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ABSTRACT: "O—'H double resonance NMR spectroscopy
was used to study the local structure of zeolite H-Mordenite.
Different contact times were used in cross-polarization magic
angle spinning (CPMAS) NMR, CP rotational-echo double
resonance (CP-REDOR) NMR, and heteronuclear correlation
(HETCOR) NMR spectroscopy to distinguish between
Bronsted acid sites with different O—H distances. The
accessibility of the various Bronsted acid sites was quantified
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by adsorbing the basic probe molecule trimethylphosphine in known amounts. On the basis of these experiments, locations of
different Bronsted acid sites in H-Mordenite (H-MOR) were proposed. The use of '’O chemical shift correlations to help assign

sites is discussed.

B INTRODUCTION

Mordenite (MOR)-type zeolites are important catalysts for
many industrial applications. The acidic form, H-Mordenite, in
particular, shows spectacular selectivity for, for example, the
selective transalkylation and disproportionation of alkylben-
zenes."” This selectivity mainly lies in the availability of the
catalytically active sites, Bronsted acid sites in acid-catalyzed
reactions, which are located in the cavities with specific shape
and scale and only allow reactants with suitable sizes and
geometries to enter.’ A determination of the locations of
Bronsted acid sites in acidic zeolites is essential if structure—
reactivity relationships are to be developed.

The structure of a mordenite-type zeolite is shown in Figure
1. There are four crystallographically nonequivalent tetrahedral
cation sites (T;—T,) and 10 framework oxygen sites (O;—0Oj).
The main channels, circumscribed by 12-rings, are along the ¢
axis, measuring 6.5 X 7.0 A. The smaller 8-ring channels lie
parallel to the main channels, measuring 2.6 X 5.7 A. The third
type of cavity in mordenite is along the b direction,
circumscribed by 8-rings, measuring 3.4 X 4.8 A. This cavity
is often referred to as the “side pocket” and connects the 12-
ring channel with the 8-ring channel through 8-rings.

The location of protons in H-MOR has been extensively
studied by a variety of methods, including X-ray/neutron
diffraction, FTIR spectroscopy, and ab initio calculations;
however, conflicting results have been reported, and their
location is still under debate. Early X-ray diffraction studies on
dehydrated H-MOR by Mortier and co-workers concluded that
the probability of proton attachment to the different oxygen
sites was equal.* Martucci et al. studied the deuterated zeolite
mordenite by neutron diffraction and claimed that there are
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Figure 1. The structure of mordenite type zeolites, showing the main
channel along the ¢ axis circumscribed by 12-rings.

four different Bronsted acid sites. One is on the framework
oxygen Oy, at the entrance of the side pocket; another is on O,
in the center of the 8-ring channel; the other two are on Og and
0,, pointing into the center of the 12-ring.> On the basis of
FTIR studies of zeolites H-MOR loaded with probe molecules,
the low frequency and high frequency v(OH) bands have been
assigned to OH groups in the 8-ring and 12-ring main channel,
respectively.® Bevilacqua and co-workers further proposed that
the low frequency OH group corresponds to the Oy site, while
the high frequency OH groups are due to Bronsted acid sites at
0,, Oy, 0;, 05, and O,,.”® Marie et al. reported that there is a
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third type of Brensted acid site corresponding to a #(OH) band
at an intermediate frequency and suggested there are three
types of OH groups located at 0,—0,—0,.” Ab initio density
function theory (DFT) calculations of zeolites H-MOR gave
similar results, namely that the Bronsted acid sites are located at
either the 0,—0,—0,"" or 0,—0,—0y—0,,'>"" positions.
Alberti conducted a cross-check of crystallochemical and
spectroscopic data and concluded that the most likely sites
for the Bronsted acid protons are O,—0,—0,.'> A recent DFT
calculation study, however, demonstrated that the main channel
and side pocket hydroxyls are actually similar in energy and the
experimentally observed low frequency band should not be
simply ascribed to Brensted acid sites located in the side
pockets that have additional hydrogen-bonding interactions
with the framework."” Instead, the authors proposed that the
low-frequency shifted IR resonances were due to either protons
nearby more than one Al-substituted T site, migration of H"
due to a different site, possibly because of the two nearby Al
sites, and thus a different energy landscape, or the presence of a
defect within the lattice."?

The main motive of this present study is to determine the
locations of Brensted sites in this challenging structure by using
70 and 'H solid-state NMR experiments. With the develop-
ment of 'O isotopic enrichment methods and high magnetic
field NMR instruments with high speed magic angle spinning
(MAS) capabilities, high-resolution '’O NMR spectra have now
been collected for a variety of zeolites."*™>* In our previous
work on zeolites HY and HZSM-S, we showed that the
resonances due to Si—O—Al and Si—O-Si sites in the zeolite
framework, which overlap in the 7O one-pulse NMR spectra,
can be readily distinguished in 7O multiple-quantum MAS
(MQMAS) NMR spectra.”* We also demonstrated that the 7O
signals from the oxygen atoms directly bound to Brensted acid
sites, which are not directly visible in the simple one-pulse
experiments, can be detected and partially resolved by one-
dimensional (1D) and two-dimensional (2D) '"O/'H double
resonance techniques (such as 'H-'0 cross-polarization
(CP), O—'H CP rotational echo double resonance (CP-
REDOR), and 'H—""0 heteronuclear correlation (HETCOR)
NMR), when optimized contact times are used.”*** The
selection of different '’O signals from different hydroxyl groups,
by optimizing the contact times in the cross-polarization
process, is based on the fact that the CP time constants T'g are
governed by dipolar interactions. The dipolar coupling constant
Dys is defined in eq 1:

Ho \ ritsh
Di=—|"—"]=3
4n ) rg

(1)

which clearly shows that the dipolar coupling has a 1/r°
dependence on the internuclear distance rg between the
source I spins and the target S spins.*®

In this Article, we first use 'H NMR and the sorption of the
basic probe molecule trimethylphosphine (TMP) to help
quantify where the different proton sites are located. We then
present the strategies for resolving Bronsted acid sites with
different O—H bond lengths in 'H/0 double resonance
NMR by varying the CP contact times. The different sites are
then resolved by 7O MQMAS methods, utilizing all of the
different NMR approaches to extract a consistent set of NMR
parameters for the different 'H and 7O environments. We then
apply the methodology to determine the locations and nature
of three types of Brensted acid sites in zeolite H-MOR. Eftorts
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are made to correlate the NMR parameters obtained from 'O
MQMAS NMR spectra with the T—O—T bond angles.

