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The unambiguous characterization of different acid sites in zeolites is of great importance for understanding
their catalytic performance and the rational design of highly efficient zeolite catalysts. In addition to various
well-characterized extra-framework Al species, a tri-coordinated framework aluminum species can also
serve as a Lewis acid site in zeolites, which is “NMR-invisible” owing to its extremely distorted local
environment. Here we provide a feasible and reliable approach to elucidate the acidic nature of the tri-
coordinated framework Al in dehydrated H-ZSM-5 zeolites via sensitivity-enhanced two-dimensional
(2D) multiple nuclear correlation NMR experiments coupled with trimethylphosphine oxide (TMPO)

probe molecules. Two types of tri-coordinated framework Al sites have been unambiguously identified,
Received 30th May 2019 hich t to 11.6% of the total Bronsted and Lewis acid sites. Furth it was found that
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synergistic effects arising from the close spatial proximity between the tri-coordinated framework Al site

DOI: 10.1039/c95c02634g and the Bronsted acid site lead to the generation of superacidity (with an acid strength stronger than
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Introduction

Heterogeneous catalysts with acid-base properties, such as
zeolites have been widely used in the chemical and petro-
chemical industry for catalytic cracking,' isomerization,” alkyl-
ation,> and disproportionation.* In aluminosilicates-type
zeolites, the Bronsted acid site (BAS) and Lewis acid site (LAS)
are responsible for the active sites in numerous catalytic reac-
tions. Therefore, understanding the structures and properties
of the acidic sites in zeolites is essential to exploring the reac-
tion mechanism and to the optimization of their catalytic
performance.®” It is well-known that the BAS is associated with
the tetrahedral framework aluminum (FAL) in the form of
a bridging hydroxyl (Si-OH-Al) in zeolites. Furthermore, the
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LAS is generally recognized as an extra-framework or framework
aluminum species, formed upon calcination or steaming of
zeolites.*® The properties of BAS associated with the tetrahedral
framework Al and LAS associated with various extra-framework
Al (EFAL) species have been extensively studied, from their
structural characteristics'®** to their functions in catalytic
reactions.”® In particular, the LAS in zeolites has been proved
to play an important role in the catalytic transformations of
hydrocarbons such as the hydrogen transfer process,”**** and
also generates the Bronsted/Lewis acid synergy owing to the
vicinity of the corresponding Al species in the local architecture
of dealuminated zeolites.'**** Although the tri-coordinated
FAL is commonly considered as a LAS in zeolites, only a few
characterizations*° have been attempted to confirm the exis-
tence of the “moisture sensitive” tri-coordinated Al species in
the zeolite framework. Up to now, no experimental approach
has been reported to probe the intrinsic acidic properties of this
important framework Al species in the zeolite.

Solid-state NMR has emerged as an important technique for
the characterization of heterogeneous catalysts at the atomic
scale.”»*** The coordination state of both FAL and EFAL
species in zeolites can be determined on the basis of one-
dimensional (1D) *’Al magic-angle spinning (MAS) and 2D
*’Al multiple-quantum magic-angle spinning (MQMAS) NMR
spectroscopy. 2D "H-"H and >’Al-*’Al double-quantum single-
quantum (DQ-SQ) homonuclear correlation MAS NMR
methods can provide in-depth structural information on the
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spatial proximity of different acid sites in dealuminated
zeolites, especially under high magnetic fields (>18.8 T).*">3> A
recent report has shown that the perturbed aluminum species
was attributed to terminal AI-OH in the hydrated zeolites,
which was considered to be derived from hydrous tri-
coordination of the Al species.*® However, most of these
measurements were performed under hydration conditions. In
the case of non-hydrated zeolites, it is difficult to distinguish
FAL species owing to the resolution/sensitivity issues from the
quadrupolar nature of the ?’Al isotope. The stretch of the acidic
proton in the BAS induces a larger distortion of the corre-
sponding tetrahedral FAL in the H-form zeolites, leading to
quadrupolar coupling constants (Cq) up to 14-18 MHz.3*>°
Generally, mild calcination and dehydration treatments of
zeolites would lead to partial breaking (or hydrolysis) of the
framework =AIl-O- bond and generation of a tri-coordinated
FAL and framework silanol group as illustrated in Scheme
137 Although the neighboring framework Si-OH would
interact with the tri-coordinated FAL to restore the tetrahedral
FAL after cooling down of the sample to room temperature,
partial Si-OH derived from the breaking of the aluminum
oxygen bond that bears the proton may be further dehydroxy-
lated by a neighboring defect site (Si-OH group), thus causing
the irreversible formation of a tri-coordinated coordinated
aluminum.*® However, reducing the number of neighboring
oxygen groups bound to FAL yields a dramatic distortion of its
local environment, and the extreme asymmetry of its
surrounding electric field results in a considerable line broad-
ening of its >’Al NMR resonance (usually with Cq > 30 MHz).3>4
Therefore, the direct observation of tri-coordinated FAL species
in a dehydrated sample is generally impossible using conven-
tional *’Al MAS NMR owing to its huge quadrupolar broadening
and relatively low concentration, and tri-coordinated FAL was
suggested to be the “NMR-invisible” species in zeolites.”*** After
rehydration, the tri-coordinated FAL could be easily trans-
formed into a symmetric tetra-coordinated FAL,**** which is
usually indistinguishable from the FAL of BAS. Further hydro-
lysis of the framework Al-O bond leads to removal of the Al from
the zeolite framework, forming EFAL species such as Al(OH)s,
Al(OH),", AIOH>", AI**, AlIO" and so forth, which have been well
characterized using solid-state NMR spectroscopy.'?*3236:41,42
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Scheme 1 Formation route for the tri-coordinated FAL and EFAL

