOR freguencies as shown explicitly in the next section.

Theory and Smulations

Theoretical background. The spin Hamiltonian of high-
spin Fe(l1l) (S=3,1 = 3) is(33)

H = S + A[S§ lsse 1)] £ BS.S + S5
+B.(SS+SS)+C.S%2 +C.S% + asSl,

+ 3‘7“’ (ST +ST1,) = ul, (2]

= % (—sin 26 + n sin 20 cos 2¢ * i2n sin 6 sin 2¢)
[4]
D N2 2
C. = 1 [sin“d + n(cos™® + 1)cos 2¢
[5]

and 6 and ¢ give the direction of the magnetic field with
respect to the principal axis system of the ZFS tensor, v =

+ i2n cos 0 sin 2¢]

: : 3522

Frequency (MHz)

FIG. 3. Pulsed-ENDOR spectraof >’FeSOD measured at different mag-
netic fields within the EPR powder pattern. The experimental parameters
are as described in the legend to Fig. 1, and 7 was in the range of 0.49—
0.71 us, depending on the field. The vertical dotted lines were added to
facilitate the observation of the field dependence. The scale of the spectra
recorded at 2425, 2722, and 3025 G was multiplied by a factor of 6.3 and
that of 3122 and 3831 G by 1.41 and 4.41, respectively.
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FIG. 4. Simulated absorption EPR powder patterns decomposed according to the various allowed transitions. The upper trace is the sum of al EPR

transitions. The different Boltzmann populations at 1.8 K were taken into account. The parameters used in the simulations were D = 750 MHz, a =
—28.8MHz and (a) n = O and (b) n = 0.2.

gBHo/h and v, = guBaHo/h. Three different approaches where
were used to calculate the ENDOR frequencies. The first .
used numerical diagonalization of H and is referred to as Sus = S(S+ 1) — Ms(Ms = 1)

the exact sol ution. In the second approach, third-order pertur- i = 10 + 1) = M(M, = 1).

bation theory was employed. Using the energies corrected to

third order, as givenin (33), the following allowed ENDOR  The numbers in parentheses correspond to the order of the

frequencies (AMs = 0 and AM, = *1) were obtained: correction.
YRR = agMs — v [6]
2
VERERE) = 22 [ §(S + 1) + ME — Mg(2M, — 1)] [7]

0

3
peor@) = Lo 1Moy M, = 1)Shdy + (Ms— M, + 2)Siicl s

s 4p3
+(Ms — M, = 1)Sulm, — (Ms — M) Syl wm,-1]
2a.B.B. 1 oC.C o o
42805 B 2 5S4 1) — MZJ2 — M} + 2B (SE SE L — Sy Sea)
Vo MS 21/0
aIZS)A + — — — + +
+ 12 [(2Ms + 1)Sug(lw, — Im-1) — (2Ms — 1)Sy(Iwm, — Tw-1)]1, (8]
0
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The third approach is similar to that developed by Mims
to calculate the echo intensity in the two- and three-pulse
ESEEM experiments (34), and in the following it will be
referred to as the effective-nuclear-Hamiltonian (ENH)
method. This approach was used by Larsen et al. (35) in
the analysis of the ESEEM spectraof aS= 3, | = 3 system
where the electronic—nuclear spin system was treated as a
set of noninteracting two level systems. In this approach, a
nuclear Hamiltonian is defined for each electronic Mg mani-
fold, and the modulation frequencies are calculated using
the eigenvalues of these Hamiltonians. This approximation
is vaid when the mw pulse-excitation bandwidth is very
small compared to the ZFS interaction. For each of the Mg
manifolds, an effective spin (S,) was defined, neglecting any
mixing due to the ZFS. In the present work, such mixing is
taken into account as described below. A similar approach
was employed by Coffino et al. (36) in the calculation of
the ESEEM frequencies of a Mn?" (S = 3) system with
small ZFS. There, however, all the nonsecular terms involv-
ing S,y were neglected in the calculation of the ESEEM
frequencies and intensities but they were retained in the
calculations of the EPR transitions contributing to the echo
intensity. In our approach, IX v, z& terms were neglected but
terms with S, y were retained.

