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ABSTRACT: It is of great significance to accurately quantify the Bronsted acid sites (BASs) at
different positions of mordenite (MOR) zeolite. However, H-MOR obtained from Na-MOR
can hardly avoid dealumination under hydrothermal conditions, which causes difficulty in the
acid characterization. Herein, »*Na-*’Al D-HMQC was performed combined with high-field
»Na MQ MAS NMR and DFT calculation, which provided an unambiguous attribution of the
»Na chemical shifts and further helped to improve the resolution of *’Al MAS NMR. By fitting
the **Na and 'H MAS NMR spectra of Na/H-MOR, the intrinsic BAS contents in different T-
sites were measured by characterizing the location and content of sodium ions. These Na/H-
MOR zeolites with various acid distributions were used for DME carbonylation and showed
that the amount of BASs in the T3 site was proportional to the activity of carbonylation. This
study provides a new method for investigating the intrinsic acid properties of zeolites.

imethyl ether (DME) carbonylation to methyl acetate

(MA) over zeolites and MA further hydrogenation to
ethanol have attracted great attention in recent years mainly
because these processes provide a new way to yield high-value
chemicals and fuel from C1 resources and, at the same time, to
realize the clean utilization of coal resources." Since 2006,
mordenite (MOR) zeolite has been first reported to have
excellent DME carbonylation activity.” In the following
decades, continuous efforts have been made on the
modification of MOR zeolite to improve the activity and
stability.” "% In January 2017, the world’s first demonstration
project for the production of ethanol (>100,000 t per year)
from coal by DME carbonylation, developed by the Dalian
Institute of Chemical Physics of the Chinese Academy of
Science, was proved completely successful in Shaanxi province
of China.

MOR zeolite has four nonequivalent tetrahedral T-sites, and
the topology structure is characterized by parallel twelve-
membered-rings (12-MRs, 6.5 X 7 A) and eight-membered-
rings (8-MRs, 2.6 X 5.7 A) direct channels along the 001
direction which are connected by 8-MR side pockets (SPs, 3.4
X 4.8 A) along the 010 direction.”"" The reaction mechanism
of DME carbonylation on MOR zeolite had been widely
studied bz multiple approaches such as IR,"*"® solid-state
NMR,'*"> and theoretical calculation.'®™*" It is widely
accepted that the 8-MR side pockets serve as critical reactive
centers and the 12-MR channel provides diffusion paths.”' >
To accurately identify the active centers, many researchers had
studied the 12-MR and 8-MR individually with the methods of
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pyridine modification™** and sodium ion poisoning.
The molecular diameter of pyridine is 5.3 A, which is larger
than the size of the SP window (3.4 X 4.8 A), so the pyridine
molecule could hardly pass through the SP and only affects the
Bronsted acid sites (BASs) in the 12-MR.>'>*” Recently, our
group found that the existence of defects in the SP would
enlarge the window of the 8-MR, so that pyridine was able to
pass through the 8-MR and would influence the quantitative
accuracy of the BASs in the 8-MR.* Na* ions could
preferentially exchange protons in the 8-MR compared to
the 12-MR, which was proved by the IR method.’® A certain
exchange degree of Na/H-MOR (mostly 45% approximately)
was considered to be the target sample for which most of the
BASs were located in the 12-MR and the BASs in the 8-MR
were poisoned by Na* ions.'* However, this method hardly
excluded a certain number of BASs still located in the 8-MR.
Therefore, accurate determination of the numbers and
locations of acid sites is of great significance to make clear
the specific catalytic effects of different MOR channels, even
for different T-sites.
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Scheme 1. (a) Sample Preparation Method” (b) High-Field >>Na MQ MAS NMR and **Na-*’Al D-HMQC Were Combined to
Distinguish Different Sites of Na* Ions Located at Na VI, Na IV, and Na 1’
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“NH,-MOR was obtained from NaMOR with the thorough-paced ammonium exchange method and then anti-exchanged by various
concentrations of sodium nitrate solution, at last calcinating to get the Na/H-MOR with the characterization of various acid distributions.
b23Na-7Al D-HMQC also improved the resolution of different Al T-sites considering the spatial proximity of Na* ions and Al atoms in different T-

sites.

