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ABSTRACT: Increasing research has shown that active sites in zeolite catalysts are
structurally and spatially complex, which poses challenges to effective characterization
methods, especially for the high demand in pursuing molecular-level understanding of the
nature of the active sites. Herein, using trimethylphosphine (TMP) as a probe molecule, the
species giving rise to *'P NMR resonance at —58 ppm, which is typically recognized as TMP
physically adsorbed on unreactive species, is found to possess more catalytic meanings as the
TMP bindings are proven to be strong. NMR-assisted *'P-*’Al internuclear distance
measurement and a comprehensive set of two-dimensional (2D) heteronuclear correlation
(HETCOR) ('H-*'P, 3'P-*’Al, and *’Al-'H) NMR experiments explicitly demonstrate that the
TMP-binding site is neither a bridging acid site (BAS) nor a Lewis acid site (LAS), but special
Al-OH groups, ie., Al-OH---P(CH,);. Further evidence including postsynthetic treatments
and *'P-*'P homonuclear NMR correlation experiments exclusively shows that these Al-OH
groups originate from the partially bonded framework Al(IV)-2 species recently reported. By
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linking IR and 'H NMR spectroscopy, new insights of AI(IV)-2 (essentially Bronsted sites) and framework-bonded Lewis sites are
provided. Finally, *'P-*'P homonuclear correlation experiment was capable of ruling out chemical exchange from spin diffusion and
thereby exclusively demonstrates that the “BAS and AI(IV)-2” is in shorter spatial distance than that of “BAS and LAS”.
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B INTRODUCTION

Zeolite catalysts have been playing crucial roles in modern
industrial processes owing to their well-defined microscopic
pore topology and intrinsic acid sites"” but with uncertainties
remaining in the active site structures and their true catalytic
functions. Bridging acid site (BAS) is usually considered as the
primary active site which originates from the charge
compensating proton on the tetrahedral framework aluminum
site,’ " and Lewis acid site (LAS) associated with extra-
framework aluminum (EFAI) species is another important type
of active site, usually believed to form upon hydrothermal
treatments, i.e., steaming or calcination processes.é_9 Recently,
a second BAS has been revealed by ultra-high-field NMR,
showing that partially bonded framework aluminum species
could widely retain a tetrahedral coordination, i.e., (SiO),_,—
Al(OH),, or Al(IV)-2 for simplicity, and consequently produce
a charge balanced acidic proton and Al-OH groups that could
also be acidic.'”™"? The Al(IV)-2 species can as well be created
upon thermal treatments similar to that for EFAls, making its
differentiation from EFAls challenging. Nonetheless, it is
believed that both LAS and Al(IV)-2 play unique and
important roles in zeolites’ catalytic performances, via intrinsic
or synergistic effects,*~'® rendering their elaborate structural
elucidations urgent.

