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Abstract: The incorporation of Mn(ll) into framework sites in the aluminophosphate zeotype A2Oan

analog of sodalite, has been investigated using pulsed electron nuclear double resonance (ENDOR) spectroscopy
at 95 GHz. The field sweep echo-detected EPR spectrum showed the presence of a single Mn(ll) site with a
55Mn hyperfine coupling of 8.7 mT. ENDOR spectra, recorded using the Mims and Davies sequences, consist
of an?7Al signal at the Larmor frequency anc*¥ doublet corresponding to a hyperfine coupling of 8 MHz.

The symmetry of the doublet about tF® Larmor frequency indicates that it originates from ke= +%/,
manifolds and that the interaction is primarily isotropic. The relatively |&*gehyperfine interaction and the

weak interaction witi#’Al provide unique and direct evidence for Mn(ll) substitution of framework Al. X-band
electron spin echo envelope modulation (ESEEM) measurements showed only signaldtgtithg 27Al,

and3!P Larmor frequencies. The first two are due to weak dipolar interaction with the template molecules,
while the others reflect interactions with the framework.

Introduction of the zeolite? Unfortunately, these are often insufficient for a
detailed description of the TM local environment.

The aluminophosphate molecular sieves, AIPO first ) i o i
A direct evidence for framework substitution was obtained

reported by Wilson et al.are microporous zeotype materials 3 - LS 7
with pore dimensions useful for adsorption and molecular PY *'P magic angle spinning (MAS) NMR of MgAIP£P0,

sieving. Unlike lattices of typical zeolites their lattice is neutral, Where insight into the ordering of Mg and Siin the framework
and they thus exhibit no ion-exchange ability or acidity. These, Was obtained from the presence P lines with different
properties however, can be introduced by transition-metal (TM) chemical shifts. When paramagnetic metals are involved, use
ions substitutior?. Various AIPQ-n materials containing first ~ nas been made of the paramagnetic shift effeatsthe MAS
series TM ions (MeAIP@n), and exhibiting a wide range of ~ SPectra of’Al and 3P in MnAIPQ,-5° and different COAIPQ
compositions have been synthesized during the last two -'° In the latter, large isotropic shifts were observed.
decaded “ One of these ions, which was successfully incor-  The combination of conventional continuous wave (CW) EPR
porated into different AIP@n structures and which showed and various pulsed methods have often been used to probe the
some specific catalytic activity in hydrocarbon cracking is Mn- close environment of paramagnetic centers in zeotype materials.
.4 The X-band ¢p ~ 9 GHz) CW EPR spectrum of Mn(ll) in
Wilson et al® have used the framework stoichiometry, zeolites is usually centered gt~ 2, and its spectral charac-
provided by chemical analysis, the chemical purity of the doped teristics are determined, primarily, by the zero-field splitting
phases, and the production of strong isted acidity as (ZFS) and®*Mn(ll) hyperfine parameters. These parameters
evidences for framework substitution. Lattice distortions intro- provide information on the symmetry and coordination number
duced by the chemical modification and the induction of ion- of the manganese iod$However, a better insight into the Mn-
exchange character were also consistent with framework (II) close chemical environment is provided by the superhy-
substitutior? These are, however, indirect evidences. Electronic perfine interactions with neighboring magnetic nuclei. Such
spectroscopy in the UMvisible region is often applied for  interactions are usually determined by the application of electron
studying TM ions® There, the d-d- and charge-transfer bands spin echo envelope modulation (ESEEf1}® and electron
are used to follow valence changes and structural modifications
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nuclear double resonance (ENDGRY techniques. The ES-

EEM technique allows measurements of weak superhyperfine

couplings in solidg? In zeolites and related materials, it can

be used to probe interactions between TM centers and frame-

work 27Al18.190r 31p20.21 35 well as with adsorbate molecufég?
Pulsed ENDOR, which is commonly applied through the Mins

or Davie@® pulse sequences, is complementary to ESEEM, as
it can generally measure larger hyperfine couplings, associated

either with the central atom, as is the case®fin(l1)2¢ and
57Fe(I1),27 or with directly bound nuclet®