Adsorption of probe molecules and characterization by the
IR or NMR method have been proven to be a powerful tool for
exploring the acidities of zeolites.” ~** However, the existing
methods of acid characterization in MOR zeolite, such as
measuring the total BASs by quantitative 'H MAS NMR or
identifying the acid contents in the 12-MR and 8-MR by IR or
adsorption of probe molecules, find it difficult to obtain an
accurate measurement of the acid amounts in the different T-
sites.”"?7353% Meanwhile, H-MOR acquired from Na-MOR
via a sequence of steps, such as ion-exchanging and calcination,
can hardly avoid dealumination during the procedure, which
causes difficulty in differentiating and quantifying the BASs
located in various positions. It should be noted that the extra-
framework Na* ions not only play the same role as protons to
balance the negative charge of the aluminum oxygen
tetrahedron but also improve the stability of the zeolite
framework. The locations of sodium ions in dehydrated MOR
had been characterized by various methods, and the acknowl-
edged three possible sites are Na I, Na IV, and Na VI which are
located in the 8-MR channel, side pockets, and 12-MR
channel, respectively.’”*® Therefore, the amount of acid in
different sites could be reflected by measuring the contents of
Na* jons at different positions, which can be developed as a
new method for acid characterization.

The solid-state NMR technique is a powerful tool to
investigate the structural framework and extra-framework
information (such as Al atoms, protons, and Na' ions) in
multiple kinds of molecular sieves.”” ™ ** In this work, a gradient
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of Na/NH,-MOR samples were elaborately prepared by
controlling the ion-exchanged conditions and then calcined
to obtain Na/H-MOR samples without dealumination
(Scheme 1a). High-field *Na MQ MAS NMR, *Na-*’Al D-
HMQC, and DFT calculation were combined to distinguish
different sites of Na* ions located at Na VI, Na IV, and Na I
(Scheme 1b). These Na/H-MOR zeolites with different BAS
concentrations and distributions were adopted to investigate
the different acid sites by quantitative 'H and **Na MAS NMR
and then evaluated by DME carbonylation to gain an in-depth
understanding of the roles of different MOR T-sites. These
results demonstrated that the intrinsic acidity could be
quantitatively mapped by **Na NMR excluding the effect of
dealumination, which exhibits great potential for various
applications including acidic characterizations and adjustment
at the atomic level.

