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Abstract

High-resolution '’O multiple-quantum MAS (MQMAS) NMR spectra have been obtained for zeolite HY in order to study its local
structure and Brensted acidity. The 'O NMR signals due to all the different oxygen environments have been observed in one single
experiment, including the readily-resolved signals arising from the two types of oxygen atoms of the zeolite framework (Si-O-Al and
Si—O-Si), and oxygen atoms directly bound to Bronsted acid sites (Si-O(H)-Al). The 7O NMR parameters such as the isotropic chem-
ical shift (dcs) and quadrupolar coupling parameters (quadrupolar coupling constant, QCC and asymmetry parameter, 7) for these oxy-
gen species have been extracted and found to be consistent with the results from previous NMR measurements. The NMR parameters of
the framework sites reveal a greater distribution of T-O-T’ bond angles over those typically observed in hydrated zeolites.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Microporous zeolites have been widely used as catalysts
in industry. The size and connectivity of the cages and
channels of the zeolites’ structure, along with their
Bronsted or Lewis acidity, plays a critical role in control-
ling the activity and selectivity of these zeolite-based cata-
lysts [1,2]. The oxygen atoms of the zeolite framework
have the largest ionic radius among the typical atoms in
zeolites, therefore they are expected to be intimately
involved in adsorption and catalysis [3-5]. The NMR-
active oxygen nucleus, 'O, not only possesses a very large
chemical shift range (>1000 ppm), but as a quadrupolar
nucleus, is significantly affected by the electric field gradient
(EFG) surrounding the nucleus [6]. Hence, 'O MAS NMR
spectroscopy is an extremely sensitive probe of local struc-
ture and 7O NMR spectra of zeolites should, in principle,
provide considerable information [7]. With the develop-
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ments in high magnetic field strengths and fast magic angle
spinning (MAS) NMR techniques, high resolution '"O
NMR spectra have now been collected for a variety of zeo-
lites [8-13]. The resonance due to Si—-O-Al and Si—O-Si
sites in the zeolite framework, which overlap in the 'O
1-pulse NMR spectra, can be readily distinguished in 'O
multiple-quantum MAS (MQMAS) NMR [8]. However,
the resonance from the most catalytically relevant oxygen
atoms, i.e., the ones which are directly bound to the
Bronsted acid sites has been difficult to detect. Recently,
we reported the direct observation of the 'O signal from
this site, by using '"O/'H double resonance NMR tech-
niques [14,15]. However, in these experiments the reso-
nances due to Si-OH-AIl sites are selected and the
resonances arising from Si-O-Al and Si-O-Si linkages
are either not observed or very weak (e.g., in the cross-
polarization experiment) or observed but still not well
resolved (e.g., in a 'H-'O REDOR experiment). Here,
we demonstrate the application of 'O MQMAS NMR
spectroscopy to resolve the framework sites and the sites
directly bound to Brensted acid sites in zeolite HY
(Fig. 1) in a single experiment. The NMR parameters
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Fig. 1. Structure of zeolite HY and the positions of the four crystallo-
graphically distinct oxygen sites. The Breonsted acid sites have been
located, by using diffraction methods, in both the super- and sodalite cages
of HY.

extracted in this study are discussed in terms of their local
environments.

2. Experimental section
2.1. Materials preparation

Acidic zeolites are susceptible to dealumination, partic-
ularly on heat-treatment of the hydrated samples, thus,
70-enriched zeolite HY was prepared via the !"O-
enriched, sodium-exchanged form of the zeolite [15]. NaY
(n(Si)/n(Al) ratio of 2.6; Strem Chemicals) was dehydrated
at 773 K for 12 h and then '’O enriched by heating in "0,
gas (59.6% enriched 170,; Tsotec, Inc.) at 853 K for 12 h
[13]. 7O-enriched zeolite NH,Y was prepared from NaY
by ion exchange with a 1 M NH4NOj; solution at ambient
temperature for 12 h (repeated 5 times). In order to obtain
zeolite HY, '"O-enriched NH,Y was then slowly heated
under vacuum (<1 x 1072 Torr) from room temperature
to 383 K in 7 h, and then to 673 K in 12 h where the tem-
perature was held at 673 K for a further 12 h. The sample
was kept and packed in the N, glove box prior to the NMR
experiments.