So far, the majority of the EPR studies of Mn(ll) in zeolites
has been done using conventional X- and Q-bagd-(35 GHz)
spectrometerk229-30 Moving to higher frequencies is highly
advantageous fdB = %, systems in orientationally disordered
materials. This is due to the reduced effect of the ZF%on
the central =/, |+/,[transition, which leads to improved

resolution and, hence, to an easier interpretation of the spec-'

trum33 In addition, at low temperatures, the larger difference
in the Boltzmann population of the differelts levels is helpful
in reducing the number of observed EPR transitions and in
determining the sign of the ZFS interacti$?#* Moreover, in

pulsed experiments, the spectrometer dead time is significantly

reduced® which is particularly helpful for TM detection, where
the echo decay is inherently fast. High-field ENDOR benefits
from the appreciably larger nuclear Zeeman interaction, which
helps in resolving signals due to nuclei with similar gyromag-
netic ratios ¢) (e.g.,2Na anc?’Al),%2 and improves the detection
of low y nuclei with small hyperfine coupling®.In an earlier
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Figure 1. Structure of thg cage in AIPQ-20, viewed along the cubic

unit cell direction, showing possible locations of manganese. The
manganese and the TMA cations are designated by balls, and the
aluminophosphate framework atoms are designated by cylinders. One
manganese cation is substituted in a framework T site (3.14 A from
the next T site), whereas the other is in the middle of a six-ring, 1.11
A above its plane (3.33 A from the nearest T sife).

work we used high-field ENDOR to determine the characteristic
hyperfine interaction of'Fe(lll) in a zeolite T site, and measured
its dipolar interaction wit#Na" cations in sodalité? However,
there are applications, for which high-field is not the best of
choices; weak anisotropic hyperfine interactions are often better
detected by ESEEM at lower fields where the nuclear modula-
tion depth is strongetf. Hence, combining W- with X-band
experiments is preferred for a systematic study in general and
for Mn(Il) centers in particular.

In this work, we present X-band ESEEM and W-band pulsed
ENDOR measurements on MnAIRQ0, which crystallizes in
the sodalite structure (Figure 3 We report for the first time
on a®'P hyperfine coupling of~8 MHz, which provides direct
evidence for framework substitution.

Experimental Section

Zeolite Synthesis.The composition of the synthesis gel of the
MnAIPO,-20 sample was: ®s:Al,03:50H,0:0.5(TMA),0:0.01MnO.
The synthesis procedure, using tetramethyl ammonium (TMA) hydrox-
ide as a templating agent, was similar to that given in earlier rep#tts.
The manganese was introduced as a 25% water solution of Myn(CH
COQ)-4H,0, (Aldrich), and the white product was centrifuged and
dried at 100°C. The product was characterized by powder X-ray
diffraction (XRD) using a Siemen D500 automated diffractometer. The
XRD pattern was similar to that reported for sodati&he relative
manganese content in the final product, determined by ICP, was Mn/
Al = 0.007 by molar ratio. Similar MNSAPO-20 samples, with low
silicon levels (Si/Al= 0.01-0.03) were prepared as well by using
aqueous silica (Ludox HS-40, DuPont).

EPR and Pulsed-EPR measurementsCW X-band EPR spectra
were recorded on a Varian E-12 spectrometer (9.3 GHz). The spectrum

(37) Romanelli, M.; Kurshev, V.; Kevan, LApp. Magn Reson 1994
7, 427-441.

(38) Lons, V. J.; Schultz, HActa Crystallogr 1967, 23, 434-436.

(39) Arieli, D.; Vaughan, D. E. W.; Strohmaier, K. G.; Thomann, H.;
Bernardo M.; Goldfarb, DMagn ResonChem, in press.