B EXPERIMENTAL SECTION

Materials Preparation. Zeolite Na-Mordenite (Na-MOR) with a
framework n(Si)/n(Al) ratio of 8.8 (HSZ-642NAA, Na, 4Al, 4Siy3 1 Oo)
was obtained from Tosoh Corp. To avoid dealumination upon heat
treatment of the hydrated samples, 'O enrichment was carried out on
the sodium form of zeolite mordenite. Zeolite Na-MOR was first
dehydrated by heating under vacuum (pressure <10~ Torr) from
room temperature to 773 K in 4 h, and then held at this temperature
for 12 h. 70 isotopically enriched Na-MOR was prepared by heating
dehydrated zeolite Na-MOR in 7O, gas (50% enriched 7O, from
Isotec, Inc.) to 853 K and holding at this temperature for 12 h. '7O-
enriched zeolite NH,-MOR was prepared by ion exchange with a 1 M
NH,NO; solution at ambient temperature for 12 h (repeated three
times). '’O-enriched H-MOR was prepared by heating '’O-enriched
NH,-MOR under vacuum from room temperature to 383 K in 7 h,
and then to 673 K in 12 h where the temperature was held at 673 K
for a further 12 h. Non-""O-enriched NH,-MOR and H-MOR samples
were prepared following the same procedures described above using
nonenriched Na-MOR as a starting material instead of '"O-enriched
Na-MOR. The samples were stored and then packed into NMR rotors
in the N, glovebox, prior to the NMR experiments.

TMP (99%, Alfa) and dy-TMP (Sigma-Aldrich) were adsorbed at
liquid nitrogen temperatures on the H-MOR sample prepacked in a $
mm rotor, using glassware that is similar to the CAVERN design.”’
The loading levels were determined by the drop of pressure upon
exposure of TMP to the sample, in a previously calibrated vacuum line.
The samples (in the rotor) were then heated to 323 K and then held
for over 4 h to equilibrate. At this point, the rotor was sealed with the
rotor cap.

Solid-State NMR Spectroscopy. MAS NMR spectra were
obtained with Varian Infinityplus 360, Bruker Avance 750 and 833
spectrometers, with 89 mm wide-bore 845, 17.6 T and 31 mm
ultranarrow-bore 19.6 T superconducting magnets, respectively, in S
mm and/or 4 mm rotors. Rotor caps with o-rings or rotor spacers with
screws were used to minimize adsorption of water during the NMR
measurements. >'P, 170, and '"H chemical shifts are referenced to 85%
H;PO,, H,0, and CHCI; (0.0, 0.0, and 7.26 ppm, respectively). The
Hartmann—Hahn condition for the 'H—'70O CP, CP-REDOR, and
2D HETCOR NMR experiments and optimized parameters for the
MQMAS experiments were determined by using the '"O-enriched
zeolite HY sample. Because of the very large "H—""0 dipolar coupling
for O—H groups, a “mirror-symmetric” shifted-pulse CP-REDOR
pulse sequence (Figure 2) was used,”® *° rather than the standard
pulse sequence often used for quadrupolar nuclei**> A standard
triple-quantum MAS (3QMAS) pulse sequence with two hard pulses
followed by a z-filter was used. NMR line shape simulations were
performed with the Wsolids package developed by Dr. K. Eichele.*®
Simulations of the REDOR line shapes were performed by using the
SIMPSON package by Nielsen and co-workers.>* The Euler angles
used in the SIMPSON simulations defining the relative orientations

™2 contact time n '! i
t I o
H ,
170 [ |I I ?\Uf\vf\vf\v
0 T, 27,

Figure 2. The NMR pulse sequence used in the 'H—'"O—'H CP-
REDOR experiments. “t” controls the location of the two 7 pulses
within the rotor period, 7. An experiment performed without the two
dephasing 7 pulses was used as the control experiment, providing the
echo intensity after two rotor periods with essentially no dephasing
under the 7O—"H dipolar coupling. Maximum dephasing occurs when
t = 13/2.
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between the principal axis system (PAS) of the dipolar tensors with
respect to the crystal fixed frame are obtained from the ab initio
calculations on the model compound, zeolite HY.*®

B RESULTS AND DISCUSSION

'H MAS NMR of Zeolite H-MOR. Generally speaking, 'H
MAS NMR spectra of bare acidic zeolites alone can rarely
provide unambiguous information about different types and
locations of the Bronsted acid protons. The '"H MAS NMR of
zeolite H-MOR, shown in Figure 3a, can be taken as a typical
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Figure 3. Single pulse '"H MAS NMR spectra of (a) dry zeolite H-
MOR and (b) a zeolite H-MOR sample that contains a trace amount

of water, at 17.6 T, spinning speed = 13 kHz. Spinning sidebands are
denoted by “*”.

T T
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example of the problem. Only two major resonances at 4.0 and
1.8 ppm are resolved, which can be assigned to the Bronsted
acid protons and silanol group protons, respectively. Both
resonances contain shoulders to higher frequency (4.0 ppm)
and lower (1.8 ppm) frequency, but at this field strength no
further distinct resonances were resolved. Unfortunately, the
samples when packed in nominally sealed NMR rotors can
adsorb trace amounts of water upon long time exposure to
atmosphere. This leads to an addition resonance at
approximately 6.2 ppm, which we assign to an H,0/Brensted
acid complex, as shown in Figure 3b.* Although signals due to
ammonium ions occur in this chemical shift range, this
assignment is ruled out because the 6.2 ppm resonance is not
present in the dried sample. This sample is '’O-enriched and
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had been stored in a rotor and studied over an extended period
due to the high cost of '"O enrichment.