Monitoring the Evolution of Protons in Sodium-Exchanged
MOR Zeolite. Herein, NH,-MOR was obtained from NaMOR
with the thorough-paced ammonium exchange method and
then anti-exchanged by various concentrations of sodium
nitrate solution. The samples are defined as xNa/(100 —
x)NH,-MOR (x represents the exchange degree of sodium
ions in atom percent which was obtained by XRF, and the
values are 28, 39, 51, and 75, respectively), and these further
deammoniated samples are defined as xNa/(100 — x)H-MOR.
The detailed sample information is shown in Table S1. The
similar XRD patterns (Figure S3) of the samples indicate the
crystallinity of MOR zeolites is well maintained during the
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initial exchange from Na® to NH," type and the reverse
exchange from NH," to partial Na* type. The Al MAS NMR
spectrum of H-MOR (Figure S4) shows an obvious signal at 0
ppm, which is attributed to the extra-framework Al with an
octahedral coordination state, and the primary signal at
approximately S5 ppm is assigned to the tetrahedrally
coordinated Al in the zeolite framework, illustrating that the
dealumination of H-MOR with a low Si/Al ratio is inevitable in
the process of deammoniation.””™* In the Al MAS NMR
spectra of all the Na" ion-exchanged zeolites calcined at 473,
673, and 773 K (Figure S5), only a single peak at 5SS ppm can
be seen and no signal appeared at 0 ppm, demonstrating the
presence of sodium ions can effectively avoid the deal-
umination during the calcining process. The '"H MAS NMR
spectra of all the Na® ion-exchanged samples heated at
different temperatures are recorded (Figure S6). Noticeably,
four signals at 6.4, 3.8, 2.6, and 1.8 ppm are observed, which
are unambiguously assigned to undecomposed ammonium
(NH,"), bridging hydroxyls (BASs), extra-framework alumi-
num hydroxyls (Al-OH), and silicon hydroxyls (Si-OH),
respectively.”” > These xNa/(100 — x)NH,-MOR zeolites
are first heated at 473 K, and the primary resonances at 6.4
ppm are assigned to undecomposed NH,* species. A negligible
signal of BASs at 3.8 ppm and unavoidable external surface
silanol groups at 1.8 ppm can be observed, which means that
most of the adsorbed water molecules are removed and a very
small number of NH," species are decomposed at this
temperature. With the temperature increasing to 673 K, the
integral area of 6.4 ppm in the "H NMR spectrum decreases
significantly because a large number of NH," ions are removed,
resulting in corresponding BASs being generated. It is notable
that there are still residual NH," species existing after heating
at 673 K, indicating the complete deamination needs a higher
temperature.” > With increasing the temperature to 773 K, all
the NH," signals disappear and the signals from bridging
hydroxyls become intensified, demonstrating the complete
decomposition of NH," from xNa/(100 — x)NH,-MOR. 'H
MAS NMR measurement of the obtained xNa/(100 — x)H-
MOR is performed for the quantitative data (Table S2).
During the whole process, the content of non-active Si-OH is
maintained constantly, illustrating no occurrence of Na ion
exchange with the protons from silanol groups. On the other
hand, when a series of Na'-exchanged MOR zeolites are
compared in Figure S6, the peak intensities of NH," and BAS
decreased significantly accompanied by the increase of Na’,
which proves that Na* took the proton for compensating the
negatively charged MOR framework.

Mapping the Distributions of Sodium Ions in Different
Positions. **Na MAS NMR spectroscopy is employed to
determine the initial position of the Na ions. >*Na (a spin 3/2
nucleus) is greatly affected by the second-order quadrupole
interactions, resulting in a concomitant lower resolution such
as broadening or a distorted signal which is represented in the
NMR spectrum. The higher magnetic field could represent a
better resolution than the lower field by suppressing the effects
of second-order quadrupolar broadening which is mainly
because the quadrupole interaction is inversely proportional to
the strength of the magnetic field.

The Na-MOR zeolite is dehydrated at 773 K, and then, **Na
MAS NMR and *Na MQ MAS NMR spectra are acquired at
14.1 and 18.8 T (Figure 1). There are two distinct peaks at
—18 and —30 ppm in the one-dimensional spectrum of **Na
MAS NMR (14.1 T). The second-order quadrupole
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Figure 1. (a) »Na MAS NMR spectra of Na-MOR acquired at 14.1
and 18.8 T, respectively. 2D **Na MQ MAS NMR spectra of Na-
MOR zeolite acquired at 14.1 T (b) and 18.8 T (c). Na-MOR was
dehydrated at 773 K before the NMR experiments.

interactions are inversely proportional to the strength of the
magnetic field. To improve the resolution, the spectrum at the
higher field (18.8 T) is adopted which shows narrower lines
and chemical shifts of the two distinct peaks moved to the
relatively lower field at —16 and —27 ppm, respectively. These
two signals cannot be completely separated directly in the **Na
MAS NMR due to the second-order quadrupole interactions;
therefore, they need to be further distinguished by two-
dimensional (2D) *Na MQ MAS spectra as shown in Figure
Ib and c. A pioneering work reported a series of Na ions
observed in dehydrated zeolites (NaY, NaEMT, NaZSM-S,
and NaMOR) through **Na triple-quantum (3Q) MAS NMR
spectroscopy at 11.75 T.* Due to the lower magnetic field,
three Na sites in MOR zeolite were not differentiated by **Na
MQ MAS NMR.