3. Solid-state NMR spectroscopy

MAS NMR spectra were obtained with Bruker Avance
600 and 833 MHz spectrometers, with 89 mm wide-bore
14.1 T and 31 mm ultra-narrow-bore 19.4 T superconduc-
ting magnets, respectively, in 4 mm rotors. Rotor caps with
o-rings were used to avoid the adsorption of water during
the NMR measurements. 'O chemical shifts are referenced
to H,O at 0.0 ppm. A standard triple-quantum MAS pulse
sequence with two hard pulses followed by a z-filter was
used. In the experiment performed at 14.1 T, two-pulse
phase modulated (TPPM) [16] decoupling was applied dur-
ing t;-evolution and #,-acquisition. The optimized parame-
ters for the MQMAS experiments were set by using the
70-enriched zeolite HY sample. NMR line shape simula-

tions were performed with the Wsolids package developed
by Eichele and Wasylishen [17].

4. Results and discussion

The two-dimensional (2-D) 7O MQMAS NMR (with
"H decoupling) spectrum of zeolite HY and its F;/F> pro-
jection acquired at a magnetic strength of 14.1 T are shown
in Fig. 2a. Similar to the 1-pulse '"O MAS NMR data, the
anisotropic projection of the MQMAS spectrum shows one
broad resonance (J, =50 to —50) with a maximum at
0, =20 and a small shoulder centered at J, = —25 ppm
[15], where J, is the center of gravity of the resonance in
the anisotropic (F,) dimension. The isotropic (F}) projec-
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Fig. 2. 'O MQMAS NMR spectra of HY at 14.1 T. (a) 2-D MQMAS
spectrum. Spinning speed: 13 kHz, recycle delay: 1 s. The projections of F,
and F) dimensions are shown on the above and right side of the 2-D-
spectrum, respectively. (b)—(e): Slices of anisotropic dimension at 35.1,
40.0, 57.2 and 63.0 ppm in F; dimension (top), and the simulations of the
spectra (bottom). Simulation parameters are given in Tables 1 and 2. The

dotted lines in the 2-D spectrum show where the slices are taken.
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tion, however, shows four resonances with centers of grav-
ity, 0; of 35.1, 40.0, 57.2 and 63.0 ppm, which can be
assigned to framework oxygen sites in Si—-O-Al (35.1 and
40.0 ppm) and Si-O-Si (57.2 and 63.0 ppm) linkages,
respectively. The NMR parameters for the Si—O-Si and
Si—O-Al linkages were therefore extracted by simulating
the slices of the F, dimension (Fig. 2b—e) and the parame-
ters (quadrupolar coupling constants, QCC, asymmetry
parameter, 1, and chemical shift, dcg) are listed in Table 1.

Previous crystallographic studies have shown that the
T-O-T (T =Si or Al) bond angles for the four crystallo-
graphically distinct oxygen sites in faujasite type zeolites
(Fig. 1) generally increase in the order O; < O3 <0, <04
[10,18,19], while the MQMAS [11] and double rotation
(DOR) [12] NMR results indicate there is a linear corre-
lation with a negative linear coefficient between the ''O
isotropic chemical shift and T-O-T bond angle for struc-
turally similar local environments. Thus the 'O chemical
shifts should follow the order O;> 03> 0,> O,
Although the intensities in the MQMAS spectra are sensi-
tive to the size of the quadrupolar product, Pg, it is still
possible to compare the relative intensities of the reso-
nances, if the range in the values of Pg is small, which is
the case for different bare oxygen framework sites. The
intensity ratio of the two resonances corresponding to
Si—O-Si environments at §; = 57.2 and 63.0 ppm is close
to 3:1. Thus, according to the values of dcg obtained from
the simulations (Table 1), these two resonances are
assigned to Si-O,34-Si and Si-O,-Si, respectively, where
the O; and Oy sites point into the supercage and the O,
and O; into the sodalite cages. Similarly, the resonances
arising from Si—-O-Al sites at 0;=235.1 and ¢;=

Table 1

170 NMR parameters and the observed/calculated NMR shifts for oxygen
atoms in Si-O-Al and Si—O-Si environments at 14.1 and 19.4 T in zeolite
HY