The Hamiltonian in Eq. [ 2] can be decomposed according
to

H=Hs—ul,+S5A-T, [9]
where H contains only pure electron spin terms such as the
electron Zeeman interaction and the ZFS term. In Eq. [9],
the hyperfine interaction is expressed in its general form.
Assuming that A istoo small to cause any significant mixing
of the electronic spin states(y. 2GS 1 < Hg), H can be
expressed in a block diagonal form with a total of 2S + 1
blocks, each correspondingtoa (21 + 1) X (21 + 1) nuclear
Hamiltonian. The representation of H in a block diagonal
form requiresthe diagonalization of Hsusing the transforma-
tion:

The same transformation is then applied to the hyperfine
interaction term which, after neglecting the off-diagonal

terms involving I, .Sk, , becomes

S, * A' i = AXZIAXS’! + AyzlAysAé + AZZIAZSAQ [1l]

The prime indicates the new representation. Finaly, each
block in the block diagonal matrix corresponds to an effec-
tive nuclear Hamiltonian, Hy,,, given by

VARDI ET AL.

Hue = Alomelx + Almdly + ALwlz — vl [12]
where Afjys = "(Ms| S| Mg)' Ay = (S)Hw A and the | Ms)’
are the eigenvectors of Hs. The effective (S] )y, for each
manifold can be obtained from the third-order-corrected ei-
genvectors (see Appendix). For aS = 3, | = 5 system, the
block-diagonal matrix consists of six 2 X 2 blocks of the
form:

= + (S)HinAz

y :1[ <s;>MS(sz—iAyz)}
" 2 [ (Shhe(Ae + 1A) '

v — (S} >MSAzz
[13]

Diagonalization of Hy, givesthe ENDOR frequencieswithin
each Mg manifold:

VB = [((ShAn — 1)? — (SDh(AL + AZ)]Y2.

[14]

For an isotropic hyperfine interaction, as in *'Fe(l11), Hy,
is diagonal and the ENDOR freguencies become

ENDOR

VMg = |-y + aiso<S£>Ms|- [15]

Neglecting the hyperfine enhancement factor and the dif-
ferent nutation frequencies of the various EPR transitions
(32), we assumed that the intensity of a particular ENDOR
transition is proportional to theintensity of the corresponding
EPR transition, given by W..., = [{n| S|m)|? (37). The
different nutation frequencies of the EPR transitions were
taken into account in the ESEEM simulations of a Mn?*
coupled to al = 3 nucleus carried out by Coffino et al. (36).
At very low temperatures, the relative population of the
energy levels, given by the Boltzmann factor, must be taken
into account and the amplitude of the EPR signal is then
described by (32)

|EPR exp[_(E\n) — E\m))/KT] < W. [16]

™ 328 exp(—E)/KT) e

The intensities of the ENDOR signals are therefore
IENDOR o [EFRS(Nn’, n” = 1). [17]

where the selection rule AM, = =1 was applied and the n’
and n"” levels are sublevels within the EPR n or m manifolds.
In the above, only the allowed EPR transitions were consid-
ered.
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FIG. 5. Calculated *Fe ENDOR frequencies with a,, = —28.8 MHz as a function of D (n = 0) for three different orientations, § = 0°, 45°, and
90° (H, = 3200 G). Three methods were used for the calculations, exact diagonalization (solid lines), third-order perturbation (dashed lines), and the

effective-nuclear-Hamiltonian method (dotted line).