species in zeolites.
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The adsorption of basic probe molecules such as 2-'*C-
acetone and trimethylphosphine oxide (TMPO) is a feasible
approach to investigate the acidity of zeolites.”»*** The great
majority of studies utilized the chemical shift of certain
elements (e.g. "*C or *'P) in probe molecules to determine the
acidic features of zeolites, which were usually combined with
density functional theory (DFT) calculations to reveal the rela-
tionship between chemical shifts and the corresponding acidic
properties (e.g. type, distribution, and strength) on zeolites.”>**
However, it has previously been a great challenge to provide
precise and localized information on the structure of the
interface between the “guest” probe molecules and the specific
acid sites of the “host” zeolite via analytical or spectroscopic
techniques.

In this contribution, we provide a unique insight into the
acidic nature of tri-coordinated FAL species on a H-ZSM-5
zeolite using solid-state NMR spectroscopy, and present
a clear adsorption picture of the TMPO probe molecules on
different framework Al species in a dehydrated H-ZSM-5 zeolite.
In particular, the sensitivity-enhanced 2D *'P->’Al hetero-
nuclear correlation (HETCOR) MAS NMR technique® is
employed to successfully discriminate the interactions between
distinct adsorbed TMPO molecules and Al species in the zeolite
framework. Thus, it is straightforward to ascertain the presence
of LAS originating from the tri-coordinated FAL. Two tri-
coordinated FAL species are unambiguously identified using
the advanced solid-state NMR technique. Further quantitative
NMR analysis reveals that a considerable amount (ca. 11.6%) of
this type of LAS exists in the framework of the dehydrated H-
ZSM-5 zeolite even with moderate thermal treatments. More-
over, we demonstrate that the presence of the tri-coordinated
FAL is responsible for the formation of superacidity (charac-
terized by a down-field *'P chemical shift of the adsorbed TMPO
up to 85-88 ppm) owing to the Bronsted/Lewis acid synergy in
the zeolite framework which was further confirmed using 2D
2’Al-*’Al DQ-SQ homonuclear correlation spectroscopy and
DFT calculations.

Results and discussion

Structural characterization of the dehydrated zeolites

The *>’Al MAS NMR spectra of the hydrated parent NH,-ZSM-5
acquired at two different magnetic fields (18.8 and 11.4 T)
shown in Fig. 1a and d both displayed a typical narrow line
around 54 ppm, respectively, corresponding to relatively
symmetrical tetrahedral Al sites in the zeolite framework.
Usually a significantly reduced quadrupolar broadening of the
Al NMR line shape can be obtained at a high field (B, = 18.8 T)
and fast MAS speed (vg = 40 kHz) compared to that at a medium
field (B, = 11.7 T) and moderate MAS speed (vg = 10 kHz). After
calcination and dehydration, the >’Al spectra of the dehydrated
H-ZSM-5 zeolite exhibited a very broad resonance (Fig. 1b and e)
with a full width of ca. 20 kHz even at 18.8 T, indicative of
a dominant contribution from the large second-order quad-
rupolar broadening. Previous studies have demonstrated that
this broad signal was mainly attributed to the more-distorted
tetrahedral FAL species with a Co =~ 16 MHz from the

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 1D Z’Al MAS NMR spectra of parent NH4-ZSM-5 (a) and (d);
calcined and dehydrated H-ZSM-5 (b) and (e); and TMPO-adsorbed H-
ZSM-5 with P/Al = 0.42 (c) and (f); obtained at Bo = 18.8 T (a)—(c) and
Bo = 11.7 T (d)-(f). The asterisks denote spinning sidebands.

Bronsted acidic site on the dehydrated zeolites.*>*® In fact,
dealumination is inevitable in most sample preparation
procedures, while the mild vacuum or flow temperature-
programmed methods used here could make that framework
dealumination rarely occurs, which would largely reduce the
interference of EFAL species in the study of tri-coordinated FAL.

The XRD patterns (Fig. S11) of the ZSM-5 zeolites indicated
no apparent change in the crystallinity after these treatments.
To estimate the amount of EFAL in our calcined sample, the
parent and calcined forms of these zeolites were treated using
1 M aqueous NaNO; at 353 K three times. As the Na' cations can
balance the charge of the framework AlO,™ tetrahedra, the Na/
Al ratio is a reliable parameter to assess the variation of the
fraction of the tetrahedral framework AL* The Na/Al ratio
measured using inductively coupled plasma (ICP) was 1.01 and
0.98 respectively for the parent NH,-ZSM-5 and dehydrated H-
ZSM-5 zeolites treated with Na' exchange, suggesting that
most of the Al species were still located in the zeolite frame-
work. This is also supported by a slight loss (1%) of framework
=Si-0-Al moieties in the dehydrated zeolite via 1D >°Si MAS
and 2D *’Si{"H} HETCOR NMR analysis (Fig. S2 and S37). The
quantitative >°Si MAS spectra shown in Fig. S31 indicates an
increase of the Si-OH groups in the dehydrated H-ZSM-5 zeolite
compared with those in the parent NH,-form spectra. In addi-
tion, further "H MAS NMR analysis (Fig. S41) showed that the
number of Si-OH groups decreased when raising the dehydra-
tion temperature from 573 to 673 K, suggesting that the dehy-
droxylation of Si-OH groups may occur as depicted in Scheme 1.