To extract more information about the Brensted acid
protons from 'H MAS NMR spectroscopy, trimethylphosphine
(TMP) was employed as a basic probe molecule, because it can
interact with the Bronsted acid protons to form either a neutral-
hydrogen-bonded or an ion-pair complex.*® According to the
nominal chemical formula of the MOR used in this study,
H, 0Al,¢Sis;5,0,, there are a maximum of 4.9 Brensted protons
in each unit cell. Thus, three loading levels of 2, 3.5, and 10
TMP/u.c. were chosen, which in principle represent loading
levels that are much lower, slightly lower, and much higher than
the number of H* per unit cell, respectively, and the results are
shown in Figure 4. To eliminate the strong resonance due to its
methyl group protons and simplify the 'H NMR spectrum,
deuterated dy-TMP was employed instead of natural
abundance, unenriched TMP for the two higher loading levels
(>3 TMP/u.c.). One important issue that should be considered
is the maximum adsorption capacity of zeolite MOR for a large
size probe molecule such as TMP, which is not necessarily the
same as the number of the acidic protons. To date, no direct
reports concerning the maximum adsorption capacity of zeolite
MOR for TMP or any probe molecule with similar size (for
instance, pyridine and benzene) are available. Furthermore, it is
not straightforward to extract loading levels from most of the
reported IR studies where the adsorption amount is controlled
by the pressure in the IR cell. Maache et al., however, presented
a quantitative IR study as a function of loading levels up to
approximately 5 pyridine/u.c,®” while Kao et al. reported an
NMR study of trimethylphosphine oxide (TMPO) loaded H-
MOR with a loading level of 3 TMPO/ u.c.® Thus, a nominal
10 TMP/u.c. represents a loading level that is not only much
higher than the number of acidic sites available in zeolite
HMOR, but also above the maximum adsorption amount,
ensuring that the full capacity of HMOR reached. Hence, the
actual loading level of this “10 TMP/u.c.” sample will be lower.
Most likely, the excess TMP molecules were released during
the equilibration at 323 K into the large volume glass vessel of
the Cavern apparatus.

'H resonances are observed at 6.6—6.8 ppm and 4.0 ppm
(Figure 4a and b), at loading levels of 2 and 3.5 TMP/u.c,,
which are assigned to TMP/Bronsted acid complexes and the
remaining free Bronsted acid sites, respectively. The intense
resonance at 2.1 ppm in the spectrum of the sample with 2
TMP/u.c. corresponds to methyl group protons in natural
abundance TMP, which is absent when deuterated TMP is
used. On increasing the loading level to 10 TMP/u.c,
surprisingly the 4 ppm resonance increases in intensity, and
there appear to be two poorly resolved shoulders at 5.6 and 7.0
ppm (Figure 4c). The separation between the two shoulder
peaks corresponds to 500 Hz (1.4 ppm), which is similar in size
to the H—P through-bond J-coupling seen in previous reports
for similar complexes.*® In the 3P—'H CP spectrum with 3P
decoupling (Figure 4d), a single signal at 6.4 ppm is seen on
this sample. This confirms that the 7.0 and 5.6 ppm peaks are
due to P—H J-coupling in TMPH". No peaks that can be
assigned to the TMPH" doublet were seen in the spectrum of
the 2 or 3.5 TMP/u.c. sample. However, when a *'P—'H CP
MAS NMR experiment without *'P decoupling was performed
(Figure 4e), the doublet due to P—H J-coupling is now seen in
the spectra of both 3.5 and 10 TMP/u.c. samples. Presumably,
the CP experiment selects the rigid TMPH' ions and shows
that there must be a subset of rigid TMPH" ions that give rise
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Figure 4. Single pulse 'H MAS NMR spectra of the TMP/H-MOR complexes with loading levels of (a) 2 nondeuterated TMP, (b) 3.5 and (c) 10
deuterated do-TMP per unit cell (TMP/u.c.); (d) *'P—'H CP MAS NMR of 10 d;-TMP/u.c., with *'P decoupling; and (e) *'P—'H CP MAS NMR
spectra of the two deuterated samples, without *'P decoupling. Samples were equilibrated at 323 K. All spectra were acquired at a field strength of

845 T at room temperature.

to a doublet that is buried under the more intense 6.6 ppm
resonance seen in the 'H NMR spectra of the 2 and 3.5 TMP/
u.c. samples in Figure 4a,b. The 6.6—6.8 ppm resonance is then
assigned to more mobile TMP molecules that are H-bonded to
the Bronsted acid sites, but that can hop from one binding
(Bronsted acid) site to another so that no H—P dipolar
interactions can be observed. It is possible that proton transfer
does occur to form TMPHY, but hops of these species must
involve a TMP molecule, rather than a TMPH?" cation, so that
the J-coupling is lost. Thus, the overall line shape observed in
the 'H single-pulse experiment for the TMP species comprises
resonances from two environments: (a) Bronsted protons H-
bonded to mobile TMP species, and (b) rigid TMPH" cations
with a covalent H-P bond formed upon complete H-transfer
from the Bronsted acid oxygen to the phosphorus in TMP. At a
loading level of 10 TMP/u.c, most of the Bronsted acid
protons accessible to TMP molecules exist as rigid TMPH"
cations giving rise to the 7.0 and 5.6 ppm doublet.

Integrals of the resonances at 6.6—6.8 (or 7.0 and 5.6 ppm)
and 4.0 ppm were taken to quantify the numbers of Bronsted
acid sites that interact with TMP. The sum of the two
represents the total amount of acidic protons (TA), while the
integral of the 4.0 ppm peak represents the residual amount of
acidic protons (RA), the RA/TA ratio representing a measure
of the number of inaccessible Bronsted acid sites. At 2 TMP/
u.c.,, 20% of the total Bronsted acid protons are inaccessible to
TMP. These are assigned to Brensted acid sites located in the
small cage apertures, which cannot be accessed by TMP. On
increasing the loading level to 3.5 TMP/u.c, RA/TA remains
constant at 25%. Surprisingly, on increasing the loading level to
10 TMP/u.c., the RA/TA ratio increases to 55%, indicating that
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more Brensted acid sites are now present that are not bound to
TMP, even though the TMP loading level has increased. The
results suggest that 2 TMP/u.c. is already a loading level high
enough to affect all accessible Bronsted acid protons. At higher
loading levels of TMP, the additional molecules introduced to
the cavities appear to block the access to some of the acidic
protons.

