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ABSTRACT: Ultrahigh field 27Al{1H} 2D correlation NMR
experiments demonstrate that at least two framework Al(IV)
sites with hydroxyl groups can exist in acidic zeolite catalysts in
their dehydrated and catalytically active states. In addition to the
known Al(IV) at the framework bridging acid site (BAS), a new
site created by a second tetrahedral Al atom and its hydroxyl group
protons in zeolite HZSM-5 is clearly resolved at 35.2 T field
strengths, enabled by recently developed series-connected hybrid
(SCH) magnet technology. Coupled with computational modeling,
extensive 27Al MQMAS experiments at multiple field strengths, and 1H MAS NMR experiments, these data indicate that this second
tetrahedrally coordinated Al site (denoted Al(IV)-2) experiences an increased chemical shift and unique quadrupolar parameters
relative to the BAS in both dehydrated and hydrated states. These new experimental data, supported by computational and catalytic
reaction work, indicate that the second site arises from partially bonded framework (SiO)4−n-Al(OH)n species that significantly
increase catalyst reactivity in benzene hydride-transfer and n-hexane cracking reactions. Al(IV)-2 sites result either from framework
crystallization defects or from incomplete postsynthetic hydrolysis of a framework Al, prior to the formation of extraframework Al.
Populations of this second acidic proton site created by the Al(IV)-2 species are shown to be controlled via postsynthetic catalyst
treatments, should be general to different catalyst structures, and significantly enhance catalyst reactivity in the cited probe reactions
when they are present. The results herein communicate the highest magnetic field strength data on active zeolite catalyst structures
to date and enable for the first time the detection of Al and H association on a dry HZSM-5 catalyst, i.e., under conditions
representative of typical end-use processes.

■ INTRODUCTION

The definition of the structure of an active site and its possible
structural variations is a critical step in developing fundamental
insights into catalyst function and exploiting those insights for
improved catalytic materials.1,2 Acidic zeolite catalysts have
been successfully employed in several industrial processes,3−5

most of which involve high-temperature conditions where
water vapor or liquid water are absent. However, a growing
interest exists in understanding the fate of zeolite acid sites in
the presence of water, e.g., in catalytic transformation of
feedstocks derived from alcohols and biomass,6,7 which also
requires accurate characterization of acid site structures both in
the absence and presence of water. Tetrahedrally coordinated
framework Al atoms in zeolites create Brønsted acid sites
through the charge-balancing function of a proton, and while it
is known that crystallographically inequivalent framework Al
sites can exist, e.g., twelve sites in the MFI family of zeolites of
which HZSM-5 catalysts are members, reports have demon-
strated that the resulting bridging acid sites (BAS) in the
different zeolite catalyst types are essentially identical in their
ability to transfer a proton.3 The MFI family of zeolite
catalysts, most notably ZSM-5, is important to practical

catalysis due to its efficacy in isomerization, alkylation, and
disproportion reactions,4,5,8 as well as in the conversion of
methanol to hydrocarbons.9,10 Currently, there is significant
activity in literature devoted to determining if single active
sites, multiple sites, or a distribution of active acid sites exist in
this commercially and academically important catalyst.11−15

Recent reports suggest that proximity of the BAS’s with each
other, and with extra-framework hydroxyl groups, leads to acid
site heterogeneity in many HZSM-5 catalysts, particularly at
high Al content.16−20 Here, the recently developed series-
connected hybrid (SCH) magnet at 35.2 T21 is coupled with
two-dimensional 27Al{1H} correlation techniques22−24 to
conclusively identify a second Al(IV) species and accompany-
ing Brønsted proton site in dry HZSM-5 catalysts. This second
site in HZSM-5, while structurally unique compared to its
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known BAS, is also characterized by four-coordinate Al and
denoted here as Al(IV)-2. Detailed experiments and
supporting computational investigations on both dry and
partially hydrated HZSM-5 indicate that Al(IV)-2 is associated
with a partially bonded framework species that generates a
Brønsted site and similarly responds to postsynthetic treat-
ments including solvent washing and hydrothermal exposure
that have previously been used for modifying the distribution
of extra-framework aluminum species. This new structure
information is paramount to understanding the function of
HZSM-5 catalysts in dry operating conditions as well as
predicting the impact of water and other postsynthetic
procedures on catalyst function, all of which are important
to extending zeolite catalysts to increasingly complex feed-
stocks. We propose that the new acid site information reported
here clarifies recent literature detailing the fact that catalysts
with highest activity appear to have species other than isolated
framework BAS’s,12−15 addresses uncertainties surrounding
increased activity for some catalysts when exposed to small
amounts of H2O,

25−27 and provides key structural data for
guiding the growing field of zeolite catalysis in water-rich
processes.