Framework aluminum studied using 2D >’Al 3QMAS

In our measurements, TMPO molecules were adsorbed onto the
H-ZSM-5 zeolite at a concentration much lower than that of the
framework acid sites, meaning the interference between the
TMPO molecules themselves can be largely avoided. Interest-
ingly, in addition to the narrow *’Al signal at ca. 54 ppm, a new
broad shoulder feature (at ca. 45 ppm) was visible in the 1D *”Al

This journal is © The Royal Society of Chemistry 2019
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MAS spectra of the dehydrated zeolite loaded with TMPO (P/Al
= 0.42, Fig. 1c and f). As the tri-coordinated FAL with Lewis
acidity (if present) can directly interact with the oxygen atom of
TMPO, which would significantly decrease the asymmetry of the
local environment of the Lewis acidic FAL, yielding its “NMR-
detectable” *’Al resonance on non-hydrated zeolites. Then, a 2D
%7 Al 3QMAS experiment at 18.8 T was employed to discriminate
between specific aluminum sites in the dehydrated and TMPO-
loaded sample (Fig. 2a). Three signals, denoted as Al,, Al, and
Al., were well-resolved with isotropic chemical shifts of 54.4,
51.6 and 58.8 ppm, respectively. For the dehydrated zeolite with
a lower TMPO concentration (P/Al = 0.18), an obvious decline of
the relative proportion of Al. and Al, signals (Fig. 2b, S107) was
evident. The NMR parameters deduced from the 2D spectrum
are listed in Table 1. The Al, signal with P, = 2.3 MHz could be
attributed to the regular tetrahedral FAL species from Brgnsted
acidic sites analogous to that of the NH,-form or hydrated
zeolites. The local structure of the tetrahedral FAL in dehy-
drated H-ZSM-5 became more symmetrical stemming from
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Fig. 2 Sheared 2D 2’Al 3QMAS NMR spectra of dehydrated H-ZSM-5
zeolites with different TMPO loadings, (a) P/Al = 0.42 and (b) P/Al =
0.18, obtained at B = 18.8 T. Skyline projections are drawn along the
F1 and F2 dimensions. The determined quadrupolar parameter Pq are
indicated in the brackets for different Al species.
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Table 1 NMR parameters obtained from the 2’Al MQMAS spectra

Site  Op/ppm  Sp“ppm  dod/ppm  PQY/MHz  Co/MHz
Al, 53.6 54.8 54.4 2.3 2.2
Al 44.1 56.0 51.6 7.4 7.1
Al 49.7 64.1 58.8 8.1 7.8

¢ op, and 6, represent the center of gravity of each particular species
measured along the direct dimension F2 and isotropic dimension F1
on the sheared spectra, respectively.  Isotropic chemical shift é¢s and
quadrupole interaction product Pq of each aluminum species were
deduced from 6, and dg;. © The quadrupolar coupling constant (Cq)
was extracted from the slice of the 3QMAS spectra by fitting the
corresponding second-order quadrupolar line shape (n = 0.5) with the
DMFIT program.

a shrinkage of the Al-O(H) bond length in BAS after the TMPO
adsorptions. According to their isotropic chemical shifts, Al,
and Al. should both be associated to tetrahedral FAL species as
well, while exhibiting a larger inhomogeneous second-order
quadrupolar broadening (P, > 7 MHz). However, their assign-
ments were ambiguous, as they could be from either the FAL in
another type of BAS, or the tri-coordinated FAL of LAS directly
bound to a TMPO molecule, yielding a new distorted tetrahedral
FAL state. In particular, the Al, and Al. resonances contributed
to a considerable fraction in the quantitative >’Al NMR spectra
of the dehydrated zeolites with different TMPO loadings
(Fig. 1c). Therefore, further experiments are required to identify
the host-guest correlations/interactions between the adsorbed
TMPO probe molecules and the framework of zeolites.

Acid properties analyzed using 2D *'P{*"H} HETCOR

For the acidity characterization using TMPO probe molecules,
dichloromethane (CH,Cl,) is usually used as the solvent in
order to disperse the TMPO molecules into zeolite well.*>**
Although the evacuation at 323 K seems to be insufficient to
dispose of all of the solvent, in the 2D *C{'H} and *'P{'H}
HETCOR spectra of the TMPO/H-ZSM-5 zeolite (Fig. S5t)
acquired with a relatively short cross polarization (CP) contact
time (4 ms or 1 ms) there is no correlation between the CH,Cl,
and TMPO molecules, indicating that the residual solvent and
adsorbed TMPO molecules are well separated. Furthermore, the
*’Al MAS NMR spectrum of the H-ZSM-5 zeolite with only
CH,Cl, adsorbed (Fig. S61) still exhibits a very broad resonance
(A6 = 90 ppm), indicating that the residual CH,Cl, hardly
interacts with the acidic sites on the zeolite, and thus has
almost no influence on the acidity characterization using TMPO
probe molecules. Note that, after removing the residual solvent
on the TMPO/H-ZSM-5 zeolite at a higher temperature (363 K,
Fig. S71), the >’Al MAS NMR spectrum of TMPO/H-ZSM-5 was
the same as that treated at 323 K (Fig. S8%), which clearly
indicated that the influence of the solvent (CH,Cl,) residues on
the framework Al species can be negligible.