In previous work, we reported a density functional (DFT)
study of TMPH" ion-pair zeolite framework interactions.* In
these studies, the TMPH" cation was shown to be stabilized by
electrostatic interactions between the negatively charged
framework and the protons from both methyl groups and the
H—P covalent bonds. Furthermore, previous DFT calculations
by others have shown that unless effective H-bonding between
the protonated probe molecule and the framework O sites is
possible, the Bronsted acid sites are not sufficiently acidic for
H-transfer to occur.>® Thus, the high RA/TA ratio (~55%)
observed for the 10 TMP/u.c. sample is ascribed to the
difficulty that the large TMP molecules have in optimizing their
orientations with respect to the framework and Brensted acid
sites, due to the high population of molecules in the cages. The
binding energy for TMP pointing into the side pocket must be
low, due to steric constraints and again the difficulty in
optimizing interactions with the zeolite framework. Thus, at
higher TMP loading levels, it must become impossible for all of
the TMPH" molecules to adopt ideal binding interactions with
the bare Bronsted acid oxygen atoms; it is then energetically
more favorable for the TMP molecules to interact with each
other to form (CH,),PH---P(CH,); interactions. The slight
shift of 0.3 ppm to lower frequencies of the average TMPH"
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Figure 5. (a) '"H—'"0 CP MAS NMR spectra and (b) signal intensities of zeolite H-MOR acquired at 17.6 T as a function of contact time (CT),
spin-lock field ~78 kHz. Error bars were added to reflect the poor signal-to-noise of some of the spectra and the error associated with the choice in
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Figure 6. '"H—'"0 HETCOR NMR at 17.6 T of (a) dry H-MOR, contact time, 70 us; (b) dry H-MOR, contact time, 100 us; and (c) H-MOR
containing a trace amount of H,O, contact time, 120 ys. Recycle delay = 1 s. 64 points were acquired on the first dimension with (a,c) 7200 and (b)
4000 scans per time increment; the full 2D spectra took (a,c) S days + 8 h each and (b) 3 days to acquire.

shift on increasing the loading level is presumably related to the
differences in H-bonding of TMPH" cations.

'H-'70 CP MAS NMR. CP and a series of CP-based
'"H-'"0 double resonance experiments were employed to
correlate the 'H and 7O NMR signals associated with the
Bronsted acid hydroxyl groups. In our previous study on zeolite
HY, the CP line shape of the 7O signal from the Brensted acid
hydroxyl group could be well fit by a second-order quadrupolar
line shape from a single site with a large asymmetric parameter
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(7 = 1).** However, this is not the case for MOR, and the line
shapes of the CP resonances obtained from zeolite H-MOR,
shown in Figure Sa, obviously originate from more than one
type of Brensted acid site. To explore this further, the CP MAS
NMR spectra were acquired as a function of contact time, CT,
to attempt to separate the different resonances that contribute
to the line shape on the basis of their different 'H—""0
heteronuclear dipolar interactions and hence internuclear
distances. The overall intensity grows rapidly reaching a
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maximum at CT = approximately 60 us, dropping steadily
thereafter (Figure Sb). The behavior is similar to our previous
results for zeolite HY and HZSM-S, where maximum signal
intensities were seen at CT = 60 and 80 pus, respectively, the
slightly shorter CT value for MOR suggesting that the apparent
(average) O—H bond length in MOR is similar to that in HY
but shorter than that in HZSM-5.>* However, the mobility of
the protons also needs to be considered, and for HZSM-5 this
was significant. Thus, a shorter contact time can also be an
indication of less motion. (Note that we have not performed
any detailed analyses of the effect of the TII,H and Tlpo’s (the
relaxation times of 'H and 'O, respectively, in the rotating
frame) on these CP curves. If these values are short, they will
also affect the position of apparent CP maxima, and an accurate
analysis of O—H distances would require that we took these
values into account.) More importantly, the line shape varies
noticeable with CT. At the shortest contact time shown in
Figure Sa, 60 pus, the line shape is characterized by two
discontinuities at —2 and 18 ppm. The line shape is similar
from 60 to 80 us. However, as the contact time increases
turther, the line shape changes noticeably, with components at
higher frequency (around 35 ppm) starting to grow in relative
intensity.

2D '"H-"70 HETCOR NMR. Because one-dimensional CP
MAS NMR spectroscopy cannot resolve the resonances from
all of the different Bronsted acid sites, 2D ‘H—"0 HETCOR
NMR spectroscopy has been employed to attempt to separate
the 7O signals from each distinct site on the basis of different
and characteristic O—H bond lengths/H-bonding and hence
specific '"H chemical shift values. Two sets of contact times
were chosen in this and the subsequent '"O—'H double
resonance experiments: longer contact times (100—120 ys) and
shorter contact times (60—80 us) close to the CP build-up
curve maximum. When a short contact time of 70 us was
applied (Figure 6a), only one resonance centered at ~4.0 ppm
can be observed in the 'H dimension. The simulation result
(including quadrupolar and chemical shift parameters) of the
slice taken at this position (slice (i), 6cg '"H = 4.0 ppm) is
shown in Table 1, and the line shape can be well described by a

Table 1. NMR Parameters of '’O Atoms Directly Bound to
Bronsted Acid Sites Obtained from Simulations of the
HETCOR NMR Slices

Ocs (IH) QCC (MHz) n Oiso (PPm)
slice (ppm) (£0.05) (20.1) (x1)
) 40 63 0.7 28
(ii) 48 64 045 31
(iid) 40 62 0.8 27
(iv) 4.8 64 045 31
) 62 5.5 0.8 21

single set of quadrupolar parameters (with a value of # of 0.7),
unlike the projection of sum on the 7O dimension. A slice
taken at (ii) (Scs '"H = 4.8 ppm) suggests that a second
component may be buried under the 4.0 ppm 'H resonance,
with an associated 17O resonance with a smaller value of 7 of
approximately 0.4S. This second component is clearly revealed
in Figure 6b, which shows the "O—"H HETCOR spectrum of
H-MOR obtained with longer contact time of 100 ys, and the
slices taken at positions (iii) and (iv) show oxygen environ-
ments that are similar to those that were resolved in slices (i)
and (ii) in Figure 6a. The poorer signal-to-noise of slices (ii)
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and (iv) is directly related to the low intensity of the
corresponding resonance in the 'H dimension. The greater
intensity of the broad ~4.8 ppm resonance in the 100 us
contact time spectrum suggests that the ~4.8 ppm resonance is
associated with a longer O—H bond length. The spectrum
confirms that there is more than one acidic hydroxyl group in
zeolite H-MOR.