Solid-state NMR has emerged as one of the most powerful
techniques to pursue atomic-scale structure of zeolites, via
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direct or indirect methods.'°™"® The direct approach refers to
NMR detection of intrinsic atoms in the catalyst itself, via, i.e.,
'H, YAl ¥Si, or 70,"*'%*° while the indirect approach, in
comparison, exploits the information on selected probe
molecules interacting with active sites or interested species.ZI’22
Trimethylphosphine (TMP) is an effective probe molecule for
characterizing solid acid properties, owing to the large
chemical shift range, high sensitivity, the relatively simple
spin-1/2 nature of the 3'P NMR,**** as well as its capability of
characterizing acidic strengths of Brensted and/or Lewis acid
sites.””° More importantly, the *'P-TMP NMR approach is
capable of providing detailed features about proximity,
concentration, and distribution of acid sites.”’ BAS and LAS
in zeolites have been widely investigated and documented by
adopting the 3'P-TMP NMR approach,”*™>* whereas con-
troversy signals/species remain. Unless otherwise noted, “BAS”
is specifically referred to the “bridging acid site” in this
manuscript to avoid potential confusions.
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In this contribution, with a comprehensive NMR exploration
of TMP-probed MFI zeolites, it is revealed that a TMP-bound
species appearing at *'P chemical shift of ca. —58 ppm, usually
treated as unimportant physisorbed TMP molecules,””*" is
indeed TMP bound to important catalytic sites. As a reference,
Yi et al. generically assigned the signals at —56 ~ —60 ppm to
TMP adsorbed on weakly acidic Si—OH groups;”> Kao and
Grey tended to suggest that the —58 ppm resonance was
caused by a very weakly bound or physisorbed TMP
molecule,” while other studies suggested that it accounts for
Lewis-bound TMP adducts.*>** Here, assisted by a combined
set of modern ssNMR techniques, including one-dimensional
(1D) *'P MAS and *'P{*’Al} rotational-echo adiabatic-passage
double-resonance (REAPDOR),**** and two-dimensional
(2D) 'H-3'P heteronuclear correlation (HETCOR),***’
31p-*’Al dipolar-based heteronuclear multiple-quantum coher-
ence (D-HMQC),*** YAl-'H dipolar-based refocused in-
sensitive nuclei enhanced by polarization transfer (D-
RINEPT) using the recently reported windowed phase-
modulated rotary resonance (PMRR) recoupling method,**~**
3PP combined R2v n-driven (CORD)/radio-frequency
dipolar recoupling (RFDR),”~** and *Al multiple-quantum
magic-angle spinning (MQMAS) experim(=.nts,47’48 we were
able to show evidently that the 5(*'P) = —58 ppm resonance
exclusively arise from TMP molecules adsorbed on Al-OH
groups, ie, Al—-OH:-P(CH,);, and such Al species is
tetrahedrally coordinated and possesses a much smaller
quadrupolar coupling constants C, compared with that of
TMP-adsorbed LAS, and therefore excludes the possibility of
being Lewis-type adsorptions. Also, considering that TMP-
adsorbed BAS sites give rise to *>'P signal at —S ppm, the only
possible explanation is that the —58 ppm signal arises from the
recently reported partially framework-coordinated Al(IV)
species or Al(IV)-2 as usually denoted.'”'""® By linking IR
and 'H NMR spectroscopical results, new insights of Al(TV)-2
(essentially Bronsted sites) and framework-bonded Lewis sites
are provided. Furthermore, 2D *'P-3'P correlation NMR
experiments reveal closer proximity between the TMP-
adsorbed BAS and AI(IV)-2 sites, compared to that between
the BAS and LAS sites, providing critical information to clarify
the arguments in the intriguing synergistic effects in zeolite
catalysts.'>'*'#**753 The comprehensive elucidation of the
TMP-A(IV)-2 species could shed light on unraveling the
complex BAS-LAS-silanol-aluminol network structure of
zeolites in the future.

B RESULTS AND DISCUSSION

The primary ZSM-S zeolite catalyst used in this work is
purchased from Nankai University Catalyst Co., Ltd., China,
with Si/Al = 19. The parent and calcined (at 750 °C) HZSM-$
zeolites were denoted as P-ZSM-5 and C-ZSM-S5, respectively.
Unless otherwise noted, all catalysts are presented in their
proton forms. Calcination and dehydration treatment details
are described in the Supporting Information. As demonstrated
by XRD in Figure S1, the structural integrity of ZSM-5 zeolite
remains virtually intact after the calcination treatment.

Apart from the more commonly implemented 'H and *’Al
NMR characterization as direct detection approaches,
TMP->'P NMR is well known for its unique advantages in
resolving and quantifying the binding sites such as BAS, LAS,
and hydroxyl groups. A group of characteristic *'P signals is
observed in TMP-treated HZSM-S, i.e.,, 26, 15, —5, —48, and
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—62 ppm,”" as shown in the single-pulse and >'P{'"H} cross-
polarization (CP) MAS NMR spectra on the C-ZSM-5 catalyst
in Figure 1, and same resonances are observed in P-ZSM-$
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Figure 1. *'P{'"H} CP (blue) and single-pulse *'P MAS NMR (red)
spectra of TMP adsorbed on dehydrated C-ZSM-S. TMP adsorbed
on Bronsted acid site, Lewis acid site, and silanols is denoted as “B”,
“L”, and “S” in the spectrum and with their structures illustrated in the
top schemes. The highlighted —58 ppm species remain structurally
elusive.