■ RESULTS

Dehydrated HZSM-5 catalysts were prepared in-house via the
controlled deammoniation and dehydration of commercial
NH4

+ZSM-5 materials, resulting in one H+ per framework Al
site in the ideal limit. 27Al solid-state NMR is routinely applied
to characterize zeolite catalysts, albeit with difficulty in
dehydrated catalysts due to large quadrupole coupling constant
(Cq) associated with framework Al atoms in distorted
symmetries following water removal.28 At the lower magnetic
fields commonly available, typically ca. 14 T and lower,
framework signals are broadened beyond recognition due to
the large second-order quadrupole coupling broadening,
obscuring chemical shift information.29,30 As such, the vast
majority of data in the literature on HZSM-5 catalysts are for
hydrated samples. Figure 1 shows 27Al solid-state MAS (magic-
angle spinning) NMR data on completely dehydrated HZSM-5
catalysts at relatively high and ultrahigh magnetic field
strengths, i.e., 14.1, 19.6, and 35.2 T. As expected, Figure 1
shows that ultrahigh field strength significantly narrows the line
widths, allowing general recognition of Al bond orders.
However, even at 35.2 T, as shown in Figure 1, it is difficult

to unequivocally resolve the features in the 50−60 ppm peak
(1a). Aluminum atoms can exist in both framework and extra-
framework sites,31−33 and unequivocally associating Al sites
with active Brønsted acid protons is not possible when only
detecting Al, even when two-dimensional 27Al multiple-
quantum MAS (MQMAS) are used (vide inf ra). The key
challenge is to understand the spatial and reactivity relation-
ships between Al and H atoms in both the crystalline and
noncrystalline regions of the catalyst in order to identify all
potentially active Brønsted sites.
As general clarification to the reader who is less familiar with

NMR of quadrupolar nuclei, it is important to note that the
quadrupolar interaction arising from the coupling of the
electric quadrupole moment in nuclei with spin quantum
number >1/2 to nonspherically symmetric electron distribu-
tions around the nucleus can dominate the line shape in
randomly oriented powdered solids. This is the case for the
27Al data discussed here, and even in spectra acquired under
magic-angle spinning (MAS) conditions, higher-order quad-
rupolar interactions persist that dominate lineshapes at low
magnetic field strengths but become relatively less important at
higher fields. For this reason, acquiring data at the highest field
strengths possible is important for investigating 27Al siting in
catalysts, as reported here for data collected at 35.2 T, as well
as comparing those data to data acquired at lower field
strengths. For 27Al spins in nonspherical bonding arrange-
ments, e.g., trivalent, pentavalent, or distorted tetrahedral Al,
the magnitude of the quadrupolar interaction (denoted as
coupling constant CQ or interaction parameter PQ) is large and
can reach several tens of MHz, obscuring chemical shift
information, while those quadrupolar spins involved in
tetrahedral or octahedral bonding exhibit reduced or vanishing
quadrupolar interactions.
Figure 2 shows the 27Al{1H} Heteronuclear Multiple-

Quantum Correlation (HMQC) NMR spectra for the same
dehydrated HZSM-5 catalyst shown in Figure 1 acquired using
the pulse sequence with dipolar recoupling or D-HMQC
sequence.22−24 Such a sequence has been recently used by
Wang et al. to characterize amorphous silica−alumina.30 Figure
2a shows results obtained at 35.2 T (1500 MHz 1H Larmor
frequency), revealing that two distinct tetrahedral Al sites exist
with apparent chemical shifts of 51 and 54 ppm, denoted
Al(IV)-1 and Al(IV)-2, respectively. The HMQC data show
for the first time that Al(IV)-1 and Al(IV)-2 are dipolar-
coupled and spatially proximate to two chemically distinct
protons at 4.2 and 2.8 ppm, respectively. Al(IV)-1 corresponds
to an Al at the well-known BAS, based on extensive literature
reporting known 27Al and 1H chemical shift values.34,35 More
important than their different apparent chemical shifts,
examination of the line widths of the extracted Al slices
shown in the inset of Figure 2a clearly shows that the two
tetrahedral Al sites are distinctly different. A comparison of
parts c and a of Figure 2 shows that an order of magnitude
increase in resolution for the 27Al MAS dimension occurs when
acquiring the HMQC data at 35.2 T relative to 14.1 T. More
importantly, the presence of the 51/4.2 ppm and 54/2.8 ppm
27Al/1H couplings and their differing field-dependent slices
clearly demonstrate that two tetrahedral Al sites exist which are
coupled to two protons, thereby excluding a single-site
Brønsted model for HZSM-5. For clarity and convenience to
the reader, an expanded view of the 35.2 T contour plot in
Figure 2a is provided in Figure S1. Most importantly, the 54/
2.8 ppm 27Al/1H correlation result for the Al(IV)-2 site has