By slicing and fitting the spectra at different isotropic
dimensions (F1) which are parallel to the acquisition
dimension (F2), significant NMR parameters such as the
quadrupolar coupling constant (Cg), isotropic chemical shift
(8i0), and asymmetry parameter (#) are obtained. Utilizing
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Figure 2. (a) 2D **Na-?’Al D-HMQC MAS NMR spectrum of Na-MOR acquired at 14.1 T; the corresponding **Na and *’Al single pulse MAS
NMR spectra are displayed on the top and left of the 2D spectrum. (b) DFT calculations of the Na NMR chemical shifts of the different sodium

ions sites in Na-MOR.

fitting the slice data in the MQ MAS NMR spectra acquired at
14.1 T (Figure 1b), the signal at the F1 dimension with
chemical shift (§,,) at —13 ppm with a smaller Pq (2.4 MHz)
is ascribed to Na VI located in the 12-MR main channel along
the 001 direction and also in the center of the 6-MR
surrounded by four T1 and two T2 atom sites (Figure S7).*
The other two signals with the J;, at approximately —20 and
—25 ppm are attributed to Na IV and Na I, respectively.
Evidence of the signal attribution is given below. To validate
the fitting veracity, the MQ MAS NMR spectrum of NaMOR
is acquired at a higher field (Figure 1c). Three signals with
similar J;,, at approximately —12, —19, and —24 ppm along the
F1 dimension combining the same parameters of Pq and 75
prove the correctness and reasonableness of the slice fitting.
Then the 1D »Na MAS NMR spectrum of NaMOR is fitted
using the same parameters extracted from the **Na MQ MAS
NMR spectrum, and three different integral areas could
similarly represent the amount of sodium in different positions.
The quantitative sodium contents are listed in Table S3. From
the fitness of the NaMOR sample, the quantitative distinguish-
ment of the initial position of Na* can be obtained, with
approximately 21.35% of Na* located in Na VI, 39.46% of Na*
located in Na IV, and the remaining 39.19% of Na* located in
Na L

Heteronuclear correlation experiments of **Na-*’Al D-
HMQC and D-RINEPT on Na,CO;/y-Al,O; catalyst give a
new way to detect different Na sites adjacent to Al atoms.”® To
the best of our knowledge, the relationship between extra-
framework cations (sodium ions) and active sites (aluminum
atoms) in zeolites had been rarely researched through the
interaction of two quadrupolar nuclei **Na and *’Al. In our
recent work, high-field (18.8 T) *’Al MAS NMR and Al MQ_
MAS NMR were used conjointly to explore the MOR zeolite
with higher Si/Al ratio (47.5) which was obtained by the low-
pressure SiCl, treatment method. Four nonequivalent T-sites
were clearly differentiated in the Al MQ MAS NMR
spectrum, and the signals in the 27A] MAS NMR from low
field to high field were uncontroversially attributed to Al atoms
located in T2, T1, T4, and T3, respectively.6

In order to provide the evidence of **Na signal attribution,
the »*Na-*’Al D-HMQC MAS NMR spectrum of Na-MOR is
adopted (Figure 2a), and three well distinguished correlation
peaks can be observed. From the *’Al dimension (F1), the
signal at 53 ppm is attributed to Al T-sites of T1 and T2.
Correspondingly, the signals at 52 and 50.5 ppm are attributed

5189

to the Al T-sites of T4 and T3, which is consistent with our
previous work.® Due to the spatial proximity of the Na* and T-
sites of the Al atom (Figure S7), three signals from the **Na
dimension (F2) which correspond to the three peaks of the
»Na MQ MAS NMR spectrum are attributed to the Na VI, Na
IV, and Na I sites from low field to high field. *’Al MAS NMR
and ’Al MQ MAS NMR spectra are also acquired at 14.1 and
18.8 T (Figure S8). From the ’Al MAS NMR spectra of Na-
MOR under two different magnetic fields, only one asym-
metrical peak representing framework tetrahedrally coordi-
nated Al can be observed. It is difficult to distinguish the
different T-sites from the *’Al MQ MAS NMR spectrum at
14.1 and 18.8 T. The low resolution in *’Al MQ MAS NMR is
possibly ascribed to the lower Si/Al ratio (6.5). The
heteronuclear correlation between two quadrupolar nuclei
provides a new opportunity to improve the resolution of
different Al T-sites by observing the spatially adjacent Na—Al
species in other zeolites.