Figure 6c shows the 7O—'H HETCOR spectrum of the
sample that has absorbed a trace amount of water, having been
left in an NMR rotor (albeit in a glovebox) for extended
periods of time. A contact time of 120 us was adopted to select
longer O—H bonds, possibly elongated by H-bonding to water.
A new resonance at 6.2 ppm is now seen in the 'H dimension,
which we assign to an acidic proton H-bonded to a trace
amount of H,O, consistent with the single pulse "H MAS NMR
spectrum of the same sample (Figure 3). The absence of a
resonance at 4.8 ppm on the 'H dimension suggests that any
water that is present is H-bonded to the zeolite framework.
More importantly, the resonance due the Bronsted acid site
seen in the dry samples is no longer present, indicating that
water may be bound to these sites; simulation of the slice taken
at §cg 'H = 62 ppm indicates that the local environment
around the relevant oxygen atoms has dramatically changed
upon adsorption of water, with the quadruple coupling constant
(QCC) decreasing to approximately 5.5 MHz, and the 7O
isotropic chemical shift decreasing to 21 ppm.

'"H—'"70-"H CP-REDOR Spectroscopy. REDOR experi-
ments were then performed to extract the O—H distances for
the different Bronsted acid sites in MOR. The experimental
CP-REDOR line shapes, as a function of the time before the
first dephasing pulse (t) (see Figure 2), at contact times of 80
and 120 us are shown in Figure 7a and b, respectively, where
these contact times were chosen so as to obtain line shapes with
different relative contributions from the different components
present in MOR. As discussed in our previous study on zeolite
HY, the REDOR dephasing behavior is not uniform across the
whole second-order quadrupolar line shape,** two dotted lines
having been added to these figures to illustrate this more
clearly. REDOR fractions were then extracted by integrating the
isotropic resonances only (Figure 8). (The sidebands were not
included due to signal-to-noise concerns.) The REDOR
fractions increase reaching a maximum, when “t” is
approximately 20 and 25 us, for the data with contact times
of 80 and 120 us, respectively. The slower dephasing and lower
REDOR fraction when a contact time of 120 us is used
indicates that some O—H groups with either longer O—H
distance and/or more mobile protons have been selected.

The two different quadrupolar line shapes (and associated
NMR parameters) identified in the HETCOR experiments
were then adopted to help analyze the REDOR data. A
simulation of these two line shapes, which we refer to as the
“large” and “small 7” sites (Figure 9a and b), shows that they
give rise to discontinuities that are consistent with the
experimental spectra, the discontinuity at —2 ppm resulting
from the overlap of the most intense discontinuity of the large 7
resonance and the most intense lower frequency discontinuity
of the small # resonance, while the discontinuity at 18 ppm
largely results from the higher frequency discontinuity of the
small # resonance. To illustrate this, a two-site simulation with
“large” and “small #” sites at a 1:1 ratio is shown in Figure 9c.
This simulated line shape mimics the experimental result
(Figure 9d) well, indicating that the overall line shape can be
considered as a sum of these two types of line shapes. The '"O
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(a) 80 and (b) 120 us, at 17.6 T. Spinning speed, 13 kHz; recycle delay, 1 s.
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Figure 8. '"H—'70—'H CP-REDOR fraction (1 — §/S,) measured as a
function of the shift of the first dephasing pulse (at time ¢), extracted
from the data shown in Figure 7.

resonance with the large # value is from oxygen atoms more
tightly bound to the protons and can be enhanced by using
shorter contact times. In contrast, the resonance with a small 5
value corresponds to an oxygen environment with a longer O—
H distance/stronger motion and can be selectively enhanced by
using a longer contact time.** Numerical simulations of the
large 7 site (NMR parameters extracted from the '"O—'H
HETCOR spectra) with several chosen dipolar coupling
constants are shown in Figure 10a—c, while those for the
small # site are shown in Figure 10d—f. The slight mismatch of
the chemical shift between the experimental data and
simulations is ascribed to the presence of more than one
Bronsted acid oxygen site in zeolite HMOR while the
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Figure 9. Scheme for the line shape analysis. Simulations of the (a)
large 17 and (b) small 7 sites resolved from the 2D 7O—'H HETCOR
spectra. (c) Simulation with two sites with large # and small 7 1:1
ratio. (d) The experimental spectrum of the control experiment
obtained with the contact time of 80 us.

simulation was performed by using a single-site model. The
simulations provide a framework with which to examine the
experimental dephasing behaviors. For the shorter contact time
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(a—c) Simulations performed with dipolar coupling constants of

22346, 17 850, and 15000 Hz, respectively. The NMR parameters used in the simulations are §cg = 27.5, QCC = 6.25 MHz, and 7 = 0.7 (the
average of the values taken from the simulation results of the “large #” sites resolved in the "O—'H HETCOR spectra). (d—f) Simulations
performed with the same three dipolar coupling constants but with different NMR parameters (5cg = 31, QCC = 6.4 MHz, and 7 = 0.45)
corresponding to the values of the “small #” sites resolved in the ’O—"H HETCOR spectra.

of 80 s, the experimental intensity near the discontinuity at —
ppm decreases rapidly, reaching a minimum at ¢t = 20 ps and
then increasing in intensity. In contrast, the discontinuity at 18
ppm dephases more slowly, reaching a null point at t = 25—30
us. On the basis that the —2 ppm discontinuity is more strongly
affected by the large # site, this appears to suggest that the
dipolar coupling constant is in the range of 22—18 kHz (O—H
distance 0.90—0.97 A). The 120 us contact time spectra should,
according to our model, contain a larger contribution from the
small # site. The difference in the behavior of the two sets of
spectra is not dramatic, the dephasing of the intensity around
—2 ppm being slightly slower for the 120 us spectra (see, for
example, the spectrum at t = 15 ys), never becoming negative.
Although by no means definitive, the results suggest an
increasing (small) contribution from a component with a
lon%er apparent O—H distance (0.97—1.03 A).