catalyst but with variation of the peak intensities, especially the
more intense peak at —5 ppm and weaker peaks at —48 and
—58 ppm, as shown in the P-ZSM-5 vs C-ZSM-S comparison
in Figure S2a. Usually, the 26, —5, —48, and —62 ppm signals
are less debated, typically assigned to P(CH;)," generated by
the disproportionation reaction that consumes a BAS,>
TMPH"* formed by TMP adsorbed on BAS (denoted
“B”),>>* TMP bound to LASs (denoted “L”),*>*”*% and
TMP physically adsorbed on Si—OH groups (denoted “S”),
respectively.”””" The 15 ppm signal is presumably related to
Fe impurities or silanols (vide infra, *'P-*'P CORD) in the
catalyst and shall not be critical to the structural
interpretation.’**”°° The —58 ppm signal as highlighted in
the shaded area in Figure 1, however, has remained
controversial and is usually treated as physisorbed TMP
signals similar to those at —62 ppm.”**>*”*° However, the
spectrum clearly shows that the —58 and —62 ppm signals are
different as the latter is significantly diminished in the CP
spectrum, and the much lower intensity of the —62 ppm signal
is likely caused by high mobility of TMP molecules due to the
weak physical adsorption. Therefore, such a difference
indicates that the —58 ppm TMP may not be weakly bound
species. ’Al and 'H NMR spectra were also obtained, as
illustrated in Figure S3, but provide no critical information to
the identity of the —58 ppm species. However, thanks to the
high NMR sensitivity of 27A1, 'H, and 3P due to their high
natural abundance and/or large gyromagnetic ratios, fine and
invaluable structural details can be investigated by employing a
seriess of NMR experiments to probe internuclear spatial
correlation or bond connectivity of 'H->'P, 'H-*’Al, 'P-*Al,
and *'P-*'P, which will be presented elaborately in the
following discussion.
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Figure 2. 2D 'H-*'P HETCOR MAS NMR spectra (with *'P J-decoupling) of TMP adsorbed on dehydrated C-ZSM-$ recorded with a contact
time of (a) S ms, (b) 0.5 ms, and (c) 0.2 ms. All spectra are acquired at 14.1 T. Signals in the upper region of all spectra arise from the methyl
groups on TMP molecules, and signals in the lower region arise from acid protons associated to the catalyst, as denoted in the structural scheme on

the left, with TMP-BAS as an example.

Identity of the —58 ppm Species. 2D 'H-*'P HETCOR
MAS NMR spectra (with *'P J-decoupling) were acquired to
reveal the proximity information between the H and P atoms,
as shown in Figure 2, where the TMP-treated C-ZSM-S
catalyst was chosen as it provides relatively higher intensity of
the —58 ppm signal. Three contact times of 7. = 5, 0.5, and 0.2
ms were applied to differentiate the dipolar coupling-
dependent correlations as it reflects spatial distance and/or
molecular mobilities. In general, along the F, dimension, the
proton signals are identified in two regions, at ca. 1.7 and 6.3
ppm, which correspond to TMP-methyl groups and the
zeolite’s BAS protons adsorbed with TMP molecule (see the
schematic structure), respectively, as indicated in the F,
projections. The relative intensity between the methyl and
BAS proton signals is very different in the HETCOR and 1D
'"H MAS NMR spectra, as comparing the F, projections in
Figures 2 and S3b. The much-diminished methyl signal in the
HETCOR spectrum is resulted from the much weaker H:--P
dipolar coupling interaction, caused by longer H:--P distance
and rapid motional averages of the methyl group.”>”” The
spectrum recorded with the long contact time of 5 ms maps a
full set of cross-peaks with both strong and weak dipolar
couplings. Briefly, along the F, dimension, the signals in the
5(*H) < 4 ppm region, ie., correlation peaks at (-5, 1.8),
(—48, 1.2), (62, 1.0), and (—58, 1.0), arise from TMP-
methyl groups, and the signals in the 6("H) > 4 region, ie.,
(=S, 6.3) and (—58, 7.8), arise from protons originally
associated to zeolite itself. Notably, all *'P species (as
introduced in Figure 1) are correlated with methyl protons
as it is an intrinsic group in the TMP molecule. The presence
and absence of cross-peaks in the 5('H) > 4 region provide
crucial information for structural elucidations. Signals at 5(*'P)
=26 and 15 ppm are not critical and thus are not discussed in
detail. Reasonably, BAS generates a signal in this region but
LAS does not, because the former yields Al-OH---P(CHj;) and
the latter yields AI-P(CHj;), which offers an efficient way to
distinguish between bridging (or Brensted) and Lewis acid
sites. The physisorbed TMP species at 5(*'P) = —62 only
yields a correlation signal at the methyl region, which is also
reasonable as usually very weak dipolar coupling is created
upon physisorption. What is intriguing is that the 5(*'P) = —58
species yields a second cross-peak at the §('H) > 4 ppm
region, indicating that TMPs are adsorbed on a bridging or
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Bronsted type of acid site. By reducing the contact time to 0.5
and 0.2 ms, signals with weak dipolar couplings disappear or
get significantly attenuated, but the (—58, 7.8) signal remains
visible, suggesting short H---P distance and immobility of the
H/P pair. It should be noted that the (—S$8, 1.0) signal
disappears at 7. = 0.2 ms despite it being intramolecular
correlation. In all, the experimental results explicitly show that
the 6(*'P) = —58 ppm signal is resulted from TMP strongly
adsorbed on —OH groups, which should be an Al-OH rather
than Si—OH, as the latter is known to be nonacidic.