Si-O,34-Al  Si-O-Al  Si-O,34Si  Si-O,-Si

QCC/MHz 3.7 35 5.3 5.1
n 0.2 0.3 0.1 0.3
des 275 333 44.0 50.0
41T

51(Cal.) 349 40.0 59.0 64.3

51(Exp.) 35.1 40.0 572 63.0

55(Cal.) 14.9 219 18.5 25.7

5-(Exp.) 16.0 22.5 17.8 26.0
194T

51(Cal.) 319 36.8 51.9 57.5

51(Exp.) 31.0 36.9 51.8 57.5

55(Cal.) 20.9 273 30.6 373

5-(Exp.) 21.6 279 31.0 37.9

The NMR parameters were obtained by fitting the slices of the anisotropic
dimension at J,(Exp.); they were used to calculate the shifts of the center
of gravity in the F> and F; dimensions (d,(Cal.) and d;(Cal.)), from Eqs.
(2) and (3). Estimated errors here and in Table 2 are +0.1 MHz for the
QCC, £0.1 in n and +2 ppm in Jdcg for the data obtained at 14.1 T; and
40.1 MHz in QCC, £0.1 in 5 and +1 ppm in dcg for the data obtained at
194T.

40.0 ppm are assigned to Si-O,34-Al and Si-O;-Al,
respectively.

The shifts 6; and J,, can be used to extract the values for
isotropic chemical shift, écs, and Pq, directly, without sim-
ulating the F, dimension. For a I=5/2 nucleus these
parameters are given by:

des = (17/27)61 + (10/27)ds, (1)
Pqo = 0.04v(85(8; — 8,)/1296)"%, 2)

and the expression for Pq:
Pq=QCC(1+17°/3)"", (3)

where vy, QCC and # are the carrier frequency, the quadru-
polar coupling constant and the asymmetry parameter,
respectively. Conversely, the values of ¢, and 9, can be pre-
dicted if 6cs and Pg are known. Since no strong peaks were
seen for the resonances due to the oxygen atoms bound to
Bronsted acid sites, their resonant frequencies were pre-
dicted from the NMR parameters obtained previously
from 'H/"’O two-dimensional HETCOR NMR spectros-
copy in order to help locate these resonance [14]. Two res-
onances are predicated at (Jy, ) = (50.0, —20.3) and (46.6,
—22.5) (Table 2), for the two different Bronsted acid oxy-
gen sites. Therefore, the broad resonances with two max-
ima at (01, 92) =(49.5, —18.2) and (45.0, —23.0) can be

Table 2
70 NMR parameters and the observed/calculated NMR shifts for oxygen
atoms in Si-OH-Al environments at 14.1 T and 19.4 T in zeolite HY

Si-0, 3(H)-Al Si-O,(H)-Al
QCC/MHZ* 6.2 6.0
n 0.9 1.0
des 24.0 21.0
1417
d1(Cal.) 50.0 46.6
5(Cal.) —-20.3 -225
QCC (MHz)® 6.09 5.95
dcs® 24.4 19.8
Po (MHz)" 6.86 6.87
81(Exp.) 49.5 45.0
5,(Exp.) —18.2 —23.0
194T
1(Cal.) 37.6 34.4
5(Cal.) 0.8 -1.8
QCC (MHz)® 6.23 5.95
dcs? 23.5 20.9
Po (MHz)® 7.02 6.87
51(Exp.) 37.3 34.1
5>(Exp.) 0.1 —-1.5
QCC (MHz)*® 6.16 5.95
dcs’ 24.0 20.4

% NMR parameters are taken from Ref. [14] and were used to predict the
resonant frequencies d;(Cal.) and J,(Cal.).

® The NMR parameters were calculated from the observed shifts of
center of gravity of the resonances (d;(Exp.) and d,(Exp.)) and n“ by using
Egs. (1)—(3).