DFT calculation (Figure 2b) is also performed to verify the
location of Na ions and the assignment of their signals in NMR
spectra. During the calculation of NMR parameters, an
appropriate geometry model of the zeolite has a significant
effect on the NMR shielding of Na® in cationic sites.
Meanwhile, it is necessary to focus on the Al distributions in
optimizing the theoretical computation model. It has been
proven that different topological zeolites, or even the same
topological zeolite with same Si/Al ratio, would bring different
Al distributions by different synthesis methods.””~®" There-
fore, modeling the Al distribution approximate to the actual
sample could increase the reliability of the DFT calculation.
However, it still needs to be acknowledged that the Al
distribution of actual samples is more complex and difficult to
represent by a single calculation model. This also leads to
errors between theoretical calculations and NMR experiments.
Therefore, the DFT calculation is only a supplementary
method to verify the experiment results.

The Al distribution of the actual sample is taken into
account in the calculation of »*Na chemical shifts. It is well-
known that the Al-O-Si-O-Al chains exist in the zeolite with
the lower Si/Al ratio.””®® To prove the existence of the Al-O-
Si-O-Al chains, the ¥Si MAS NMR spectrum of NaMOR
(Figure S9) is adopted. The two main peaks at —105 and —111
ppm are attributed to SilAl and Q* (0Al), respectively, and the
signal at —100 ppm is attributed to Q’. The noticeable signal at
—98 ppm is assigned to Si2Al (Al-O-Si-O-Al, Al pair), which
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means the Al pair species exist in the parent Na-MOR.®* The
Si/Al calculated by **Si MAS NMR is 6.43, which is very close
to the result of the X-ray fluorescence (XRF) method (6.5).
From the quantitative results from the *Na MAS NMR
spectrum of Na-MOR, the ratio of sodium ions located in Na
VI, Na IV, and Na I is 1:2:2, approximately. Based on the
above results, the position and content of Na* are considered
in the structural optimization. It is proposed that Al has less
probability to occupy the T2 site, which is proved by multiple
theoretical calculation methods.”>™®” To simplify the model of
this work, Al atoms are only considered in the T3, T4, and T1
sites owing to the lowest proportion of the T2 site.”® The
distribution of different Al sites (T3:T4:T1 = 2:2:1) was
obtained from the integral quantitation from **Na MAS NMR
(approximately Na I:Na IV:Na VI = 2:2:1). In a unit cell of the
Na-MOR model (Figure S10), five Al (T1 + 2T3 + 2T4)
atoms and five Na (Na VI + 2Na I + 2Na IV) ions are used for
the calculation of **Na chemical shifts, and the calculated
NMR parameters (8, Cq, and #) are listed in Table S4. The
calculated isotropic **Na chemical shifts of Na VI (—17.5
ppm), Na IV (=30 ppm), and Na I (—31.8 ppm) are in the
same order with the signal assignments of ’Na MAS NMR
and *Na MQ MAS NMR spectra from low to high field
(Table S3). However, there are still relatively differences
between the calculated values (&, Cq and 7) and the
experimental measurements, and several possible reasons are as
follows. The mobility of Na ions in the actual sample will affect
the quadrupolar interaction of 2*Na nuclei and further
influence the NMR parameters. The parameters J;,,, Cq, and
17 which were acquired and fitted from the slices of the »*Na
MQ MAS NMR spectrum just represent the average values of
Na ions in different positions of the complicated actual sample.
The DFT calculation provides an approximate theoretical
model which has some difference compared to the actual
sample, so the values obtained are only for reference but can
also represent the unique properties of Na ions in different
chemical environments.