Smulations. Figure 5 shows the dependence of the EN-
DOR frequencieson D (n = 0) for a,, = —28.8 MHz and
three different 6 values, 0°, 45°, and 90°, calculated using
the three approaches described above. The range of D that
was explored was limited to 1000 MHz which, according to
the EPR spectrum, isan upper limit to the D valuein FeSOD.
For 6 = O°, there is practicaly no difference between the
exact diagonalization and the perturbation method because
this Hg is diagonal (see Eq. [2]), and the ENDOR frequen-
cies are independent of D. The splitting of the v doublets
is | Mg|-dependent due to the second-order effect of the
hyperfine coupling (see Eq. [ 7]). While this dependence is
clear in the curves obtained using the first two methods, it
does not appear in the curves calculated with the ENH
method. This is due to the elimination of the off-diagonal
elements arising from the term a.,/2 (S, + §1,) which is

responsible for the second-order hyperfine shift. The elimi-
nation of these termsis also responsible for the significantly
difference behavior observed by the ENH method for 6 =
45° and 90°.

The strongest dependence of the *’Fe ENDOR frequencies
on D is obtained when 6§ = 45°, and it increases according
t0 Viqj2 > Vagp > Vaso. AS D israised, the v.4,, doublet
is shifted more toward the v .5, doublet and the v .5, doubl et
toward the v.s,, doublet, though to a lesser extent. A com-
parison of the curves obtained from the three methods shows
that the ENH approach is not appropriate for calculating the
ENDOR frequencies when relatively large a,, values are
involved. The third-order perturbation method is suitable for
values of D up to ~500 MHz if all ENDOR transitions are
concerned. However, if only the v.s,, doublet is considered,
then the third-order perturbation approach is valid even for
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FIG. 6. The angular dependence of >’Fe ENDOR frequencies calculated for a, = —28.8 MHz D = 500, 750, and 1000 MHz and n = 0 (H, =
3200 G). Three methods were used for the calculations, exact diagonalization (solid lines), third-order perturbation (dashed lines), and the effective-

nuclear-Hamiltonian method (dotted line).

D ~ 1000 MHz. Calculations carried out with n = 0.2
showed the same general trend, though the detailed depen-
dence was somewhat different. The angular dependence of
the >'Fe ENDOR frequencies for D values of 500, 750, and
1000 MHz and = Oisshown in Fig. 6. Again, the frequen-
cies were calculated using the three different approaches
presented above. The frequency span of each ENDOR fre-
guency increases as follows, v.1/, > V.3 > V.52, and the
broadest powder pattern is expected for the v.,,, doublet.
Thisisin a good agreement with the experimental ENDOR
spectra shown in Fig. 3.

This orientation dependence is expected once Eq. [8] is
inspected. There are three terms which depend on the magni-
tude of the ZFS through a3, A, a,B.B_ and a,,C.C_ and
which depend on the Mg value. Figure 6 shows that the
curves corresponding to v-4,,, obtained by the exact method,

are to a good extent paralel for D = 500 MHz, but for the
higher D values, strong deviations are clear. Similar trends
were observed for a nonaxial ZFS tensor. Figure 6 aso
shows that the perturbation method is valid up to D ~ 500
MHz, and that for higher D values, the deviations are mainly
related to the loss of symmetry with respect to | Ms|.

In order to simulate the orientation dependence of the
ENDOR spectra shown in Fig. 3, the relative contribution
of each of the EPR transitions excited by the mw pulse at
the particular magnetic field at which the experiment has
been carried must be determined. For each EPR transition,
Fe centers with different orientations contribute to the signal
and these must be determined as well. This requires the
knowledge of D and E, which in turn can be obtained from
simulations of the EPR spectrum. Simulations of the X- and
W-band EPR spectra of *’FeSOD gave D = 750 MHz and
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n ~ 0.2 (23, 38). Using these values, a table was generated
consisting of the resonant magnetic field, the EPR transi-
tions that obey the resonance condition at this particular
field, the corresponding orientation of the ZFS (6 and ¢
values), and the relative intensities of the EPR transition.
When the perturbation theory method was applied, the reso-
nant magnetic fields of each of the five EPR transitions at
a particular orientation were calculated using the expres-
sions for the EPR transitions given in Ref. (33). If the
calculated field was within =AH from the field at which
the ENDOR experiment was carried out, the orientation
was added to the table. The width AH accounts for the
inhomogeneous linewidth and the pulse spectral width. In
the case of the exact solution, where the determination of
the resonant field is not straight forward and long computa-
tion times are required (37), a different approach was
adapted. The frequencies of the EPR transitions at all possi-
ble orientations were calculated using the magnetic field at
which the experiment was performed, and when the frequen-
cies were found to be within =Av from the spectrometer
frequency, vy, the orientations were added to the table. The
width +Av serves the same purpose as AH. A similar
approach was employed by Coffino et al. (36).