¢ The average values of NMR parameters obtained in this study.
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tentatively assigned to oxygen atoms bound to Brensted
acid sites pointing to the sodalite cages and supercages,
respectively. These resonances are not well resolved from
the resonances due to the framework oxygen atoms. Simu-
lation attempts for the slices of anisotropic dimension cor-
responding to the two Brensted acid sites (not shown)
failed because the slices show only a broad peak with a
poorly defined second-order quadrupolar line shape. The
values of dcg calculated from the observed shifts are 24.4
and 19.8 ppm, for the two resonances at (d;, J, (ppm)) =
(49.5, —18.2) and (45.0, —23.0), respectively (Table 2),
which are very similar to the results from our previous
'"H-'70 HETCOR NMR spectra of the same sample,
where values of dcg are 24.0 and 21.0 ppm for these two
resonances were obtained [14]. Determination of a QCC
from J; and 6, requires the value of asymmetry parameter
1, which cannot be obtained from line shape simulation
here due to low S/N. Therefore, the values of 5 extracted
from the HETCOR NMR spectra [14] (Table 2) for the
two Bronsted acid sites, which are also in agreement with
the results from the ab-initio calculations [15], were used
here in order to predict the QCCs.

The most important line broadening factor in these
experiments, the second-order quadrupole interaction is
inversely proportional to the magnetic field strength.
Hence, to obtain better resolution, especially for the
Bronsted acid oxygen sites, which possess much larger
QCCs, "0 MQMAS NMR data were collected at an
ultra-high magnetic field strength of 19.4 T (Fig. 3a). To
maximize the sample volume and gain the highest power
for the multiple-quantum excitation pulses, a single chan-
nel 4 mm probe was used in this experiment. Again, both
the signals due to Si-O-Al and Si-O-Si sites can be
divided in two main groups. Line shape simulations were
performed to extract their NMR parameters (Fig. 3b-e,
simulation results are listed in Table 1). The results are
consistent with the 14.1 T data, and the two groups are
assigned to O;, and O34, according to their chemical
shifts. It is clear that this interpretation is too simplistic:
a distribution in chemical shifts for both the Si-O-Si and
Si—O-Al local environments is seen, as manifested by the
spreading of the resonances along the isotropic chemical
shift direction (in the MQMAS NMR experiment, this is
not simply aligned along F) or F, [20], but along the direc-
tion indicated in Fig. 3). The distribution in chemical shifts
has increased noticeably over that obtained for both
hydrated NH,Y and NaY zeolites, reflecting an increased
range in distributions of Si-O-Al bond angles on both pro-
tonation and dehydration. For example, the range of
isotropic '"O chemical shifts (in Si-O-Al) seen here for
dehydrated HY of 22-42 ppm, corresponds to a range of
bond angles from 143° to 172° based on the correlation
of chemical shifts and Si-O-Al angles (§/ppm = —0.650/°
+ 134) or (6/ppm = —0.71/° + 143.7), obtained in low sil-
icate zeolites [11,12]. In contrast, the bond angles for
hydrated NaY, calculated by using the same chemical
shift/bond angle correlation vary from 142° to 154° (Si-
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Fig. 3. 'O MQMAS NMR spectra of HY at 19.4 T. (a) 2-D MQMAS
spectrum. Spinning speed: 10 kHz, recycle delay: 0.5 s. The projections of
F, and F) dimensions are shown on the above and right side of the 2-D
spectrum, respectively. The dashed arrow shows the direction of the
chemical shift. (b)—(e): Slices of anisotropic dimension at 31.0, 36.9, 51.8
and 57.5 ppm in the F; dimension (top), and the corresponding simula-
tions (bottom). Simulation parameters are given in Tables 1 and 2. The
dotted lines in 2-D spectra show where the slices are taken.

O-Al), while those for dehydrated and hydrated NH4Y
vary from 144° to 157° and 136° to 151°, respectively [21].