Correlation between Acidity and Catalytic Performance for
DME Carbonylation. The negative charge of the zeolite
framework comes from AlO,”, which is compensated by
equilibrium ions such as Na" or protons. Therefore, the
intrinsic BAS contents in different T-sites were measured and
deduced by characterizing the location and content of sodium
ions. The **Na MAS NMR spectra of xNa/(100 — x)H-MOR
and fitting curves of the **Na MAS NMR spectra are shown in
Figure 3a, and the quantitative data of sodium ions in different
sites are summarized in Table SS. For visualization exhibiting
the changes of sodium ions at different positions, the
quantitative sodium contents are described in bar chart style,
which is shown in Figure 3b. For the 28Na/72H-MOR sample,
almost all the Na* ions are located in the Na IV and Na I
positions, while only fewer Na* ions are located in the Na VI
position. For the 51Na/49H-MOR sample, the content of
sodium ions in the Na VI site is remarkably increased,
illustrating Na* ions located in the 12-MR main channel
inevitably occur in the process of sodium ion exchange. The
content of Na* jons in different sites is increasing synchronous
with the exchange degree and the increasing amplitude has no
difference for the different sites. The most discussed sample
with all the Na* ions only located in the 8-MR and all the BASs
located in the 12-MR is hard to prepare by the Na* exchange
method. Na" ions preferential located in the 8-MR have been
proven in the Na exchange process.”” So in the fitting curves of
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Figure 3. (a) *Na MAS NMR spectra and their deconvolutions of
xNa/(100 — x)H-MOR zeolites acquired at 14.1 T. (b) Na* relative
contents in different positions of xNa/(100 — x)H-MOR zeolites. (c)
Concentration of BASs in different T-sites of xNa/(100 — x)H-MOR
which were heated at 773 K.

the *Na MAS NMR spectrum from 28Na/H-MOR, the
largest area represents the Na* located in the 8-MR; hence, the
signal of *Na MAS NMR at higher field is undisputedly
attributed to the Na I site, and corresponding, the signal in the
middle is attributed to the Na IV site, which also proves the
correctness of the signal attribution of Na MAS NMR. The
total acid contents of xNa/(100 — x)H-MOR are acquired by
'"H MAS NMR spectra, and quantitative information on
sodium ions in different positions are also obtained by fitting
®Na MAS NMR spectra. Due to the spatial proximity of
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sodium ions and different Al sites, the contents of Na ions
located at Na VI, Na IV, and Na I could also represent the
protons of H-MOR which are located in the T1 + T2, T4, and
T3 sites, in the case that dealumination can be avoided during
the ion exchange. The numbers of protons and Na ions at
different sites are explicit by the integral areas of '"H and **Na
MAS NMR spectra. Therefore, the BASs of T1 + T2, T4, and
T3 in «Na/(100 — x)H-MOR could be precisely calculated by
the difference between the number of protons and sodium ions
of the partially Na*-exchanged MOR, which are shown in
Table S6 and Figure 3c.

All the xNa/(100 — x)H-MOR zeolites are employed as
catalysts for DME carbonylation, and DME conversion and
MA selectivity are evaluated as shown in Figure 4a. There is an
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Figure 4. (a) Catalytic performance for DME carbonylation over
xNa/(100 — x)H-MOR. (b) STY of MA plotted against the acid site
density in T1 + T2 (red point), T4 (yellow point), and T3 (blue
point) sites of MOR zeolites. Reaction conditions: 473 K, 2 MPa,
DME/CO/N, = 5/35/60, WHSV = 1500 mL/h/g. The DME
conversion from high to low corresponds to the samples 28Na/72H-
MOR, 39Na/61H-MOR, 51Na/49H-MOR, and 75Na/25H-MOR.