3p{*’Al} CP REAPDOR MAS NMR was subsequently
carried out to measure the *'P-*’Al heteronuclear dipolar
interaction and their distance information.”*** Typically, a
difference spectrum (AS) is obtained by subtracting a
REAPDOR dephased spectrum (S’) from the nondephased
reference spectrum (S,) to reveal the existence of the dipolar
coupling interactions, as demonstrated in Figure 3a, where
5(*'P) = 26, —5, —48, and the —58 ppm species show positive
peaks in the AS spectrum, indicating proximate P---Al distances
in all these species. As a comparison, such dephasing is not
observed on the TMP-physisorbed —62 ppm peak, which is
believed to arise from TMP adsorbed on Si—OH groups. In
addition, the signal at —58 ppm has less dipolar dephasing
compared with the resonance at —48 ppm (TMP molecules
adsorbed on LAS), indicating weaker dipolar interaction or
longer spatial proximity between *'P and *’Al spins for the
former. Quantitative internuclear distances can be obtained by
evaluating the dephasing curve, ie, by plotting AS/S, vs
recoupling time, and the 3'P-*’Al dipolar coupling constants
(DCC) can be extracted by fitting the curves to a well-known
function as®*

%(/’{) = 063(1 — e_(S'O'DZ) + 02(1 _ e—(0.7i)2)
0

(1)

where the parameter 4 = 7 X DCC. The RF field strength of
*’Al was 83 kHz, corresponding to the adiabaticity parameter
= v,/(vq,), where v, is the *’Al RF frequency, v is the
quadrupolar frequency, and v, is the MAS frequency, ie., 8
kHz. Note that it usually requires o > 0.5 for reliable fitting
results,”* which can be easily satisfied at the current condition,
ie, v, = 8 kHz and vg < 0.6 MHz (vide infra, SIp.27A1 D-
HMQC). The extracted 3'P-*’Al DCC is 193 Hz, which
corresponds to a spatial distance of 4.04 A as shown in Figure
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Figure 3. (a) ¥'P{*’Al} CP REAPDOR spectra of TMP adsorbed on
dehydrated C-ZSM-$ recorded with a recoupling time of 2.0 ms. (b)
3Ip{*’Al} CP REAPDOR build-up curve of the 6(*'P) = —58 ppm
signal of the sample from (a) with experimental data points and fitted
curves indicated in the figure. All spectra are acquired at 9.4 T. Note
that the long recoupling time region larger than ca. 2.5 ms (dashed
lines) is not used for fitting due to the known complexity of long
recoupling times.

3b. The long recoupling time region larger than ca. 2.5 ms
(dashed lines) is not used for fitting as it may be perturbed by
long-distance Al atoms. Similar fittings were also performed on
LAS and BAS sites at —48 and —5 ppm as shown in Figure
S4a,b. Here, in addition to calcined catalysts, steamed and
AHFS-washed HZSM-S catalysts were also investigated
(“steaming” as another thermal treatment for dealumination
but with the presence of water vapor and “AHFS-wash” as a
postsynthetic method to remove EFAls and Al(IV)-2, vide
infra). The *'P-?’Al distance was determined to be ca. 2.45 A
for LAS in both calcined and steamed ZSM-$ catalysts (only
the calcined sample, i.e., “C-ZSM-S,” is illustrated in Figure S4a
for simplicity), which is well in line with both experimental and
theoretical results (2.3~2.5 A) in previous reports.”>®" Such
results can unambiguously exclude the possibility of the origin
of the —58 ppm resonance being LAS and further confirm its
assignment as TMP adsorbed on Al-OH groups. Although
Al-OH can exist in totally dislodged EFAI and partially
framework-coordinated aluminum sites, as discussed in several
alrgur11e11t5,12’53’62’63 the former can be ruled out as TMP would
directly adsorb on the Al atom instead of Al—-OH in that case.

The fitted >'P-*’Al distance of the BAS signal at —5 ppm is
ca. 48 A, which however, is significantly longer than the
distance reported in the literature, e.g., 3.95 A by Grey and co-
workers.® Such a discrepancy could be rationalized to
motional/dynamic reasons as Grey’s result was obtained
using Al{*'P} REDOR at —150 °C, given TMP-BAS binding
is not as strong as that for TMP-LAS. It is well known that
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higher mobilities result in reduced DCC (or longer apparent
distances). Also, intriguingly, it is found that the calcined and
AHFS-washed catalyst result in similar dephasing curves, but
the steamed catalyst yielded an apparently deviated curve with
a larger apparent dipolar coupling interaction, as shown in
Figure S4c, indicating more rigid local environments in the
steamed sample (mostly likely due to hydrogen bonding
environment). This result agrees well with the recent findin
that dealumination favorably occurs at paired BAS sites.'
Furthermore, the shorter distance 4.04 A of AI(IV)-2
compared to 4.8 A of the latter also suggests that Al(IV)-2
has a more complex environment, which can stabilize the
adsorbed TMP molecules as its measured distance is close to
Grey’s result at a “frozen” condition, i.e., —150 °C and 3.95 A.
With all the REAPDOR results on the different postsyntheti-
cally treated catalysts, it is most reasonable to assign the —58
ppm signal as TMP molecules adsorbed on partially
coordinated Al(IV)-2 species.