O MQMAS. 'O MQMAS NMR spectroscopy was then
performed so as to observe both protonated and non-
protonated sites in one experiment and compare the
parameters with those obtained above. Our assignments of
the different sites and the choice of optimum MQMAS
parameters were aided by our previous 'O MQMAS NMR

study on zeolite HY.*' The two-dimensional (2D)
MQMAS NMR spectrum of zeolite H-MOR and its F,/F,
projection acquired at a magnetic strength of 19.6 T are shown
in Figure 11. The isotropic (F;) projection shows five
resonances with centers of gravity 6, of 19, 24, 28, 41, and
4S ppm, which can be assigned to framework oxygen sites in
Si—O—Al (19, 24, and 28 ppm, green circle) and Si—O—Si (41
and 45 ppm, blue circle) linkages, respectively. The NMR
parameters for the Si—O—Si and Si—O—Al linkages were
extracted by simulating the slices of the F, dimension, and the
NMR parameters are listed in Table 2. The shifts §; and J, can
be used to extract the values for isotropic chemical shift, dg,
and quadrupolar product, P, directly, without simulating the
F, dimension. For a spin I = 5/2 nucleus, these parameters are
given by:
10

5 5 =5
o = 57 27 ° )

Yo 85(51 - 52)
By = — | —1 2
25 1296 3)
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Figure 11. 2D-"O MQMAS NMR spectrum of '’O-enriched H-MOR acquired at 19.6 T, with a spinning speed of 10 kHz and recycle delay of 0.5 s.
32 points were acquired on the first dimension with 12 600 scans per time increment; the full 2D spectrum took 2 days + 8 h to acquire. The
projections (sum) of the F, and F, dimensions are shown on the above and right sides of the 2D-spectrum, respectively. The slices of anisotropic
dimension at (2) 19, (b) 24, (c) 28, (d) 35, (e) 41, and (f) 45 ppm in the isotropic dimension (top), are compared to simulations performed with
the WSolids NMR package (bottom), plotted below. The simulation parameters are shown in Table 2. The dotted lines in 2D spectra show where
the slices are taken. Note: In (d) due to poor S/N, the spectrum is simulated with both 77 = 0.7 (left) and 5 = 0.2 (right).
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Table 2. NMR Parameters of Framework Si—O—S8i and Si—O—Al Linkages in Zeolite H-MOR from Experimental MQMAS Data

and Simulations”

values calculated from J;

and 0, simulation data
site slice 8, (ppm) 3, (ppm) S0 (ppm) Pq QCC (MHz) n S50 (ppm) Py
Si—0—Al (a) 19 8 15 37 38 02 15 3.8
(b) 24 13 20 3.8 3.8 025 20 3.8
© 28 16 24 40 40 0.25 24 40
hydrated site (d) 35 14 26 52 S3 0.7 26 5.7
S.1 0.2 23 S.1
Si—0—Si (e) 41 19 33 54 54 02 33 54
(f) 45 23 36 54 5.4 0.2 36 54

“8,’s and &,’s are the observed center of gravities of the resonances in the anisotropic (F,) and isotropic (F;) dimensions for oxygen atoms at 19.6 T
in zeolite H-MOR, respectively. Values of Py and &,, were calculated from the observed shifts of center of gravity of the resonances, using eqs 2 and
3. Values of QCC, 7, and &, were obtained from the Wsolid simulation result of each slice. The differences between the values of P, calculated with
eq 4 using the NMR parameters obtained by simulation data and the predicted values of P extracted from the observed center of gravities can be

taken as a measure of the reliability of the simulations.

2
L0
By = QCC[1+ —

where 15, QCC, and 5 are the Larmor frequency, the
quadrupolar coupling constant, and the asymmetry parameter,
respectively. The predicted ,, and Py have been used to
examine the results of line shape simulation. Conversely, the
values of 6, and 3, can be predicted, if &, and P are known.

(4)

150

A signal is observed at §,= 35 ppm (slice (d)), which has
quite distinct values for &, and P, as determined from 6; and
0, from those of the Si—O—Si and Si—O—Al sites. We
tentatively assign this site to the Brensted acid site
contaminated with a trace amount of water that was resolved
in the "O—'H HETCOR experiment, but note that the
asymmetry parameter of this site appears quite different from
that obtained earlier. The source of this error is not clear, but is
likely related to the poor S/N ratio of these spectra and the
difficulty in exciting all parts of the powder uniformly.

Previous MQMAS and double rotation (DOR) NMR
results'®*' for zeolites with high Al contents indicate that
there is a linear correlation with a negative linear coeflicient
between the 7O isotropic chemical shift and the Si—O—Al
bond angle (§/ppm = —0.65a/deg + 134)"7 or (5/ppm =
—0.71a/deg + 143.7)."%?! On the basis of these correlations,
the MOR Si—O—Al resonances at 6, = 14.6, 20, and 23.6 ppm
correspond to Si—O—Al bond angles of 182—184°, 174—175°,
and 169—170°, respectively. In contrast, according to crystallo-
graphic studies on zeolite H-MOR" and its deuterated form D-
MOR,® while the T—O—T bond angles are distributed over a
wide range of 139—180° only the O, O4 and Oy T-O-T
bond angles are larger than 165°. Two possible explanations for
this discrepancy can be proposed. First, the MOR bond angles
determined by crystallography will be dominated by Si—O—Si
angles, and the Si—O—Al angles may be quite different. Second,
the correlation between Si—O—Al bond angles and the 7O
isotropic chemical shifts may vary from sample to sample
because they will also depend on the nature of the charge
balancing cation/proton and its proximity to the oxygen
atom."”