(40) Treacy, M. M. J.; Higgins, J. B.; Ballmoos, V. Reolites1996
16, 581.



6030 J. Am. Chem. Soc., Vol. 121, No. 25, 1999

Y]

O

3.2 3.3 3.4
By [T]

Figure 2. EPR spectra of MnAIP©20 (a) CW-EPR spectrum (160
K), (b) X-band FS-ED spectrum (4.3 K,= 260 ns), (c) W-band FS-

ED spectrum (4.3 Kr = 300 ns). The arrows indicate field positions
where!H Mims-ENDOR spectra were measured.

was measured in the range 0.8 T with a typical modulation amplitude
of 1 mT. The X-band pulsed experiments were carried out on a home-
built spectrometét“? at 8.5 GHz and temperatures of 2.4 or 4.3 K.

Arieli et al.

“ 7
g,m ¥ ¥
0.362

mw b

t

| “p

t

0.342
0.322
0.302

0.282

0.262
0.242

~
M
M
v
N ——

0.222

[ U S RS T T TR T |
5 10 15 20

Frequency, [MHz]

T, [ns]
Figure 3. Field dependence of the X-band three-pulse ESEEM spectra
(2.4 K, T = 260 ns) of MnAIPQ-20 (a) time domain waveforms and
(b) magnitude mode FT-ESEEM spectra.

M0 |Ms £ 1, M,[Ctransitionst:45Higher order effects of the
ZFS are well evident by the increased splitting from low to
high field and the appearance of forbidden transitit € The
X-band FS-ED spectrum, shown in Figure 2b, is poorly resolved
and distorted due to thauclear modulationeffect?’4¢ The
sharpening of the manganese hyperfine lines is very clear in
the W-band spectrum, Figure 2c, anePin hyperfine coupling

of 8.7 mT is easily determined from this spectrum. Similar
spectra were exhibited by the MNSAPO-20 samples.

Field sweep echo-detected (FS-ED) spectra were measured using the X-band ESEEM measurements were carried out across the

two-pulse echo sequence with2 and s pulses of 20 and 40 ns,
respectively. ESEEM spectra were obtained using the three-pulse
sequence wittr/2 pulses of 20 ns and the appropriate phase cyéfing.
The time domain waveforms were normalized to the maximum
intensity, and the echo decay was removed by a polynomial fit. The
resulting waveforms were convoluted with a sinebell function to remove

EPR powder pattern, and the results are presented in Figure 3.
Throughout the field range of the FS-ED spectra, modulations
corresponding to the Larmor frequencies'®{, 27Al, 31P, and

IH are observed, similar to the results obtained for Fe
incorporated into AIP@203° Soaking the sample in O did

artifacts due to the dead time and the background decay removal andnOt lead to a noticeable decrease in tHepeak, indicating that

with a Hanning window function for improved resolution. Zero-filling
up to 1024 points was carried out, followed by Fourier transformation
(FT) and magnitude mode calculations. W-band pulsed experiments
(94.9 GHz) were carried out on a home-built spectrometer at 43 K.
The field was calibrated using théd ENDOR lines of a Cu(lB-
histidine complex. The FS-ED spectrum was obtained using the two-

pulse echo sequence with pulses of 40 and 60 ns, respectively. Mims-

ENDOR experiments were recorded witf2 pulse duration of 40 ns
and an RF pulse length of 26. Davies-ENDOR spectra were obtained
with selective MW pulses where theandz/2 pulse lengths were 200
and 100 ns, respectively, and an RF pulse length @6.9n this case

the 'H modulations come primarily from TMA and not from
water or OH ligand. The shallow modulation (Figure 3a) implies
that the dipolar interactions with tH&AIl nuclei (I = 5/,) are
relatively weak!® The fast decay of the echo is due to spectral
diffusion resulting form a relatively high Mn(ll) content.
Figure 4a shows the field dependence of the W-band Mims
ENDOR spectra in th&Al and 3P regions. Peaks at the Larmor
frequency of the two nuclei appear and a doublet with hyperfine
splitting of ~8 MHz, positioned symmetrically around the
Larmor frequency of'P is well resolved. This doublet appears

it was necessary to use shorter RF pulses due to the relatively fastat all fields where the central EPR transition has a significant

recovery of the inverted echo. The repetition rates were 1 and 0.5 kHz
for the FS-ED EPR and ENDOR experiments, respectively.