Structural Elucidation of the —58 ppm Species. *’Al, being
a quadrupolar spin, is sensitive to local electron environments,
which is encoded in a set of quadrupolar parameters, i.e.,
isotropic chemical shift ,, quadrupolar coupling constant Cy,
and the asymmetry parameter 17Q.65’66 Two-dimensional 27Al
MQMAS NMR has been shown to efficiently separate Al
species and address local bonding/coordination environments
for zeolite catalysts,””*® and therefore, is employed here to
further investigate the Al species after TMP treatment. As
shown in the Al MQMAS spectrum for TMP-treated C-
ZSM-S in Figure 4a, three main signals are clearly separated,
denoted Alyy,, Alyy, and Aly, which are marked in blue, red,
and green, respectively. The green signal centers at (33, 40)
and can be assigned to penta-coordinated Al species (Aly) due
to its characteristic >’Al chemical shift around the 30—40 ppm
region.””’® The blue and red signals correspond to
tetrahedrally coordinated Al species Alyy, and Alyyy, possessing
small and large C, values, respectively, indicated by the narrow
and broad/horizontal patterns along the F, dimension as has
been demonstrated clearly in the literature.”””" It should be
noted that although the chemical shift of Alyy;y, in the indirect
dimension appears at ca. 70 ppm, its actual J;, is around 59
ppm (but clearly with chemical shift/quadrupolar shift
distributions due to the broad spectral pattern®’) as shown
in a typical analysis of quadrupolar parameters in Figure SS,
indicating that the aluminum in the TMP-Lewis acid adduct is
tetrahedrally coordinated, which accounts for the assignment
of this species as Al It is also worth mentioning that although
the MQMAS spectrum appears similar to those of the hydrated
proton-formed zeolites," """ they shall not be compared
directly as P atoms directly participate in the Al bonding
configurations in this case.

To attain more in-depth structural information of the Al
species, >'P-*’Al and *Al-'H 2D correlation spectra were
acquired to provide internuclear spatial proximities. In detail,
2D 3'P-YAl D-HMQC*** and YAl-'H D-RINEPT with
wPMRR recoupling®’™** experiments were carefully chosen
to obtain the correlations with optimal sensitivities after
inspecting the spin—lattice relaxation times (T;) of *’Al 3'P,
and 'H, to best accommodate selections of short T; nuclei/
excitation channel and high gyromagnetic ratio (y) nuclei/
detection channel configurations, and it should be noted that
3P J-decoupling was applied during acquisition in the *’Al-'H
D-RINEPT experiment. As shown in the 31p_27A1 D-HMQC
spectrum in Figure 4b, the first noticeable observation is the
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Figure 4. (a) Al MQMAS, (b) *'P-*’Al D-HMQC, (c) Al-'"H D-RINEPT (*'P J-decoupling applied during 'H acquisition), and (d) 'H DQ-SQ_
MAS NMR spectra (with *'P J-decoupling) of TMP adsorbed on dehydrated C-ZSM-5. (e) Schematic representations of TMP adsorbed on Al—
OH group associated to partially framework-bonded species (SiO),_,—Al(OH), with n = 1 and 2. Asterisks in (a) denote truncated signals of the

Al , species which possess relatively long T, values.