The distribution of T—O—T bond angles in zeolites H (D)-
MOR, HY, and HZSM-S is given in Table 3. The T—O-T
angles in zeolite HY are distributed over a much narrower range
with smaller values of 135.7—144.6° in contrast to those of
zeolite H (D)-MOR, while those of HZSMS have intermediate
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Table 3. Structural Parameters for the Bronsted Acid Sites of
Zeolites D(H)-MOR, H-Y, and H-ZSM-5 As Reported in the
Literature

T—O distance T—O-T angle O-D(H) distance
zeolite site (A) (deg) (A)
D-MOR® O, 1.55(T,—0y) 146
1.60(T;—0,)
0, 1.58(T,—0,) 146
1.63(T,—0,)
0, 1.60(T,—0;) 147
1.63(T,—05)
o, 1.61(T;-0,) 168
1.60(T,—0,)
O; 1.65(T,—0Og) 139 1.01
(o} 1.63(T;—0g) 165 1.01
0, 1.61(T,—0,) 139
(ON 1.59(T,—0s) 180
O, 1.63(T;—0,) 160 1.00
0, 162(T,—0y) 152 1.00
H-Y*? 0, 1.677 135.7 0.83
0, 1.632 144.6 1.02
0, 1.654 139.8 0.98
H-ZSM- 0 1.57—1.60 153—169
543

values. On the basis of data extracted from our previous O
MQMAS study of zeolite HY,*' the measured 7O isotropic
shifts for the Si—O—Al groups, 0, = 27.5—33.3 ppm, give
predicted angles of 149.5—157.5°, using the correlations given
above. Again, the predicted angles are larger than those
obtained by diffraction (Table 3). Again, this suggests that
while a linear correlation /ppm = ka/deg +  may hold, the
specific values of the coefficients k and f may vary for different
zeolites. We hope that future first principles calculations of
NMR chemical shifts may help in the assignment of these
resonances and in providing improved correlations.

The Nature of the Brgnsted Acid Site at 6.'H = 4.8
ppm. In the TMP adsorption experiments performed with
different loading levels, the 'H resonance of the residual acid
sites inaccessible to TMP probe molecules is centered at ~4.0
ppm. This suggests that the acid site that corresponds to the 'H
resonance at ~4.8 ppm is located in the 12-ring main channel
and hence can be easily accessed by TMP probe molecules. The
"H—"70 HETCOR experiment of the sample containing a trace
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Table 4. Possible Locations of Brensted Acid Sites on the Basis of NMR Results

accessibility to ~ "H NMR shift ruled out by structural
TMP (ppm) amount location possible sites restrictions”
inaccessible 4.0 20-25% (~1/u.c.) 8-ring channel or intersection of 8-ring channel and O;, O4 Oy O
side pocket
partially 4.0 25-30% (~1/u.c.) intersection of 12-ring channel and side pocket Oy
accessible

fully accessible 4.8 ~1/ 45-50% (~2/  12-ring 0,-H-0,

uc. uc.

4.0 ~1/ 0, 05 O, 0 0,
u.c.

10

“The following two restrictions are applied: (1) in each unit cell, only one T,/T, site can be occupied by Al; and (2) only one Bronsted site can be

accommodated in the same tetrahedron.

amount of water further confirms that this §cs'H = 4.8 ppm
resonance is associated with Brensted acid sites that were the
most easily attacked by the adsorbed water molecules. The 7O
signal of the oxygen site connected with this proton site can be
favored by a slightly longer contact time in experiments
involving cross-polarization excitation. This is ascribed to a
longer O—H distance and/or a more mobile proton. Given the
fact that tightly bound bridging O—H group and bare Si—O—Al
give rise to # values ~1 and ~O0, respectively, the smaller
asymmetric parameter 7 extracted from HETCOR experiment
as compared to the other acidic site oxygen also suggests that
the proton at this Bronsted acid site is loosely bound to the
oxygen atom. On the basis of the above observations, these
results are best explained if this proton is due to an acidic
hydroxyl group H-bonded to nearby framework oxygen.

The typical oxygen-to-oxygen distance required for moderate
to weak H-bonding varies in the range of 2.4—2.7 A** A
close check of the framework structure identifies the following
pairs: 0,—0; 2.522 A, O4—0, 2.643 A, 0,—0, 2.607 A, and
0,-0, 2.677 A. Among the four choices above, the oxygen
pairs of O,—O; and O,—O, fulfill the requirement that both
oxygen atoms are located in the 12-ring main channel. The
configuration of the O,—O, pair appears the most likely
because the sp® orbitals of both oxygen atoms point into the
center of the 12-ring channel. As shown by Kobe et al. in their
’H NMR study of Bronsted acid sites in zeolite D-MOR,* the
bridging OD groups undergo 2-site exchange involving a
change in orientation of the OD bond of 109°. Although these
authors suggested that the hops involved reorientation of the
OD bonds on the same oxygen atom, the reorientation angle
(109°) is also consistent with a hop between two O, atoms. A
hop between two O, sites, however, would suggest that both O,
sites are adjacent to an Al-substituted T site, either because one
T4 site or two nearby T2 were substituted. Double substitution
is consistent with the suggestions that emerge from the DFT
study of Dominguez-Soria."> Furthermore, this hopping is
consistent with the relatively long apparent O—H distance and
reduced REDOR fraction observed for MOR as probed the
70—"H dipolar coupling.

The Locations of Brensted Acid Sites in Zeolite H-
MOR. Assumptions. As discussed above, the zeolite H-MOR
used in this study possesses a Si/Al ratio of 8.8 with an ideal
composition of H,oAl,oSis; Ogs. However, as reported by
many groups and on the basis of ammonia sorption,
conductometric titration, and temperature-programmed de-
sorption (TPD) experiments, the actual concentration of
Bronsted protons can be lower (up to 20%) than the
concentration calculated from the Si/Al ratio, presumably due
to dealumination.”>' Thus, to perform the subsequent
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analysis, we assume that the total number of Bronsted protons
in one unit cell is about 4, a number that is also consistent with
the TMP sorption experiments. To determine the locations of
Bronsted acid sites requires that we allocate these 4 H atoms
over the 96 O atoms (10 inequivalent O sites) in one unit cell.