The ENDOR spectra were calculated by summing over
al transitions and orientations (listed in the table) that
contribute to the EPR signal at a particular field, including
the allowed width, AH or Av. Each ENDOR fregquency
was convoluted with a Lorentzian lineshape with a width
of 0.4 MHz. The major experimental featuresthat wetried
to reproduce in the simulations were: (i) the practical
field independence of v.s,,, (ii) the frequency shift and
lineshape of the v.3, peaks, and (iii) the field range at
which each of the ENDOR signal appears. The simulated
spectra shown in Figs. 7—9 were normalized indepen-
dently, and therefore the absolute intensities of the various
spectra are not comparable.

Figure 7 shows a series of orientation-selective ENDOR
spectra calculated with D = 750 MHz, n = 0.2, and a,
= —28.8 MHz. At 2425 G, of the v.s,» only the vs),
component appears, whereas in the experimental spectra
both are apparent (see Fig. 3). Increasing n to 0.3 gives
better agreement with the experimental results as shown
in Fig. 8. It represents the best-fit spectra we obtained,
taking into account the constraints we had on D and E/D
from the EPR spectrum. In general, the range of magnetic
fields at which both v_s,, are observed is determined by
E/D and the total field range where vs,, or v_s,, appears
depends on D. In the simulated spectra shown in Fig. 8,
the field independence of v.s,, is reproduced and the two
methods of calculations give the same peaks as expected.
The general field dependence of v., is reproduced as
well; at low fields, the two signals are resolved, and as
the field increases, more features appear. At the high-field
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FIG. 7. Simulated orientation-selective ENDOR spectra calculated with
8 = —28.8 MHz, D = 750 MHz, = 0.2, AH = 15 G, and Av = 0.1
GHz. Spectra obtained using the exact calculation appear in solid lines
whereas those obtained using the perturbation method are represented by
dotted lines.

end of the series, the doublet mergesinto one signal, again
in agreement with the experimental data. The general be-
havior of the v/, signals in the range 3025-3522 G, in
terms of width and frequency position, is also similar to
experimental results, though the detailed lineshape of the
signalsis not reproduced. Furthermore, the relative inten-
sities of the v..;,, peaksin the calculated spectra are larger
than in the experimental spectra, particularly at the high-
field end. We attribute the discrepancies between the cal-
culated and experimental spectra to the difficulties in de-
termining accurately the relative contributions of the EPR
transitions and the corresponding selected orientations to
the echo at each field. This stems from neglecting the
different nutation frequencies of the individual EPR tran-
sitions and from the large inhomogeneous linewidths
which may include distributions in D and E. The value
that was taken into account for the inhomogeneous line-
width was 15 G (or 0.1 GHz) which is most probably too
small to adequately account for the experimental results.