absence of Aly species, indicating it may not be titrated by
TMP molecules. Alyyy, is clearly related to the 5(*'P) = —48
ppm signal and thus can be unambiguously assigned to TMP-
LAS. The Aly, signal, surprisingly, is separated to two well-
resolved cross-peaks at (50, —58) and (53, —S), as denoted in
the spectrum. The clear separation of the three species in
Figure 4b evidently shows that the §(*'P) = —58 ppm species
is uniquely different from BAS and LAS sites. A simple
quadrupolar fitting of the row slice spectrum at F; = —58 ppm
(not shown) yields Cq, of 4 MHz (corresponding to vq of 0.6
MHz) for the Al species associated to the (50, —58) cross-
peak, while the actual Cq shall be smaller as chemical shift
distribution may contribute to part of the linewidth. Such a
small quadrupolar coupling constant ensures reliable analysis
of the *'P{*’Al} CP REAPDOR experiments discussed above.
More intriguing findings can be observed in the *’Al{"H} D-
RINEPT result in Figure 4c where the cross-peak at F, = 1.7
ppm arises from overlapped signals of methyl groups on all
titrated sites, and by comparing with Figure 4b, the (6.3, 53)
signal can be unambiguously assigned to the BAS-TMP site
and the (7.0, 49) signal marked in yellow should be
responsible for the 5(*'P) = —58 ppm species. However, one
can easily notice that in the interested yellow-marked region,
the 'H chemical shift does not exactly match that in the "H->'P
spectra in Figure 2. This indicates a complex environment for
the AI-OH groups where significant proton chemical shift
distribution exists, i.e., a fraction of the protons closer to the P
atom and others closer to Al atoms; in contrast, the more
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crystalline BAS-TMP site yields a consistent "H chemical shift
at 6.3 ppm in all cases. In addition, 'H DQ-SQ NMR (with *'P
J-decoupling) experiment, a common method to simplify the
'H spectroscopy by selecting homonuclear correlations,"*””
clearly resolves the two proton species at 6.3 and 7.8 ppm, and
importantly, reveals their correlations with the methyl group
on TMP at 1.8 and 1.0 ppm, respectively, as marked in blue
and yellow in Figure 4d. Notably, a relatively larger chemical
shift distribution is observed on the 7.8 ppm species compared
to the 6.3 ppm species, indicated by its more “stretched” cross-
peak lineshape,”’ again suggesting a more complex environ-
ment of such species. With all the evidence above, it can be
concluded that the §(*'P) = —58 ppm species corresponds to
TMP adsorbed on Al-OH associated to the partially
framework-coordinated Al species, i.e., “Al(IV)-2” as reported
recently,'”"""? as demonstrated in the structural scheme in
Figure 4e. It must be clarified that these schemes are only for
illustration purposes; the exact binding location of TMP on
AI(IV)-2 is still not clear with the current evidence and
remains as a challenging problem as complex hydrogen
bonding network might exist around the actual Al(IV)-2
species.

The assignment is further supported by postsynthetic
treatments to the catalyst as control experiments, i.e. via
steaming and ammonium hexafluorosilicate (AHFS) wash
processes, which are typically used to create and remove
EFAI”*™7° and Al(IV)-2 species.'”"'" As the as-received H-form
ZSM-S catalyst with Si/Al = 19 (P-ZSM-S) purchased from
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Figure 6. *'P-*'P CORD MAS NMR spectra of C-ZSM-5 after TMP adsorption recorded with mixing times of (a) 10 ms, (b) 50 ms, and (c) 300
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projections in each figure. The enlarged sections of the corresponding spectra from 9 to —74 ppm are shown in Figure S9. All spectra are acquired
at 14.1 T.

Nankai initially contains appreciable amounts of EFAl and without the presence of water molecules. It is also worth
Al(IV)-2 species (see the Al MAS spectrum in Figure S6a), noting that as an experimental observation, the —S58 ppm
the control experiment was carried out on ZSM-5 catalysts species is more efliciently created by the steaming method,
with Si/Al = 11.5 purchased from Zeolyst International, Inc., indicated by the more enhanced —58 ppm peak in steamed
which is nearly free of EFAl and Al(IV)-2 species (see Figure ZSM-S catalysts (Si/Al = 11.5) in the *'P spectra in Figure
S6a). The “as-received,” “steamed,” and “steamed then AHFS- S8a, compared to the calcined catalyst in Figure S2a, which is
washed” catalysts are all treated with TMP with their 1D consistent with the fact that AI(IV)-2 is formed by water-
*'P{'H} CP and 2D 'H-*'P HETCOR spectra illustrated in mediated dealumination processes.'>*>7

Figure 5. Figure S5a shows that the signal at —58 ppm is Proximity among Various Acid Sites. With the identity of
remarkably enhanced upon steaming and disappears after the §(*'P) = —58 ppm species confirmed, its spatial proximity
AHFS washing, which is also clearly demonstrated in the 2D with other catalytic sites can be better revealed by *'P-*'P
'H-*'P HETCOR spectra in Figure Sb,c. Furthermore, the homonuclear correlation NMR experiments than the often
31p-Al D-HMQC MAS NMR spectrum of steamed ZSM-S used 'H-'H correlation,"””””* provided *'P has much longer
(Si/Al = 11.5) in Figure S7a shows an identical pattern with spin—lattice relaxation time and chemical exchange can be
that of C-ZSM-5 (Si/Al = 19) illustrated in Figure 4b. excluded, which is a practical problem for the latter due to
Meanwhile, only the correlation signals related to BAS remain water-mediated proton-hopping mechanisms even at catalytic
in the *Al-'H D-RINEPT spectrum (Figure S7b) for the amounts.””~* Note that the chemical exchange is excluded
AHFS-washed sample. It is important to emphasize that the also due to the small pore size of ZSM-5 channels (ca. S—6 A)
—58 ppm species created by steaming is similar in almost all compared to the effective TMP diameter (5.5 A).°' Because of
spectroscopical means (see Figures 5, S7, and S8) compared to the wide chemical shift range of the 3lp spectrum, the CORD
that created by calcination (Figures 1 and 2) even though the method was employed to establish the 2D 3'P-3'P
fundamental dealumination process might differ with and homonuclear NMR correlation*”” as it is suitable for yielding
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Figure 7. FTIR spectra of calcination (a,b) and steaming (d,e) thermal treatments on HZSM-S catalysts and '"H MAS NMR spectra (c,f) of each
catalyst as indicated in the figure. Also, each catalyst was probed with pyridine at variable temperatures (150, 250, and 400 °C), labeled as “before”
and “after” to indicate the absence and presence of pyridine treatment. Note that the steaming process is performed on ZSM-S (Si/Al = 11.5)
catalysts obtained from Zeolyst as it contains little initial EFAls and Al(IV)-2.