Results

The CW X-band EPR spectrum of MnAIPO-20 is shown in
Figure 2a. As the conditioD < gfBy holds, the spectrum is
dominated by a resolved sextet corresponding td-ti&, M0
— |+, M|[]centraltransitions superimposed on the othidg,
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contribution, and from the field dependence of the two lines a
y value equal to that of'P is extracted. The “fine” structure of
the doublet components is a consequence ofbliredl spots
effectl” This was confirmed by repeating the experiment for
different r values and by comparison with the corresponding
Davies ENDOR spectrum, shown in Figure 4b, where3fre
doublet is clear and the lineshape is free from blind spots. The
width of each component is3 MHz, and a weak peak at the
Larmor frequency of’Al appears as well.
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77 1p the | =, M0~ |+1/,, M|Odecreases. The ENDOR spectra of
a } B, [T} } MnSAPO-20 (Si/Al= 0.03) showed features similar to those
of MnAIPO4-20. We were not able to measure the X-b&tel
ENDOR spectra due to the relatively weak and fast decaying

T‘l 342 W echo.
N\[\/\ 540 W Discussion
/\M\/\ While the X-band ESEEM results indicated that Mn(ll)

3.36 interacts via weak dipolar couplings with the framework nuclei,
: 31p and?’Al, as well as with the templatéN andH nuclei, a
strong interaction with frameworkP is evident from the well
resolved 3P doublet in the W-band ENDOR spectra. The
ENDOR frequencies of &= 5, electronic spin system coupled
to al = 1/, nucleus on a ligand subjected to the conditidrx
98By are?’

Yo OR = [(MeA,, — v)* = MYAL + AT (D)

b

1 1 A i L i 1

35 40 45 50 55 60 65 where A, Ay, and Ay, are the components of the hyperfine
Frequency, [MHz] tensor in the laboratory frame ang is the nucleus Larmor
Figure 4. W-band ENDOR (4.3 K) spectra of MnAIRE20, measured  frequency. In eq 1 the third-order effects of the hyperfine and
in the #’Al and *'P regions (a) Mims-ENDORr(= 400 ns) measured  ZFS interactions are neglected. For a qualitative interpretation
at different field positions along the EPR spectrum, as indicated on of the ENDOR spectrum this expression can be simplified by

the fig_ure. The bro_ad features near fial line are due to baseline neglecting the pseudosecular parts of the hyperfine interaction
distortions. (b) Davies ENDORr (= 400 ns) measured & = 3.4 T. which yields

The doublet, mentioned in the text, is marked with dashed lines. The
small line, marked with an asterisk, is due’té harmonic. ENDOR __

vng = I = MA (2

B, [T]
whereA = A, = ai5o + ag (3 cog 0 — 1), when the point
3.49 dipole approximation applieas = uogsBednBn/4nhrs. r is the

electron-nuclear distance afids the angle between the electron-
nuclear vector and the direction of the external magnetic field.
3.44 Accordingly, for the case of; > MsA, where all theMs levels

are populated and excited by the microwave irradiation, a pair
of ENDOR lines for eaclMg|, positioned symmetrically around

v should be resolved. The separation between the components
of each doublet isA, 3A, 5A for Ms = £, +3,, +%;

3.38
respectively. ENDOR features due to several valuellgfif
properly assigned, provide a self-consistent determinatidn of
333 The lineshape of thé&'P doublet indicates that the hyperfine
: interaction is primarilyisotropic and the anisotropic part is
’\f/ 3.30

limited by the linewidth (3 MHz). On the basis of the relative
populations of the differer¥ls levels at 4.3 K&° the symmetric
doublet observed is assignediig = 4-/,, from which|aiso| &

8 MHz is determined. At this temperature thi = —5/, and

Ms = —3, levels are populated and observed in the FS-ED EPR
spectrum, and therefore, two more ENDOR lines are expected.