The 1D *'P MAS NMR spectra of the H-ZSM-5 zeolites with
different TMPO loadings (P/Al = 0.18 and 0.42) are shown in
Fig. 3a and c, respectively. Up to six characteristic peaks at 88,
85, 76, 69, 65 and 51 ppm were identified from the *'P MAS
NMR spectra by using Gaussian deconvolutions (also see Table
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View Article Online

Edge Article
76
X
69 65
() sg v
experiment P/AI=0.42 i experiment
simulation N simulation

(d)

(b)
P/Al1=0.18 51 P/Al=0.42
rehydration \ 14 experiment rehydration
“‘\A simulation

100 80 60 40

\ 51
\ * experiment

g simulation

100 80 60 40

0°'P/ppm 0°'P/ppm
(e) [ -
P/Al=0.18
v o
s
&
- T
= w
100 80 60 40

0’'P/ppm

Fig.3 1D one-pulse 3P MAS spectra of dehydrated H-ZSM-5 zeolites
with different TMPO loadings (a) and (c), and subsequent rehydration
(b) and (d). 2D 3'P{*H} CP HETCOR MAS NMR spectrum (e) of the
dehydrated H-ZSM-5 zeolite with a low TMPO loading (P/Al = 0.18).

S11). Indeed, quantitative analyses of >’Al MAS NMR are diffi-
cult owing to either different quadrupolar broadenings of
distinct FAL species or only partial acid sites interacting with
the TMPO probe molecules, however, here the *'P (I = 1/2) MAS
NMR spectra can provide quantitative information on the
framework BAS and LAS that react with the TMPO molecules.
The 2D *'P{'"H} CP-HETCOR spectrum of the TMPO/H-ZSM-5
zeolite (P/Al = 0.18) acquired with a CP contact time of 8 ms
in Fig. 3e exhibited two broad distributions of the correlation
peaks in “sloped” ovals (dotted line) centered at (76, 12.2) ppm
and (88, 6.4) ppm, respectively, which could be assigned to
distinct protonated TMPOH' ionic pair complexes. These
correlations were also observable when a short CP contact time
(1 ms) was used (see Fig. S5t). The interaction of the adsorbed
TMPO molecules with BAS in the H-ZSM-5 zeolite will result in
a downfield shift of the "H resonance of the acidic proton, and
the electron cloud density surrounding the *'P nucleus in the
TMPO molecule decreases with the increasing acidic strength of
BAS, leading to movement of the *'P resonance towards a higher
chemical shift (downfield).?>*** Furthermore, it was also found
that the *'P chemical shift of the adsorbed TMPO molecules
linearly increases with the increase of the Brgnsted acid
strength, and a *'P chemical shift of ca. 86 ppm was demon-
strated for the threshold of superacidity (with acid strength

This journal is © The Royal Society of Chemistry 2019
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stronger than 100% H,S0,).** Therefore, the *'P peak at ds1p =
88 ppm reflected the strongest acid site with a strength over the
threshold of superacidity in the zeolite. In addition, the corre-
lation peaks between all *'P signals and methyl groups (61 =
1.8 ppm) of the adsorbed TMPO molecules can be observed at
all times. As the "H-"H spin diffusion will promote the detec-
tion of long range interactions in the case of a long CP contact
time (8 ms), weak correlations between the protons of the
residual CH,Cl, solvent (6 = 5.4 ppm) and the *'P of TMPO
molecules were also detectable in the 2D spectrum.

However, as illustrated in the 2D *'P{'"H} HETCOR spectrum
of Fig. 3e, even though the "H-'H spin diffusion also contrib-
uted to the "H->'P correlations when the CP contact time was
set to 8 ms, no correlation can be observed for the *'P signals
around 65 ppm with the 'H signals of BAS, which suggested that
the *'P signals do not originate from the protonated TMPOH"
complexes. It is generally recognized that H,O could competi-
tively react with the Lewis acid sites, such as the tri-coordinated
Al species, to form weak BAS.** After exposing our samples to
humidity for 2 h, the corresponding *'P MAS NMR spectra in
Fig. 3b and d exhibited an apparent decline in the relative
intensity of the signals at 65 and 69 ppm (also see Table S17),
and the signal at 88 ppm (or 85 ppm for the sample with P/Al =
0.42) disappeared completely. In addition, the peak at 76 ppm
was slightly shifted upfield with a broader distribution,
accompanying a notable increase of the peak at 51 ppm from
the TMPO adsorbed on the weak acid sites. Therefore, we can
reasonably consider that the *'P signals at 65 and 88 ppm (or 85
ppm) are both associated with Lewis acid sites directly or
indirectly. Although the peaks at ca. 88 ppm have proved to be
from TMPO molecules adsorbed on Bregnsted acid sites, it
seems that BAS together with the neighboring LAS should
contribute to the formation of the superacidity (e.g. 6s1p = 88
ppm), indicative of the presence of a synergy effect. Accordingly,
after humidity exposure of the dehydrated zeolite, the LAS was
preferentially hydrated, thus the influence on its neighboring
BAS (the superacid feature) vanished, which in turn caused the
BAS to revert back to its original acidity. The two *'P signals at
65 and 69 ppm were probably from the TMPO molecule
adsorbed on the Lewis acidic FAL species. Concerning the
abundance of Al, and Al. in Fig. 2 (also in Fig. S107), we
proposed that the aforementioned *'P and *’Al species belong
to the interacting phosphorus-aluminum pairs in the Lewis
acid complexes, (CH3);PO---Al=. In addition, we also acquired
the 2D *'P{"H} HETCOR spectrum (Fig. S91) of the TMPO/H-
ZSM-5 zeolite with the complete removal of solvent at 363 K,
which exhibited similar "H-*'P correlations between the TMPO
molecules and the framework acid sites in the zeolite compared
with that treated at 323 K, and further excluded the influence of
the residual solvent.