uniform distribution of cross-peaks due to its advantage in
broadband homonuclear dipolar recoupling. Figure 6 illustrates
the 2D *'P-*'P CORD spectra with mixing times of 10, 50, and
300 ms. Benefiting from long T values of 31p, even at 300 ms,
all correlations continue to grow and more defined patterns
could be established compared to "H-"H correlation experi-
ments. The off-diagonal correlation peak at (15, —64) shows
that the 1S ppm species is likely related to silanols, and thus,
importantly, its identity does not affect the interpretation of
the —58 ppm species. The cross-peaks at (—5, —58)/(—58,
—5) and (=S, —62)/(—62, —5) were observed at the shortest
mixing time of 10 ms (Figure 6a), indicating close proximity
between Al(IV)-2 and BAS, in agreement with a recent finding
that Al(IV)-2 is preferably created near BAS during deal-
umination processes.13 By increasing the mixing time to S0 ms
(Figure 6b), the (—48, —S) correlation appears, indicating
BAS/LAS proximity, but possibly in longer distances than the
BAS/AI(IV)-2 pair. To the best of our knowledge, such a
direct comparison between the two pairs has not yet been
reported. Semi-quantitative distances between these pairs were
further determined using the 3'P-'P RFDR experiment,**~*°
which are 7.0 and 5.3 A, respectively, as illustrated in Figure
S10. This result provides a great opportunity to address the
recently debated BAS/LAS'**”°' and BAS/BAS> synergy
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arguments. Also, it is worth noting that the correlation between
AI(IV)-2 and LAS has never been observed, which is plausible
as both are derived from BAS during dealumination, and the
formation of Al(IV)-2/LAS pairs requires simultaneous
dealumination on adjacent BAS’s, which is statistically
unfavored.

Identity, Evolution, and Acidity of Partially Framework-
Bonded Al Species upon Thermal Treatment. In contrast to
NMR, FTIR was employed to investigate the calcination and
steaming treatments on HZSM-5 catalysts for complementary
insights of evolution of Al species. The catalysts are also
probed by pyridine at variable temperatures to assist analyzing
the acidity of active sites. Figure 7 illustrates the FTIR results
along with the 'H NMR spectra for a direct comparison. The
bands near 3605 and 3737 cm™' are well known to arise from
BAS and silanol groups, respectively.”*™** The bands near
3775 and 3668 cm ™}, although both are assigned to aluminol
groups, still remain controversial between EFAls (totally
dislodged from framework)””® and partially framework-
bonded aluminols”®™* as of detailed structural identities, the
terms of which are often mixed-used.”>****~%° Interestingly,
the TR and "H NMR spectra appear in similar patterns with
respect to Si—OH, Al-OH, and BAS species (both position
and intensity) but in a reversed order compared with the IR
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and "H NMR spectra of the same sample, e.g., “Figure 7a vs ¢
(top)” and “Figure 7b vs ¢ (bottom).” This trend is reasonable
because normally increased bond strengths lead to IR
absorbances with higher wavenumbers, and increased bond
strengths are also likely associated with more electron overlaps,
and hence more electron shieldings, which will result in smaller
chemical shifts (in ppm unit). Such IR-"H NMR correlation for
zeolites has also been verified by DFT calculations in a recent
study.”* Therefore, the IR bands at 3775 and 3668 cm™ could
be associated to the 0.9 and 2.5 ppm species in the '"H NMR
spectrum. With this NMR-IR correlation, the 3668 cm™
species could be associated to Al(IV)-2 but not EFAls as the
2.5 ppm 'H NMR species has been verified as Al(IV)-2 in
recent studies.'”"! Figure 7b,e shows that the 3668 cm™
absorbance reduces partially upon adsorption of pyridine at
150 °C and almost completely recovered by increasing the
temperature to 250 and 400 °C. In comparison, BAS at 3605
em™" is still largely titrated by pyridine even at the highest
temperature 400 °C. This apparently weaker acidity of Al(IV)-
2 could be attributed to the steric issues due to its complex
hydrogen bonding environment. However, one should note
that acidity only attributes partly to the activity of the active
site, while synergistic effect and/or local confinement are also
other crucial, if not more important factors, and both of which
can be greatly altered by the hydroxyl-rich AI(IV)-2 site. NH;-
TPD analysis was carried out to probe the total acid densities
as shown in Figure S11. For both calcination and steaming
processes, the total acid density all dropped by as large as 70%,
indicating that severe hydroxyl condensation occurred in both
cases, in accordance with the decreased total proton intensities
in Figure 7¢,f upon each thermal treatment. Also, the center of
the “strong acid” peak is further shifted to the lower
temperature range by the calcination process compared to
that by the steaming process, implying a decrease of the
apparent acidity. Maybe the steaming process creates more
synergistic effects that can stabilize the NH; molecules.
However, one should always carefully treat the NH;-TPD
result as it is not site-specific and only provides overall effects.