The predicted NMR shifts (in ppm) for the resonances
due to Brensted acid sites are (01, 0,) =(37.6,0.8) and
(34.4, —1.8) (Table 2). This agrees with the two maxima
((37.3,0.1) and (34.1, —1.5)) seen for the broad peaks in
the MQMAS spectrum, therefore, these two resonances
are tentatively assigned to the sodalite and supercage
Brensted acid sites, respectively. Using the observed shifts
(01, 9») at 19.4 T and # obtained from the HETCOR NMR
spectrum, QCC and dcs have been calculated and shown in
Table 2, and the average NMR parameters and the average
of the two sets of parameters obtained in this MQMAS
study at the two different fields (14.1 T and 19.4T) are
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given in the end of Table 2. The extracted QCC for oxygen
atoms directly bound to Brensted acid sites pointing into
the sodalite cages (sites O, and Os) is only slightly larger
than the QCC determined for the oxygen atoms bound to
Bronsted acid sites in supercages (O;; no proton atoms
were found bound to the Oy site in previous neutron dif-
fraction studies [18]). Both values are slightly smaller than
the results determined by HETCOR NMR spectroscopy
[14]. Although the signal intensities in MQMAS spectrum
are still very low, the summation of the slices of anisotropic
dimension at ¢; from 30 to 40 ppm shows an intense reso-
nance, corresponding to the Si—O-Al sites, with an associ-
ated weaker resonance, which has a characteristic line
shape due to second-order quadrupolar interaction with a
large n (Fig. 4a). This lineshape was simulated by using
the NMR parameters given in the end of Table 2 (i.e.,
the parameters representing the average of the values deter-
mined at the two fields). A good fit was achieved with
NMR parameters obtained for the sodalite (O, and Os)
Bronsted acid sites (solid line in Fig. 4b), while the overall
lineshape calculated by using the NMR parameters of the
O, site in the supercage occurs at a slightly more negative
frequency (dashed line in Fig. 4b), than the experimental
spectrum. However, the signal-to-noise of this experiment
does not justify further simulations of the resonance. These
calculations and simulations, in combination with the
14.1 T data, confirm our assignments of these resonances
to the Bronsted acid oxygen atoms.

The oxygen atoms directly bound to Brensted acid sites
possess the largest QCCs and #s in the structure. In addi-
tion, the directly bonded O-H distance is very short
(0.98-1.01 A [14)) thus a large "H-'70 heteronuclear dipo-
lar coupling (>15 kHz) is present. During the first evolu-
tion period in the MQMAS experiments, the '"O spins
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Fig. 4. Summation of the slices of F, dimension from 30 to 40 ppm in F;
dimension of the 19.4 T MQMAS data (a), in comparison with simula-
tions (b). Simulation parameters are QCC = 6.16 MHz, n=0.9 and
Ocs =24.0 for O,; (solid line) and QCC=595MHz, n=1.0 and
dcs = 20.4 for Oy (dashed line).

evolve in a triple-quantum coherence, thus the size of the
dipolar interaction between the 'O and 'H nuclei is three
times larger than the dipolar interaction for a single-quan-
tum coherence (i.e., following a simple n/2 pulse).
MQMAS NMR is an echo experiment and this huge dipo-
lar coupling (50-60 kHz), in combination with large QCC
for the Bronsted acid site, must prevent effective refocusing
at the echo, resulting in a considerably reduced intensity
for the sites nearby protons. A similar phenomenon was
seen in the previous work of Massiot and coworkers [22]
on materials with directly bound Al and F atoms, and thus
with large 2’A1-"F dipolar couplings. They observed that
standard decoupling methods (i.e., CW decoupling) were
not sufficient, and TPPM decoupling methods, which result
in more effective decoupling, were required in their systems
in order to obtain *’A1 MQMAS NMR spectra with
improved signal-to-noise ratios. Motion associated with
the Bronsted acid sites, as observed in our previous 'H
and 70 NMR spectra [14], may also contribute to the loss
of intensity of the MQMAS resonances of these sites.
Finally, the 3Q transition will be difficult to excite, due to
the large QCCs and dipolar couplings. While our results
show that data obtained at high magnetic field strength
(19.4 T) showed more characteristic and well resolved line
shapes, as compared to the lower field (14.1 T) data, only
a single channel NMR probe was available to us at high
fields, and no decoupling could be performed. Unfortu-
nately, the construction of a double resonance probe for
use at high fields often involves compromising either on
the power on the X channel (which should be maximized
for efficient 3Q excitation) or on the power on the H chan-
nel, (which should be maximized for efficient decoupling).