When D increases further, the ENDOR peaks becomes
significantly broader as shown in Fig. 9. If one takes into
account large inhomogeneous broadening due to distribu-
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Hye. G inginthe ENDOR spectrum. The mechanism leading to this
broadening is the same as that causing the appearance of
. Jk A 3831 forbidden EPR transitions (AM, = +1, AM, = +1) in the
_ EPR spectraof Mn?* (when g3H, > D) (33). The broaden-
e A A 3522 ing is on the order of a,D?/v2 and therefore at X band
_ (~9 GHz), values of D > 1500 MHz already broaden the
/M& AN A 3422 ENDOR spectrum beyond detection. This effect can be sig-
" 3372 nificantly reduced at high fields as we have recently demon-
/ \ N A strated by pulsed ENDOR measurements at 95 GHz carried
__JN 3322 out on the same zeolites studied in this work (23). At this
e A frequency, the orientation-selective spectra of >‘FeSOD
_ showed no orientation dependence, and the value obtained
,_JM\, M A 3272 for as, (—29.0 MHZz) was very close to the value determined
‘ 3299 from the X-band data and the simulations (—28.8 MHz).
T JA‘L NS Moreover, the ENDOR signals of the other zeolites could
}L , 3122 be observed, thus confirming the analysis presented in this
N M work.
’\.,. , When D is not too large and ENDOR spectra can be
AN N 3025 observed, the orientation dependence of the amplitudes of
J\k A 2792 the various ENDOR peaks can provide information on the
JL J\k 2425 (@)
1 . i . | \ 1 . I . ) , 4000 A e R
0 20 40 60 80 100 2840
Frequency (MHz) e ——
FIG.8. Simulated orientation-selective ENDOR spectra cal culated with 3680
ae = —28.8 MHz, D = 750 MHz, = 0.3, AH = 15 G, and Av = 0.1
GHz. Spectra obtained using the exact calculation appear in solid lines, 3520 e
whereas those obtained using the perturbation method are represented by
dotted lines.
3360 P
tionsin D and E, then for D = 1500 MHz the observation i
of the 11, would be very difficult and most probably only ~ 3040 /¥ WS
the v.s,, peaks can be observed. This was the case for the
ENDOR spectra of FeLTL, FeMFI, and FeMAZ pre- 2880 . N

sented in Fig. 10. The EPR peak of these zeolitesat g = 2
issignificantly broader than that of FeSOD (13). Only when
the spectra were recorded at the high-field edge of the EPR
spectrum (5000 G) could reasonable signals be observed.
All three spectra show a broad signal at ~72 MHz which
is assigned to v.s,, and a broad feature around 51 MHz
attributed to v.3,,. In these materids, the ZFS of the Fe(111)
is significantly larger than in FeSOD (23).

DISCUSSION

It has been shown that in systems with a dominating elec-
tron Zeeman interaction and appreciable ZFS interaction the
ZFS term introduces a significant inhomogeneous broaden-

2560 Ko,

2400 .

L WMy ) L s

0 10 20 30 60 70 80
Frequency (MHz)

FIG.9. Simulated orientation-selective ENDOR spectra calculated with
8o = —28.8 MHz, D = 1500 MHz, n = 0.2, AH = 15 G, and Av = 0.1
GHz. Spectra obtained using the exact calculation appear in solid lines,
whereas those obtained using the perturbation method are represented by
dotted lines.



ZERO-FIELD SPLITTING IN ENDOR OF SODALITE
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/ 72 MHz

0 ‘ 20 . 40 . 60
Frequency (MHz)

FIG. 10. Davies ENDOR spectra of "Fe MAZ (H, = 5000 G), *Fe
MFI (Ho = 5311 G), and SFe LTL (H, = 5000 G). For all spectra, tre =
2.0 ps, and 7 = 0.34 us except for ’Fe LTL where 7 = 0.23 us.

ZFS interaction, particularly on the asymmetry parameter 1.
Furthermore, when the experiments are carried out at very
low temperature (<2K), the sign of a can be determined
from the relative intensities of the components of the v.s,,
doublet. When n < 3, it is also possible to determine the
sign of D by comparing the relative intensities within the
V.51, doublet at the lower and upper field edges of the EPR
spectrum.