L . L L . Their positions depend on the sign &, for aiso < 0 andByg
140 145 150 155 = 3.39 T they should appear at 47 and 39 MHz for khe=
Frequency, [MHz] —3%, and Ms = —%; respectively, whereas fas, > 0, the

positions are 70 and 78 MHz, respectively. Unfortunately, none
of the above lines has been observed. This, however, is not
surprising since the inhomogeneous linewidth of these peaks,
determined by the anisotropic component of the hyperfine
Field-dependent W-band Mims ENDOR spectra in the interaction, is expected to be 3 and 5 times larger than that of
region are shown in Figure 5 (the field positions are marked the 4%/, doublet, thus rendering their detection more difficult.
with arrows on the FS-ED spectrum in Figure 2c). In all of the The observation of these lines would have determined the sign
spectra the center of the spectrum corresponds to the protorof as,, from which the mechanism responsible for this interac-
Larmor frequency, and a significant increase in the linewidth tion could be obtained.
is apparent when measuring away from the central EPR The appearance of a relatively large isotrofié hyperfine
transitions. In bot#'P and'H Mims ENDOR spectra the fine  coupling, which is a “through bonds” interaction, and the
structure due to the blind spots becomes less resolved as the - , — -
. . - (50) The relative populations of 8 = %, with a dominant Zeeman
field at which the spectra are recorded shifts from the center of jyieraction at 94.9 GHz are 1: 0.35: 0.12: 0.04: 0.01: 0.00546t,0
the EPR spectrum towards the edges, and the contribution of|—3/,0—Y/,00+Y,043/,0+5/,0

Figure 5. H region of the W-band Mims ENDOR (4.3 K,= 500
ns) spectra of MnAIP®20 obtained at different field positions along
the EPR spectrum.
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Table 1. Calculatec®'P and?’Al Dipolar Interactiort for Framework and Nonframework Mn
no. of 3P I'p—n an, 3P no. of 27Al I Al—Mn ap, 2Al
configuration neighbors [A] [MHz] neighbors [A] [MHz]
Mn substitutes Al 4 3.14 1.03 2 4.44 0.24
8 5.44 0.13
Mn substitutes P 2 4.44 0.36 4 3.14 0.66
8 5.44 0.20
extraframework Mn 3 3.33 0.86 3 3.33 0.56

2The point dipole approximation was applied.

absence of such &dAl coupling provide a direct evidence for
framework substitution of Mn in an Al site. Furthermore, the
former shows that the bonding has a significant covalent
contribution. In a framework site the Mn(ll) is surrounded by
four 3P at a distance of 3.14 A, tw®Al nuclei at a distance

of 4.44 A, and eigh’Al nuclei at a distance of 5.44 A. In
contrast, Mn(ll) located in an extraframework site will be
situated close to the negatively chargédll (see Table 1), and
considering the structure of sodalite, similar couplings'®
and?’Al are expected.

The dipolar components of thé'P and 2’Al hyperfine
interactionag, calculated for different Mn(ll) locations are listed
in Table 1. A potential extraframework Mn(ll) site is the cation
position in sodalité? situated at the center of the 6-ring, 1.11
A above its plane. The small calculated valuesagfconfirm
that the main contribution to the hyperfine splitting is indeed
isotropic. In the case of framework substitution fdAl, the
largest dipolar interaction, obtained fgry, = 3.14 A, is 1.03
MHz; thus, the total width expected for each of te = £/,
doublet is about 1.5 MH%! This value is only one-half of the