Tri-coordinated framework Al characterized using *'P{*’Al}
HMQC and *'P{*’Al} S-RESPDOR

To verify this assumption, the Lewis complex (CH3);PO---Al=
was identified directly using our recently developed *'P->’Al
population-transfer dipolar-mediated HMQC (PT-D-HMQC)

This journal is © The Royal Society of Chemistry 2019
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experiment which can establish the direct correlation/
connectivity between TPMO and various Al species. As shown
in Fig. 5,1 the 1D *'P{>’Al} PT-D-HMQC MAS NMR spectra via
3p — ?7Al — *'p filtering on TMPO-loaded H-ZSM-5 zeolite (P/
Al = 0.42) revealed that the two main *'P resonances around 76
and 65 ppm were correlated with the >’Al species in the zeolite.
When using a short recoupling time (t,;x = 1.33 ms), the peaks
at ca. 65 ppm became more intense compared to that at ca.
76 ppm (Fig. S11%). This indicated the stronger *'P-?”Al dipolar
interaction of the corresponding spin pairs, further suggesting
the presence of the Lewis complex [(CH;);PO---Al=].

Notably, the 2D *'P{*’Al} PT-D-HMQC spectrum acquired at
11.7 T for the TMPO-adsorbed H-ZSM-5 zeolite in Fig. 4b clearly
illustrated two correlation groups. The correlation peaks at
around (76, 54) ppm were associated with TMPO adsorbed on
the bridging hydroxyl (Si-OH-Al) proton (i.e. the Brensted acid
sites). Importantly, other correlations indicated that the *'P
resonance peaks at 65 and 69 ppm are both correlated with
broad *’Al resonances from distorted four-coordinated
aluminum, reflecting the presence of two types of Lewis acid
sites. We also conducted 2D *’Al{*'P} D-HMQC experiments at
18.8 T. Owing to the short transverse relaxation times (75) of the
*’Al resonances, we could only observe *’Al->'P correlations
from the Lewis complex [(CH3);PO---Al=] in Fig. 4c, in which
the *'P signals at 65 and 69 ppm were correlated with Al, and
Al,, respectively (Fig. 4d and e). Meanwhile, a reduction of the
TMPO concentration led to a decrease in the proportion of the
31p signal at 69 ppm relative to that at 65 ppm (Table S17), this
was consistent with the relative proportion variation of Al. and
Al,, (Fig. 2). Therefore, we can confirm that Al. and Al,, are both
from tri-coordinated FAL species bound to the O atom of the
TMPO molecules, which were discriminated well from their
different Lewis acid strengths.

Owing to its low content and Brensted acid feature, we did
not observe the *'P-*’Al correlations from the *'P signal at
88 ppm (or 85 ppm) in Fig. 4. Fortunately, the symmetry-based
resonance-echo  saturation-pulse  double-resonance  (S-
RESPDOR) method* can be employed here to estimate the
31p-27Al heteronuclear dipolar interactions. The results are
usually analyzed by plotting the signal fraction AS/S, = (S — S')/
So (S’ and S, represent the signal intensity with and without
dipolar dephasing, respectively) as a function of the recoupling
time 7. The *'P difference spectrum (AS = S, — ', shown in
Fig. $121) obtained using 1D *'P{*’Al} S-RESPDOR experiments
still suggested spatial interactions/proximities between all of
the *'P species of the adsorbed TMPO molecules (including
those giving rise to the resonance at 88 ppm) and >’Al species in
the framework of H-ZSM-5. Furthermore, the reduced concen-
tration of TMPO molecules (P/Al = 0.18) allowed us to estimate
the distances between *'P atoms and 2’Al atoms, as we could
approximately consider the Lewis complex [(CHj3);PO---Al=]
with *'P signals at 65 ppm or the Brgnsted acid complex
[(CH5);PO---H-OAI=] with *'P signals at 76 ppm as “isolated”
phosphor-aluminum spin pairs in this case. Therefore, the P-Al
distance of the former was determined to be 2.9 + 0.2 A by
fitting the dephasing curve (Fig. 5a), which was rationalized in
terms of the structural model of the TMPO molecule adsorbed
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6“P/ppm

Fig. 4 1D one-pulse *'P MAS (a) and 2D 3!P{¥’Al} PT-D-HMQC MAS (b) NMR spectra recorded at 11.7 T, and 2D ZAl{>'P} D-HMQC MAS NMR
spectrum (c) recorded at 18.8 T of the dehydrated H-ZSM-5 zeolite (Si/Al = 25) with adsorbed TMPO (P/Al = 0.42). Selected slices with

simulations are shown in (d) and (e).

on the framework tri-coordinated aluminum species (Fig. 5c).
The later complex had a reasonable P-Al distance of 4.1 + 0.4 A
(Fig. 5b), in which the *'P atom was about four bonds away from
the Al site (Fig. 5d). We also considered the dipolar coupling
networks of multiple-spin systems (shown in Fig. S13t). The
representative three spin systems are depicted in Fig. S13b-d.T
In the normalized dipolar dephasing curve with respect to the
first extremum (or maximum) in each spin system, it was found
that the dephasing curves of the observed *'P signals in multi-
spin systems have a similar upward trend to that of the iso-
lated *'P-*’Al spin pair. This result suggests that the upward
trend of the dipolar dephasing curve is dominated by the short-
range (strongest) *'P->’Al dipolar interaction. The long-range
couplings have little impact on the measurement of the short
distance, which mainly affects the oscillation of the dephasing
curves after reaching its first extremum. Moreover, the *'P-*"Al
distances extracted using the dipolar dephasing curves were in
good agreement with the DFT calculations, in which the theo-
retically predicted *'P->’Al distances of the Lewis acid complex
[(CH;);PO---Al=] and Brensted acid complex [(CH;);PO---H-
OAI=] were 3.1 A and 4.1 A (Fig. 5¢ and d), respectively.