The assignment and importance of the 3775 cm™" species
would be worth further discussion despite its small quantity.
First, this species should be the same species discussed
previously with IR absorbances at >3780 cm™ on various types
of zeolites although it appears in a slightly lower
frequency.””""*"> Brand et al. proposed that it arises from
terminal AI-OH groups based on theoretical studies of IR
shifts using a modeling molecule, dimeric (Al(OH),),.”
Vimont et al. proposed the species as a hydroxyl group
attached to a tri-coordinated aluminum atoms bonded to
framework based on pyridine/IR probing experiments;”’ a
similar proposal was also raised by Kiricsi et al. upon very
deliberated IR studies on a series of probe molecules such as
pyridine, benzene, and hexane.”’ What is also clear is this
species exhibits acidity given its interaction with different
probe molecules,””! including CO molecule at 77 K.”* Here,
the pyridine adsorption data in Figure 7 show that all the 3775
cm™! species can be titrated by pyridine, which further verifies
that this is the same species as of the >3780 cm™" species
discussed in the past. Notably, an interesting phenomenon is
observed: such species is removed by calcination at 750 °C
(Figure 7a vs b) but produced by steaming at 500 °C (Figure
7d vs e). The disappearance of the 3775 cm™" absorbance in
Figure 7b strongly suggests that this species is not EFAI or at
least not EFAI species typically characterized in fully hydrated

zeolites near 30 ppm (penta-coordinated) and 0 ppm (octa-
coordinated) in *’Al NMR of the catalyst as shown in Figure
S6b. It is likely hydroxyl group condensations at such a high
temperature, and the absence of water caused the disappear-
ance of the 3775 cm™ absorbance. On the contrary, the fact
that steaming can easily produce this species strongly implies it
being partially framework-bonded species, of which the
formation is favored by the presence of water.'”**7° It is
worth mentioning that the 3775 cm™' absorbance is not
recovered even at 400 °C degassing pyridine, which indicates
stronger bindings compared to BAS and AI(IV)-2 at 3605 and
3668 cm™'. Thus, it can possibly be attributed to framework-
bonded Lewis acid sites (e.g., tri-coordinated Al). In all, IR-
NMR correlation and the clarification of the high-frequency IR
species at 3775 cm™' might provide insights to untangle the
long-lasting debates about framework, nonframework, and
partially framework-bonded Al species.

B CONCLUSIONS

Efficient means of characterizing structurally similar active sites
are urgently needed, especially for the increased recognition of
complex hydroxyl groups in zeolites. In this work, with a
combination of modern ssNMR techniques, including 1D *'P
MAS and 3'P{*’Al} CP REAPDOR, and 2D 'H-*'P HETCOR,
¥P-2Al D-HMQC, and Al MQMAS experiments, as well as a
set of postsynthetic treatments, we were able to show
unambiguously that for TMP-treated zeolites, a unique *'P
resonance at —S58 ppm, which used to be treated as inert
species, exclusively arises from TMP molecules adsorbed on
Al—OH groups associated to the recently reported partially
framework-coordinated Al species, as denoted “Al(IV)-2”
usually. IR and '"H NMR spectroscopical results all together
helped to clarify Al(IV)-2 (essentially Bronsted sites) and
framework-bonded Lewis sites in spectroscopy. Furthermore,
3PP homonuclear correlation experiments were capable of
ruling out chemical exchange from spin diffusion and thereby
exclusively demonstrate that the “BAS and Al(IV)-2” is in
shorter spatial distance than that of “BAS and LAS.” The
comprehensive demonstration of characterizing the TMP/
Al(IV)-2 in this work clarifies the remaining problems in
previous studies using *P NMR TMP probe technique, and
the addressment of the catalytic site proximities may shed light
on the structure—function relationship in catalytic reactions.
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