The theoretical analysis of the spectra show that ag, is
best determined from the v.s,, doublet which is the least
dependent on the ZFS interaction. Hence, the appearance of
the v.g, doublet at 72 MHz for *FeLTL, *FeMFI, and
SFeMAZ indicates that their a,,, values are similar to that
of *’FeSOD (—28.8 MHz). Therefore, a a, value of —29
MHz can be considered as atypical value for *’Fein azeolite
framework site. A more detailed discussion of this value as
compared to other oxides was given in our recent high-field
ENDOR work (23).

In the particular case of *Fe(111) (S = 2), the observation
of the inhomogeneous contributions of the ZFS were easily
identified since the hyperfine coupling is primarily isotropic.
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The same is expected for **Mn?*. However, the hyperfine
interactionswith ligand nuclei are expected to be anisotropic,
and the separation of the two effects is more complex. In
this case, the analysis would require a predetermination of
D and E from the EPR spectrum.

When the hyperfine coupling is small, the effective nu-
clear Hamiltonian approach becomes valid and can be used
for the analysis of the spectrum. In this case, however, the
inhomogeneous broadening introduced by the ZFS is small
and probably negligible as it depends on terms of the form
aixD?/v3. Indeed the *H pulsed and CW ENDOR spectra
of Mn(H,0)¢? in afrozen solution could be well simulated
without taking the ZFS into account (D = 555 MHz) (32).
The third approach should be also valid for simulations of
ESEEM spectra where small hyperfine couplings are in-
volved. This would require the calculation of the eigenvec-
tors of the nuclear Hamiltonians given in Eq. [13], and then
the general expressions of Mims can be used (34, 36). For
ESEEM, it has been shown that the modul ation depth, rather
than the modulation frequency is sensitive to D (36).

When D becomes much greater than the electronic Zee-
man interaction (gS8H, < D), the ENDOR spectral charac-
teristics of high spin *’Fe(111) are significantly different than
those discussed in this work. In this case, the ZFS term is
taken as the zeroth-order Hamiltonian; the electronic Zee-
man and hyperfine terms are treated as perturbations, and
the ground state can be treated as an effective S = 3 with
an effective g value (39). The ENDOR spectrum of such a
system consists of a doublet, the position of which depends
on the hyperfine coupling and the effective g values. The
splitting of the doublet is determined by the so-called pseu-
donuclear Zeeman effect. The latter introduces an anisotropy
into the spectrum which is determined by the orientation of
the ZFS tensor with respect to the external magnetic field
(39-41).

CONCLUSIONS

X-band ENDOR spectra of high-spin *Fe(I11)-substi-
tuted sodalite exhibited three doublets which are orienta-
tion dependent in terms of both frequencies and relative
intensities. This orientation dependence was attributed to
the ZFS interaction, and a theoretical treatment showed
that the effect can be accounted for, using third-order
perturbation theory up to D < 500 MHz. The isotropic
hyperfine interaction is best determined from the ENDOR
frequencies within the Mg = +5/2 manifolds which are
the least sensitive to the ZFS. If only these ENDOR fre-
quencies are considered, third-order perturbation expres-
sions are valid if D < 1000 MHz.

APPENDIX A

The perturbation Hamiltonian, H’, consists of the ZFS
interaction only
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H' = A[S? - 1S(S+ 1)] + B.($.S + $S.)
+B.(SS+SS)+C.S% +C.S%, [18]
and the eigenvectors, corrected to second order, are
[y = [+ [H® + 1)@,

where the number in parentheses corresponds to the order
of the correction. Using standard nondegenerate perturbation
theory (42), |i) is given by

i) = [y + 3 —b | jyo
j=i Wi T W
Hi, Hi HiiHG 0
+ 2 — KO,
gi jé (wi —w)(w —w) (Wi —w)?
The expectation values (S; )u then become
(SHug, = (il S i)
=Ms; + Y alf 2M +35 (3
- S,i - S,j
j#i W T l k#i | ji
HIi,j Hj’,i _ H|,| I’<,i 2M
(wi — w)(wi —w) (Wi —w)? sk
H/ * H/ H/ .
+ A) ( AR
jé (Wi - W Zi (wi — w)(wi —w)
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