Although it is difficult to calculate the accurate amount of
the tri-coordinated FAL in our sample, an estimation of the
lower limit of the concentration via the quantitative analysis of
the *'P MAS NMR spectrum (Fig. 3) is possible using the
following equation:

QFAL™) = y(P/Al) x Q('Ppas)

10164 | Chem. Sci., 2019, 10, 10159-10169

In which Q(FAL™) is the fraction of the tri-coordinated FAL
species which interacted with the TMPO in the total Al content,
Q('PLas) = 27.0% is the proportion of the *'P signals at 65 and
69 ppm in the quantitative *'P MAS NMR spectrum (see Table
S1t), and x(P/Al) = 0.42 is the atomic ratio of the P to Al of the
sample obtained using ICP. Therefore, the calculated Q(FAL™)
= 11.6% suggested that a considerable amount of LAS formed
and was located in the framework of the dehydrated H-ZSM-5
zeolite, this was in agreement with the relative content of the
Lewis acid sites (13.3%) determined using our Fourier trans-
form infrared (FT-IR) analysis of the pyridine adsorption
measurements (Table 2 and Fig. S14+).

Bronsted/Lewis synergy effect studied using 2D *’Al DQ-SQ
NMR and DFT calculations

We have successfully obtained a high-resolution *>’Al-*’Al DQ-
SQ homonuclear correlation spectra of the hydrated zeolites
(HY, MOR, ZSM-5, etc.) using our developed BR2", recoupling
scheme at a high magnetic field,>>** in which only Al species
from the framework BAS and extra-framework LAS were
considered. In the case of non-hydrated zeolite catalysts, the
broadening and overlap of the *’Al quadrupolar patterns usually
results in considerable barriers to the implementation of the 2D
%7 Al DQ-SQ experiment. Fortunately, the improved resolution of
the ?’Al MAS NMR spectra of the dehydrated H-ZSM-5 zeolite
after TMPO adsorptions offers an opportunity to investigate the

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 SP{¥’Al} S-RESPDOR built-up curves of TMPO adsorbed on (a) LAS (tri-coordinated FAL) and (b) BAS of dehydrated H-ZSM-5 zeolite,
fitted using an analytical formula. Ds and rp_a, represent the dipolar interaction constant and internuclear distance of the S1p_27p1 spin pair,
respectively. Three adsorption structure models of: (c) TMPO adsorbed on tri-coordinated FAL, forming a distorted tetrahedral FAL; (d) TMPO
adsorbed on a BAS; and (e) TMPO adsorbed on a BAS with a tri-coordinated FAL in close proximity. The red numbers in parentheses are the

distances obtained using DFT calculations.

intrinsic structure of different framework Al species under the
dehydrated state, the acidic natures of which have been clearly
characterized. Fig. 6a displays the *’Al->’Al DQ-SQ MAS NMR
spectrum of the TMPO-loaded H-ZSM-5 with P/Al = 0.42 at 18.8
T. Two auto-correlation peaks can be observed, in which the
intense blue part indicates that the tetra-coordinated frame-
work Al species (Al,) is in close proximity to another (Al,), and
the weak orange part is ascribed to the spatial proximity of a low
content of Al,-Al, or Al.-Al. pairs. Note that, it is still hard to
discriminate the Al, and Al. in the *>’Al DQ-SQ MAS NMR
spectrum. In addition, the appearance of an intense cross-peak
pair between Al, and Al (red part in Fig. 6a) provided direct
evidence of the spatial proximity between the framework
Bronsted and Lewis acid sites, in which Al, and Al;, had been
confirmed from the Brensted acid complex [(CH;);PO---H-
OAI=] and the Lewis acid complex [(CH3);PO---Al=] in the
TMPO-loaded H-ZSM-5, respectively. Therefore, it implied that
the superacidity characterized by the *'P NMR signals at 85—

88 ppm (Fig. 3) on the specific BAS could be derived from the
influence of the neighboring tri-coordinated FAL (LAS), gener-
ating a Brensted/Lewis synergy effect. The assignment was also
confirmed by the absence of the *'P signals at 85-88 ppm on
a quantitatively TMPO-adsorbed H-ZSM-5 zeolite with a low Si/
Al of 140 (see Fig. S15%), which has a significantly reduced
probability of a Al-Al pair being in close proximity in the zeolite
framework owing to the much lower Al content.

In order to gain further insights into the Brgnsted/Lewis
synergy effect, we also performed DFT calculations (see
Fig. S16T). As shown in the local theoretically optimized struc-
tures (Fig. 6b and c), for TMPO adsorbed on the BAS with
a neighboring tri-coordinated FAL site, a *'P chemical shift of
83 ppm was theoretically predicted, while for TMPO adsorbed
on the isolated BAS, a *'P chemical shift of 76 ppm was ach-
ieved, this was consistent with our experimental observations.
The calculated *'P and *’Al isotropic chemical shifts for
different adsorption models are listed in Table S3.} Except for

Table 2 Concentration of BAS and LAS in the H-ZSM-5 (Si/Al = 25) sample

Sample n (BAS + LAS)* umol g !

n (BAS)? umol g~* n (LAS)° pmol g *

H-ZSM-5/25 647.2

511.4 86.1

“ Calculated using ICP-OES. ? Determined using 'H MAS NMR. ¢ Calculated from pyridine-FTIR.