Figure 1. 27Al MAS NMR spectra for dry HZSM-5 catalysts at (a)
35.2, (b) 19.6, and (c) 14 T magnetic field strengths. * denote
spinning sidebands.
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implications for understanding catalysis in HZSM-5, as will be
discussed in detail below.
Multiple-quantum magic-angle spinning (MQMAS) NMR

can identify chemically unique Al atoms in materials.36 Figure
3 shows variable-field strength 27Al MQMAS spectra for the
same dehydrated catalysts as shown in Figures 1 and 2,
obtained at 35.2 and 19.6 T. Previously, Kentgens and co-
workers have reported 27Al MQMAS data on similar HZSM-5
catalysts at 14 T,29 and our similar results at that field strength
are not presented here for brevity. Figure 3 reveals two Al sites
in the tetrahedral region of the spectrum, whose isotropic
chemical shifts δ1 and δ2, obtained after the application of
known methods for shearing and fitting of the second-order
quadrupolar induced shifts δqis, are 55 and 59 ppm for the
Al(IV)-1 and Al(IV)-2 sites, respectively.37,38

Due to the distribution of both the isotropic chemical shift
values and δqis values, the absolute values of the isotropic
chemical shifts δ1 and δ2 are less critical than the fact that both
shifts are in the known tetrahedral region. However, unlike the
ultrahigh field HMQC data in Figure 2, the data in Figure 3
cannot reveal if an Al atom in the catalyst generates a hydroxyl

proton site. Table 1 summarizes key parameters obtained from
fitting the multiple-magnetic field data in Figures 1−3,

including both HMQC and MQMAS data, with additional
details given in Figures S2−S5 and Table S1. Key outcomes are
that the Al(IV)-2 species, which hosts the hydroxyl group
giving rise to the 2.8 ppm 1H signal, has an 27Al isotropic shift
that is clearly in the tetrahedral chemical shift region and also
exhibits a larger quadrupole asymmetry parameter but a
smaller quadrupole coupling constant CQ than the BAS
Al(IV)-1 site. As a control, we note that the η = 0.1 for the
Al(IV)-1 in the BAS agrees with previous reports29,46 and also
with the calculated values from theory which are described
along with computational support for other experimental
results below.

■ DISCUSSION
Many publications report that the most active forms of zeolite
catalysts in general, and HZSM-5 in particular, contain more
than just isolated crystalline BASs.2,11,14,15,39,40 However, the
identification of structural moeties other than BASs that
contribute to enhanced catalyst function is still a lively topic of

Figure 2. 27Al{1H} D-HMQC MAS NMR spectra for dehydrated
HZSM-5 catalysts at (a) 35.2 T, (b) 19.6 T, and (c) 14.1 T. Slices are
extracted from the 1H dimension at 2.8 and 4.2 ppm, respectively, and
are shown to the right of each contour plot. Note that the scale on the
35.2 T insets in part a covers a much smaller chemical shift range than
in parts b or c. The data in part a exclusively reveal the important
spatial proximity based on dipolar couplings between the 27Al spins
and 1H spins with chemical shifts at 54 and 2.8 ppm, respectively. An
expanded view of the contour plot in part a is provided in Figure S1
for convenience to the reader.

Figure 3. 27Al triple-quantum MAS NMR results for dehydrated
HZSM-5 catalysts at (a) 35.2 T and (b) 19.6 T, both acquired at 18
kHz MAS. The asterisks in parts a and b denote a folded first-order
sideband, with some residual background contributing to the sideband
intensity in part b. Expansions of the catalyst signal regions in parts a
and b are shown in parts c and d, respectively. At 19.6 T, Al(IV)-1
and Al(IV)-2 are well resolved while at 35.2 T, both aluminum sites
converge into one peak due to negligible δqis, further demonstrated in
Figure S5. Notably, the Al(IV)-2 line width exceeds that of Al(IV)-1
in the isotropic F1 dimension, as also observed in the HMQC data.
Spectra are plotted following the shearing transformation in F1.