The values of 'O NMR parameters are found to be very
distinct for the different oxygen species, which makes the
70 MQMAS NMR spectroscopy a very sensitive method
for probing the environments of all of the oxygen species.
Generally, the value of o0cg increases in the order:
Si—-OH-Al < Si-O-Al < Si-O-Si. For different crystallo-
graphic oxygen sites in Si-O-Al and Si-O-Si environ-
ments, the O, site can be separated from the O,, O, and
O, in the MQMAS spectra, where the assignments made
above were made based on previous NMR results that sug-
gested that the oxygen sites with smaller T-O-T bond
angles (O; <03 <0, <0y) [19,23-25] show more positive
values of dcs (07> 03> 05> 0y) [11,12]. However, the
values of dcg for the Bronsted acid sites do not follow this
trend: O, bound to a proton is associated with a slightly
more negative shift as compared to the O, and Oj; sites
bound to protons. The assignment of these '’O resonances
does not appear to be controversial, as it was made based
on the '"H-'"0 HETCOR NMR [14], i.e., the O; 7O was
associated with a 'H resonance at 3.9 ppm, due to protons
in the supercage, while the O,/O5 resonances were associ-
ated with 'H resonances at approx. 4.6 ppm due to sites
in the sodalite cages. Furthermore, the distribution of
chemical shifts for the Bronsted acid sites is smaller than
that seen for the framework sites. The decrease in chemical
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shift distribution likely reflect distortions to the Si—O(H)—
Al bond angles that will occur on H" binding to a bare
Si-O-Al framework site, and it would appear that the
range in bond-angles of the protonated sites is smaller than
that observed for the four bare O sites. The isotropic chem-
ical shifts should also be sensitive to the O—H bond lengths,
but we note that since O-H bond lengths depend, at least
to some degree on both the bond angles and the extent
of H-bonding of the Brensted proton to any nearby frame-
work atoms, it is non-trivial to separate these different
contributions, without studying a wider range of zeolitic
systems. The size of QCC follows the order: Si-O-
Al <Si-O-Si < Si-OH-Al. O; has a noticeably smaller
QCC than that of O,, O3 and Oy, in both Si—O-Si and
Si—O-Al environments, which is consistent with the trends
obtained from ab-initio calculations for Si—O-Si [26-28]
and Si-O-Al [28] linkages and experimental data for Si-
O-Si sites in SiO, polymorph coesite [4], where smaller
T-O-T angles gave rise to smaller QCCs. The observation
a correlation between the QCC and the T-O-T' angle pro-
vides further support for our earlier assignments of the
peaks to different framework sites, based on the correla-
tions involving the chemical shift. The QCC of O, in the
Si-O;(H)-Al linkage is slightly smaller than that of for
O, and O3, consistent with the smaller bond angle for the
bare site. Both the values of 5 at Si-O-Al and Si—O-Si sites
are in the same range (0.1-0.3), but they are much smaller
than 5 at Si-OH-AI sites, which is close to 1. Site O; has
larger 5 than sites O,, O3 and O4 in Si-O-Al, Si-O-Si
and Si-OH-Al linkages.

5. Conclusions

Signals arising from Si-O-Al, Si—O-Si and Si-OH-Al
sites can be detected simultaneously in the '’O MQMAS
NMR spectrum of zeolite HY. Due to the distinct NMR
parameters possessed by the three different oxygen species,
these signals can be well resolved in the MQMAS spectra.
The QCCs and s of Si-OH-Al sites are significantly larger
than those of the Si-O-Al and Si-O-Si sites, which, in
combination with the large dipolar coupling of these sites
to the nearby protons, leads to a reduction in the intensities
of the MQMAS signals from this site, in comparison to the
those of the framework sites.

The 70 signals from the O; and O,4 in both Si-O-Al
and Si—O-Si linkages can be distinguished in the MQMAS
spectrum. The resonances from O; and O, ; sites in the Si-
OH-AI linkages can also be separated. The two sets of
NMR parameters extracted for the Brensted acid sites
are very similar and are consistent with our results
obtained in '"H-'"0 HETCOR NMR experiments. Acquisi-
tion of the MQMAS data at high magnetic field strengths
(19.4 T) reduced the second-order quadrupolar interactions
and resulted in more clearly resolved '’O signals due to
Bronsted acid sites; however, the sensitivity of this experi-
ment could most likely be improved further over that
achieved in this work via the use of "H decoupling schemes

during triple-quantum evolution and single-quantum
acquisition. The results presented in this study show that
70 MQMAS NMR spectroscopy can probe both frame-
work and Brensted acid oxygen sites in zeolite catalysts
at the same time allowing the various NMR parameters
to be extracted. Since oxygen atoms are intimately involved
in gas sorption, 7O MQMAS NMR spectroscopy provides
a powerful probe to investigate sorption and catalysis pro-
cesses and to develop structure—function relationships of
catalysts.
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