This journal is © The Royal Society of Chemistry 2019
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Fig.6 2D ?’Al=?’AlDQ-SQ MAS NMR spectrum (a) of dehydrated and
TMPO-loaded H-ZSM-5 zeolite (P/Al = 0.42), recorded at 18.8 T with
a spinning speed of 20 kHz. Local theoretically optimized structures of
TMPO adsorbed at the isolated Bronsted site (b) and the Brensted/
Lewis acid synergetic site (c) with a tri-coordinated FAL in close
proximity. The predicted 3!P chemical shifts of the TMPO (blue

numbers) and 2’Al chemical shifts of the corresponding acid sites
(black numbers) are labeled in ppm.

the unreacted “NMR-invisible” framework LAS (tri-coordinated
FAL), the chemical shift parameters extracted from the DFT
calculations were consistent with our experimental results.
These results indicate that the synergistic effect between the
framework BAS and the framework LAS (tri-coordinated FAL)
owing to their spatial proximity (Fig. 5¢) leads to an enhance-
ment of the Bronsted acidity and thus generates the super-
acidity in the H-ZSM-5 zeolite.

Conclusions

Tri-coordinated framework aluminum species can also serve as
Lewis acid sites in principle, however, one of the fundamental

10166 | Chem. Sci., 2019, 10, 10159-10169
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challenges is to observe and distinguish these tri-coordinated
framework aluminum species in zeolites. Their relatively low
concentration and largely distorted local environment make
them “NMR-invisible” in zeolites, thus experimental studies on
their acidic properties are rarely reported. Benefiting from
current state-of-the-art multi-nuclear and multi-dimensional
solid-state NMR spectroscopy, unique insights into the struc-
ture and properties of tri-coordinated FAL species acting as
Lewis acid sites in H-ZSM-5 have been achieved in conjunction
with TMPO probe molecule adsorptions. As the unsaturated tri-
coordinated FAL species can act with the basic TMPO probe
molecules to form distorted tetrahedral FAL sites, two tri-
coordinated FAL species with different Lewis acidities were
discriminated using sensitivity-enhanced 2D *'P->’Al D-HMQC
MAS NMR experiments. In particular, the adsorption models of
the TMPO probe molecules on distinct acidic sites in H-ZSM-5
were clearly illustrated, and the strong *'P->’Al dipolar inter-
action from the Lewis complex [(CH;3);PO---Al=] was confirmed
using measurements of the distance between the corresponding
*p and ?’Al atoms. Furthermore, the remarkably improved
resolution and sensitivity of the >’Al MAS NMR spectrum of the
TMPO-adsorbed H-ZSM-5 zeolite allowed us to obtain a well-
resolved 2D *’Al DQ-SQ homonuclear correlation spectrum,
and thus to understand the structure of the different framework
acid sites in the non-hydrated zeolite. Consequently, the
superacidity of BAS (with acid strength stronger than 100%
H,S0,) induced by the synergistic effect between the framework
BAS and framework LAS (tri-coordinated FAL) was evidenced by
their close spatial proximity in dehydrated H-ZSM-5 zeolites and
the observation of a *'P chemical shift of up to 85-88 ppm for
the adsorbed TMPO. Notably, apart from the extra-framework Al
as a LAS in the zeolite, the existence of a considerable amount of
tri-coordinated framework Al serving as LAS in the zeolite
framework suggests that further studies are needed to under-
stand its catalytic function, which may be essential to rationally
design highly efficient zeolite catalysts. The detailed charac-
terization of the tri-coordinated framework Al in H-ZSM-5 in
this work provides a useful strategy to explore the acidic nature
of this type of “moisture-sensitive” species in zeolite catalysts,
and may shed light on the experimental exploration of its
structure-function relationship in zeolite catalysis.

Experimental section

Sample preparation

The parent NH,-ZSM-5 with Si/Al = 25 and Si/Al = 140 was
purchased from Zeolyst International. The sample was calcined
at 773 K under a dry air atmosphere for 10 h to remove the
template and the H-form of ZSM-5 was obtained. Prior to the
adsorption of TMPO, the sample was dehydrated on a vacuum
line. The temperature was gradually increased at a rate of
1 °C min~" and the sample was kept at a final temperature of
673 K at a pressure below 10> Pa overnight. The detailed
procedures involved in introducing the TMPO probe molecule
onto the sample can be found elsewhere.” In brief, a known
amount of TMPO dissolved in anhydrous CH,Cl, was first
added into a vessel containing the dehydrated H-ZSM-5 sample

This journal is © The Royal Society of Chemistry 2019
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in a N, glovebox, followed by removal of the CH,Cl, solvent by
evacuation on a vacuum line at 323 or 363 K. To ensure
a uniform adsorption of the TMPO molecules in the pores/
channels of the zeolites, the sealed vessel was further sub-
jected to a thermal treatment at 453 K for 2 h. Finally, the
sample was transferred into a ZrO, MAS rotor in the N, glovebox
prior to the solid-state NMR experiments.

ICP experiment

Atomic emission spectroscopy (AES-ICP) was used to determine
the relative amounts of silicon, aluminum and phosphorus in
the TMPO-loaded H-ZSM-5 samples. The Na and Al contents
were measured using AES-ICP for a 10 mg sample dissolved in
50 mL HF solution.

FT-IR of pyridine adsorption

The FT-IR analysis of the pyridine adsorption measurements
were conducted on a Bruker Tensor 27 spectrometer. About
20 mg of the sample was pressed into a self-supported wafer
with a diameter of 13 mm. Prior to the measurement, the
catalysts were evacuated to 10> Pa at 673 K for 2 h. After cooling
down to room temperature, pyridine vapor was introduced into
the sample cell at room temperature for 30 min to allow it to
reach equilibrium, the residual pyridine was removed by
vacuum. The FT-IR spectra of the pyridine-adsorbed samples
were measured at 423, 523, and 623 after evacuation for 30 min,
respectively.