change in the coordination number of Mn(@# This value,
however, is also close to that of Mn(ll) in an octahedral
symmetry (for example, octahedral Mn(ll) in Md®, and
therefore cannot be used as a reliable evidence for framework
substitution. The Mn(ll) hyperfine coupling in MnAIR& and
MNnSAPO-44 were 9.0 and 8.5 mT, respectivély?and upon
calcination and dehydration the latter decreased to 6.5 mT. This
reduction was attributed to a change from octahedral to
tetrahedral coordination of the Mn(ll) due to the loss of
coordinated water molecules. This change was also associated
with the low stability of MNSAPO-44 towards hydrolysis, that
led to sample decomposition after rehydration.

The advantages of high-field EPR and high-field ENDOR
are very well demonstrated in this work and allowed us to
observe for the first time th&'P hyperfine coupling in metal-
substituted aluminophosphate molecular sieves. This can be
further applied to other frameworks and thus provide information
on the effect of the structure on the bonding characteristics. The
31P doublet was not detected by X-band ESEEM due to the
width of the lines 3 MHz), which results in a very fast decay

experimental linewidth of the doublet, extracted from the Davies of the nuclear modulations (within the spectrometer dead time).
spectrum (Figure 4b). We attribute the residual broadening to It may be possible to observe, at least one of the doublet
some distribution in thé!P hyperfine parameters which could component at C-band ESEEM-6 GHz), where line-narrowing

be introduced by specific interactions with the template mol- of the lower frequency component should occur, due to matching

ecules as observed in the case of the ZFS interaction inof the nuclear Zeeman and the hyperfine interactiSrid¢one-

FeAlPQy-203°

The isotropic hyperfine interaction reflects the fractional spin
density at the nucleus. One unpaired electi®r=(1/,) in a 3s
orbital of 3P givesais, =13306 MHZz%2 Thus, 8 MHz corres-

ponds to a spin density of 0.06%. This number is about one-

half of the experimental value reported f&P in DAF-2, a

theless, caution should be exercised when interpreting ESEEM
data without complementary ENDOR results. At X-band
frequencies the ENDOR spectrum should exhibit a doublet at
~1.5 and~9.5 MHz. Taking into account their linewidth, it is
expected that the low frequency component will be extremely
hard to observe.

microporous cobalt phosphate in which all phosphorous atoms )
are surrounded by four Co atoms. The latter value was obtainedConclusion
per Co-O—P bond from thé'P paramagnetic shiftinduced by The incorporation of low levels of Mn(ll) into AIP©20

Co(ll) (S = 3).1° _ results in a single Mn(ll) species, situated in a framework site,
The width of the!H ENDOR spectrum, recorded at fields gpq exhibiting a%Mn hyperfine coupling of 8.7 mT. The

where the|—*/5, Mid— |+, M;Otransitions has significant  presence of &% doublet withjaiso] ~ 8 MHz in the W-band
contribution, is rather narrow, 3 MHz, which is consistent with EnNDOR spectrum, combined with the absence of such a doublet

interaction with template protons rather than water or hydroxyl gye to27Al provide a unique and direct proof for framework
ligands. The latter should lead to splitting 6 MHz.5! The substitution of Mn(Il) for Al.

spectrum becomes broader at magnetic fields where the This work demonstrates the potential applications of W-band
contribution of the central transition decreases and that of the eNDOR in the study of high-spin transition metal ions. The

other transitions increases. Again, this is attributed to the gppreciably higher sensitivity, combined with the larger nuclear
increased width of the powder pattern of the ENDOR lines zeeman interaction and the reduced weight of second- and third-

corresponding to théls = —3/,, —5, manifolds (eq 2).

The hyperfine coupling of thé°Mn, 8.7 mT, was easily
determined from the W-band FS-ED spectrum. This value is
similar to a value previously reported for Mn(ll) in Zeolite A

order broadening effects, significantly improves the resolution
of the EPR and ENDOR spectra.
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