induction period for DME carbonylation with a very slow
increase in conversion rate due to the formation of surface
methoxy species from the DME reaction over BASs."> After
the induction period, the conversion rate of DME reaches a
relatively stable platform for several hours and then declines
gradually. The deactivation is due to coke formation from the
methanol-to-hydrocarbons (MTH) reactions over BASs in the
12-MR and, thus, suppressed DME carbonylation in the 8-
MR.'"® During the whole reaction procedure except the
deactivation period, nearly 100% MA selectivity can be
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achieved. With the increase of Na content in MOR zeolite,
DME conversion decreases gradually, which means that the
acidic sites are essential for the reaction of DME carbonylation.
For further understanding of the relationship between BASs of
different positions and catalytic activity, acid amounts in T1 +
T2, T4, and T3 corresponding to the space-time yield (STY)
of MA are listed in Figure 4b. Focusing on the three samples
(28Na/72H-MOR, 39Na/61H-MOR, and 51Na/49H-MOR)
with observable catalytic activity, an interesting consequence
could be observed that the STY of MA is linearly proportional
to the number of acid site density in the T3 sites, while the
STY of the MA variation shows no direct relation with the acid
site density of the T1 + T2 and T4 sites. This indicates that the
acid sites in the T3 sites are essential to DME carbonylation;
moreover, it also experimentally demonstrates that the acid site
in the T3 site is the active center of the carbonylation reaction,
which had been proposed by the theoretical calculation.'®

In summary, the locations and contents of extra-framework
cations such as protons and Na® ions in a series of Na-
exchanged MOR zeolites are investigated thoroughly by
multiple NMR methods mainly including »*Na MQ_ and
»Na-*’Al D-HMQC MAS NMR spectroscopy. Three different
sodium positions, Na I, Na IV, and Na VI, are demonstrated by
ID and 2D *Na NMR, »*Na-*’Al D-HMQC, and DFT
calculation. The distribution of acid centers in different T-sites
could be exhaustively calculated by quantificational 'H NMR
and rigorously fitted **Na MAS NMR. The carbonylation of
DME is used to evaluate the xNa/(100 — x)H-MOR samples
with various acid distributions. The DME conversion rate is
linearly proportional to the density of BASs in the T3 site,
which proves that the T3 site in the 8-MR of MOR zeolite is
the active site for DME carbonylation. It is effective and
feasible to explore the acidity of the zeolite by **Na solid-state
NMR such as *Na MQ and **Na-*’Al D-HMQC MAS NMR,
which could quantitatively map the acid site distribution and
further correlate the structure—activity relationship of zeolites.
The acidity of the zeolite could be reflected by observing extra-
framework cations such as sodium ions, which provides a new
insight for the acidity characterization of molecular sieves.

B EXPERIMENTAL SECTION

Commercial Na-MOR (Si/Al = 6.5) was exchanged to NH,-
MOR and then anti-exchanged by various concentrations of
sodium nitrate solution. 'H and *Si experiments were
performed on a Bruker Avance III 600 spectrometer equipped
with a 14.1 T and 89 mm wide-bore magnet using a 3.2 mm
HXY triple resonance MAS probe with the corresponding
Larmor frequencies of 600.13 and 119.2 MHz, respectively.
The chemical shifts were referenced to adamantane [§('H) =
1.74 ppm] and kaolinite [5(*Si) = —91.5 ppm], respectively.
%*Na MAS NMR and »Na MQ MAS NMR experiments were
performed at a magnetic field of both 14.1 and 18.8 T with the
Larmor frequencies of 158.7 and 211.8 MHz, respectively. The
chemical shifts were referenced to a 1 M NaCl solution
[5(**Na) = 0 ppm]. *Na NMR experiments were performed
using a 3.2 mm HXY triple resonance MAS probe at 14.1 T
and a 3.2 mm HX double resonance MAS probe at 18.8 T. The
samples before the measurement of 'H, *’Al, and **Na MAS
NMR spectra were dehydrated under vacuum (<107 Pa) to
remove the physisorbed water and then transferred into a
glovebox under Ar environment to fill the ZrO, rotors with
Kel-F caps for further NMR measurements. *Na-*’Al D-
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HMQC experiments were performed on a Bruker Avance III
600 spectrometer equipped with a 14.1 T and 89 mm wide-
bore magnet using a 4 mm HX double resonance MAS probe
for the triple resonance ("H-**Na-?’Al) experiment by using a
REDOR-box with the spinning at 10 kHz. Detailed
descriptions of the sample preparations, characterization
methods, NMR experiments, catalytic testing, and DFT
calculation are listed in the Supporting Information.
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