Solid-state NMR experiments

For all 2D HETCOR experiments, the isotope within the braces
indicates that it is indirectly detected in the F1 dimension. 1D
'H MAS NMR and *'P MAS NMR experiments were performed
on an 9.4 T Bruker AVANCE-III spectrometer using 4 mm rotors
at a spinning frequency of 10 kHz (operating at a Larmor
frequency of 399.3 MHz and 161.7 MHz, respectively). The "H
single-pulse acquisition was employed with a pulse width of 3.9
us (ca. /2 pulse), a recycle delay of 3 s, and 32 scans. The *'P
single-pulse acquisition was employed with a pulse width of 3
us (ca. m/2 pulse), a recycle delay of 30 s, and 1024 scans, in
which the RF amplitude of "H TPPM decoupling was set to ca.
50 kHz.

The *°Si MAS NMR experiments were performed on an 11.7 T
Bruker AVANCE-III spectrometer using 7 mm rotors at a spin-
ning frequency of 6 kHz (operating at a Larmor frequency of
99.4 MHz). The *°Si single-pulse acquisitions were employed
with a pulse width of 8.4 ps (ca. /2 pulse), a recycle delay of
30 s, and 320 scans, in which the RF amplitude of 'H TPPM
decoupling was set to ca. 38 kHz.

The single-pulse *’Al MAS NMR data were collected on an
11.7 T Bruker AVANCE-III spectrometer with a 4 mm double-
resonance probe at a spinning rate of 10 kHz, a pulse width
of 0.4 ps (ca. /6 pulse), a recycle delay of 1 s, and 2048 scans. To
improve the resolution, the single-pulse >’Al MAS NMR data
were also collected on an 18.8 T Bruker AVANCE-III spectrom-
eter (corresponding to a >’Al Larmor frequency of 208.6 MHz)
with an 1.9 mm double-resonance probe at a spinning rate of 40

This journal is © The Royal Society of Chemistry 2019
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kHz, a pulse width of 0.3 us (ca. /9 pulse), a recycle delay of 1 s,
and 4096 scans.

The 2D *’Al triple-quantum (3Q) MAS zfiltering NMR
experiments with fast amplitude modulation (FAM) enhance-
ment*® were also carried out at 18.8 T. The pulse duration was
set to 3.6 ps for the first strong pulse with vgy = 125 kHz. A fast
amplitude-modulated (FAM) pulse train consisting of four loops
of two short pulses (vgr = 125 kHz) and two delays with the
same duration of 0.7 ps was used to convert p = £3 to +1
coherences. The “soft” m/2 pulses were set to 10.4 ps.

The 1D *'P{*’Al} S-RESPDOR and 2D *'P{*’Al} PT-D-HMQC
MAS NMR experiments were performed on an 11.7 T Bruker
AVANCE-III spectrometer using commercial 7 mm rotors with
an o-ring cap at a spinning frequency of 6 kHz, tuned and
matched to the 'H, *'P and *’Al Larmor frequencies (500.6 MHz,
202.6 MHz and 130.5 MHz, respectively). 'H-*'P CP with
a contact time of 8 ms was employed to prepare the initial *'P
signal.

For the *'P{*’Al} S-RESPDOR experiments, a saturation pulse
on the >’Al channel with an amplitude of ca. 25 kHz and
alength of 166.67 us (Tg) was irradiated at ca. 30 ppm to transfer
the *'"P-*’Al interactions. For the 2D *'P{’’Al} PT-D-HMQC
experiments, repetitive sideband-selective (SS) WURST-80
adiabatic pulses with a length of 166.67 us were employed on
the Al channel during SR4 recoupling to accelerate the coher-
ence transfers between *'P and >’Al. The values for the peak RF
amplitude and offset of WURST-80 were optimized with
(YT, vogtset) = (7.5, 175) kHz on the *>’Al channel. For the 2D *’Al
{**P} D-HMQC and *’Al DQ-SQ MAS NMR experiments, the
central transition (CT) enhancement of the initial magnetiza-
tions (*’Al) was obtained by using a SS-WURST-80 irradiation
with a length of 1 ms. More details on the NMR parameters of
the 2D or double-resonance experiments can be found in Table
S2.%

All simulations of the 1D MAS NMR spectra or slices were
performed with the DMFIT software.* The chemical shifts for
'H, *'p, *°Si and *’Al were referenced to adamantane, 85%
H;3PO,, kaolinite and 1 M aqueous Al(NO;);, respectively.

DFT calculations

All of the structures of the ZSM-5 zeolite were represented by
a 64 T model (containing the complete double 10-membered
ring (MR) intersection pores formed by 10-MR straight and 10-
MR sinusoidal pore channels), which were extracted from their
crystallographic structural data (http://www.iza-structure.org/
databases/). The terminal Si-H was fixed at a bond length of
1.47 A, oriented along the direction of the corresponding Si-O
bond. The geometries of TMPO adsorbed at the isolated
Bronsted acid site and the Brgnsted/Lewis synergetic site of
ZSM-5 were optimized over the 64 T cluster model by the
combined theoretical ONIOM method. In the calculations, the
TMPO and the high layer atoms of the zeolite framework were
allowed to fully relax with the dispersion-corrected wB97XD
functional® with a 6-31G (d, p) basis set, whereas the remaining
atoms were fixed at their crystallographic positions using the
AM1 method. Based on the optimized structures, the *'P and
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2’Al NMR chemical shifts were then calculated at the wB97XD/
TZVP level using the GIAO method.
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