In IR studies of zeolite H-MOR with probe molecules, all of
the IR stretches are affected by small probe molecules such as
ammonia.’® On the basis of this fact, Alberti deduced that,
among these 10 inequivalent O sites, O, and Og pointing
toward the chains of 5-rings cannot be active as Bronsted acid
sites,'> because they are inaccessible to molecules as small as
ammonia. Hence, in the following discussion, we will only
consider the other 8 framework oxygen sites as possible
Bronsted acid sites.

The locations of acidic protons are directly related to the
locations of Al in the framework. The two crystallographic
refinements*** and ab initio calculations® have all suggested
that two sites, T3 and T,, in 4-rings are preferentially occupied
by Al A ratio for the occupancy of the sites of (T5+T,)/
(T,+T,) = 3:1 has been estimated by Alberti."* This analysis
suggests that among the 4—5 Al atoms in a single unit cell, only
about 1 Al sits on either a T, or T, site.

Information Extracted from NMR Results. The Brensted
protons in zeolite H-MOR can be divided into four categories
(Table 4), on the basis of NMR results.

Category | (Inaccessible to TMP Molecules). According to
the TMP adsorption experiments, about 20—25% of all of the
Bronsted acid sites in zeolite H-MOR (~1/u.c.) are not
accessible to TMP molecules at all loading levels. The side
pocket 8-ring window connecting the 12-ring and the 8-ring
channels is about 3.4 X 4.8 A in diameter (Figure 12a), while
the estimated diameter of a TMP molecule obtained by
measuring the distance between two distant hydrogen atoms in
the —CH, groups is 5.5 A (Figure 12b). Thus, the TMP

3.4%4.8 A ............ -

0,

N7

Figure 12. Measurements of (a) side pocket 8-ring of zeolite H-MOR
and (b) the TMP molecule.
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molecules cannot reach the 8-ring channel through the side
pocket due to the steric hindrance arising from the three methyl
groups. Hence, the acidic sites that are not accessible to TMP
probe molecules must be located either on O; and on O,
pointing into the center of the 8-ring channel, or at Oy at the
intersection of 8-ring and the side pocket.

Category Il (Partially Accessible to TMP Molecules). The
"H MAS NMR spectrum of a H-MOR sample nominally loaded
with 10 dy-TMP/u.c. shows a high RA/TA ratio (~55%). This
suggests that the large populations of TMPH' cations and
TMP molecules in the main channel at this loading level can
block the access to about 20% acidic sites (~1/u.c.), which
were originally accessible to TMP at lower loading levels. This
population should correspond to acidic sites located at the
intersection of the 12-ring and the side pocket. The oxygen
atoms on this 8-ring at the intersection are O, and Os. The
acidic hydroxyl group, which is located on O,, points into the
center of the 12-ring channel and is fully accessible to TMP
probe molecules. Hence, O, does not belong to this category.
However, whether the acidic proton located on Oj points into
the main channel or the side pocket is still not clear.”'> The
results presented here suggest that the O;—H bond points
toward the side pocket and Oy is a reasonable location for a
Bronsted acid site.

Categories Ill and IV (Fully Accessible to TMP Molecules).
According to the TMP loading result with the loading level of
10 dy-TMP/u.c,, about 45—50% of the Bronsted acid sites in
zeolite H-MOR are located in the 12-ring main channel (~2/
u.c.). A subset of these Bronsted acid sites corresponds to the
environment that gave rise to resonance at 4.8 ppm. This
resonance has already been ascribed to the H-bonded O,—0O,
pair. Given the fact that there is only one 12-ring in each unit
cell, this pair corresponds to a Brensted proton shared between
two unit cells.

There should be one additional Brensted acid site/u.c. in the
main channel with a similar chemical shift (4.0 ppm) as the
protons located in 8-ring and side pocket. To identify the
possible locations of these sites, a more careful investigation of
the structure is necessary. Because O, which is bound to the T,
site via the linkage T,—O;—T,, has been determined to be a
potential location of one of the acidic sites, this suggests at least
a partial occupancy of the T, site with Al. Because, on the basis
of the analysis of Alberti et al., the occupancy of the T, and T,
sites is low with only 1 Al atom sitting on a T, /T), site per unit
cell, it appears that oxygen sites nearby T, are less likely (but
cannot be definitively ruled out). The sites involving T, are O
(T)=0¢=Ty), O; (T;=0,~T)), and O; (T;—05=T,). The
remaining possible Bronsted proton sites inside the 12-ring
channel are O, (T,—0;p—T,) and O,. Of these possibilities,
the latter two appear the most plausible, simply based on the
suggested occupancies of the T sites.

B CONCLUSIONS

A series of "O—'H cross-polarization double resonance
experiments (CPMAS, CP-REDOR, and HETCOR NMR)
were used to identify different Bronsted acid sites in zeolite H-
MOR. The relative contribution to the 7O spectrum from
different Bronsted acid sites associated with different O—H
distances was modified by varying the contact time in the CP
experiment. This approach was used to distinguish between two
types of acidic hydroxyl groups with longer and shorter O—H
distances. The experimental results suggest that the site with
the longer O—H distance corresponds to two adjacent O,
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atoms on the wall of 12-ring main channel sharing one proton
through H-bonding. '"H MAS NMR spectroscopy in combina-
tion with loading studies involving the basic probe molecule
trimethylphosphine showed that about 20—25% acidic hydroxyl
groups are located in 8-ring channels, 25—30% are located at
the intersections of the side pockets and main channels, and the
rest (45—50%) are located in the 12-ring main channels.

By carefully examining the structure, it has been concluded
that there are four most plausible locations for Brensted acid
sites in zeolite H-MOR: (a) O,/O,, pointing into the center of
the 8-ring channel and inaccessible to TMP probe molecules;
(b) an adjacent pair of O, atoms sharing one proton through
H-bonding; (c) O;, which points slightly toward the side
pocket; and (d) Oy, pointing into the center of the 12-ring. It
is hoped that similar approaches and methodologies can be
used to examine proton distributions in other zeolites and
catalytic systems.
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