Table 1. Quadrupolar and Chemical Shift Parameters for
the Al(IV)-1 and Al(IV)-2 Sites Determined via Fitting of
the Single-Pulse, HMQC, and MQMAS Data in Figures 1−3
and in the SIa

Al(IV)-1 Al(IV)-2

Chemical shift distribution (ppm) ≤7 ∼8
Pq (MHz) 17 11
δiso (ppm) 55 59
ηQ 0.1 0.6

aPq = quadrupolar interaction product; δiso= isotropic chemical shift
value; ηQ = quadrupole asymmetry parameter.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c00590
J. Am. Chem. Soc. 2020, 142, 7514−7523

7516

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00590/suppl_file/ja0c00590_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00590/suppl_file/ja0c00590_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00590?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00590?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00590?fig=fig2&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00590/suppl_file/ja0c00590_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00590?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00590?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00590?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00590?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00590/suppl_file/ja0c00590_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00590?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00590/suppl_file/ja0c00590_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c00590?ref=pdf


debate, with multiple papers appearing in current literature
focusing on “synergistic” effects arising from nearest neighbor
or proximate framework BASs,18,39,41 Brønsted-Lewis syner-
gies,40,41 and Brønsted-Brønsted synergies.19,44,45 The two
latter categories include interactions between framework BASs
and nonframework species. The general consensus is that
nonframework species are of the general structure Alx(OH)y,
free from the bonding constraints of the lattice, and can
migrate or block channels. The Al atom in EFAl (extra-
framework aluminum) species is a Lewis acid, and many
reports propose that the EFAl species proximate to a BAS
increases the reactivity of the latter via a Brønsted-Lewis
synergy.2,42,43 Hydrothermal treatments of zeolites increase the
population of EFAl species through high-temperature water
attack at Al tetrahedra in the lattice, which coincides with
increased catalyst activity in high-temperature (ca. 500 °C)
probe reactions like cumene cracking as demonstrated many
times for Y-type zeolites.2,43 Other groups, particularly in the
context of lower-temperature reactions, have shown that

Brønsted-Brønsted synergies between BASs and nonframework
aluminols increase catalyst activity,19 with some computational
reports even calling into question the existence of Brønsted-
Lewis synergies altogether in some zeotypes.44,45 NMR
spectroscopy has played a key role in trying to understand
structure and reactivity relationships in the context of catalyst
synthesis and postsynthetic treatments, with the observation of
Al (IV) signals in the known tetrahedral 50−65 ppm region vs
Al(VI) signals near 0 ppm as the most commonly employed
marker of BAS framework Al and EFAl in HZSM-5 catalysts,
respectively.38,46,47 The limitations of the detection of signals
from quadrupolar Al atoms in nonspherical bonding environ-
ments are well-known, which is why the majority of data in
literature is centered on hydrated HZSM-5 catalysts. Similarly,
signals at 4.0−4.5 and 2.5−2.9 ppm in 1H solid-state NMR
spectra of dehydrated HZSM-5 have been used as indicators of
hydroxyl groups on BAS and EFAl species, respectively.35,46

Thus, the presence of a 2.8 ppm signal in the proton spectrum
or the proton dimension of a 2D heteronuclear correlation

Figure 4. Schematics depicting (a) the well-known BAS in the zeolite lattice, and intermediate structures formed via attack of (b) one, (c) two, and
(d) three water molecules at the BAS. The Al atoms in structures b−d are representative of the Al(IV)-2 species.

Figure 5. 27Al triple-quantum MAS NMR results at 14 T for hydrated HZSM-5 catalysts as a function of postsynthetic treatments: (a) HZSM-5
with Si/Al = 15; (b) same as in part a, following AHFS washing; (c) HZSM-5 with Si/Al = 11.5; (d) same as in part c, following a mild steam
treatment; (e) same as is in part c, following a severe steam treatment. Details of AHFS washing and steaming treatments are described in the SI.
Figure S5 shows data for the sample in part a obtained at four different magnetic field strengths under ambient hydration, demonstrating that the
Al(IV)-2 signal cannot be an artifact nor can it arise from trivalent Al species.
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spectrum would indicate hydroxyl groups from EFAl species,
based on historical literature assignments.
The dipolar HMQC data in Figure 2 shows that a

tetrahedral Al atom with a signal at 51 ppm at 35.2 T is
coupled to a 1H whose signal appears at 4.2 ppm. This
correlation arises from the framework BAS involving Al(IV)-1
and its bridging hydroxyl proton, as shown in Figure 4a, and is
expected. The known values for the BAS serve as important
internal calibration. Conversely, the correlation between the 54
ppm Al(IV)-2 signal and the 2.8 ppm 1H signal is not expected,
since that 27Al signal clearly arises from an aluminum atom in a
tetrahedral bonding environment, and the literature assigns the
2.8 ppm 1H signal to hydroxyls on EFAl species that are not
tetrahedral Al(IV), but rather Al(III), Al(V), or Al(VI).35,46

Recent literature indicates that the protons giving rise to the
2.8 ppm signal are themselves reactive, and when removed
from the catalyst using known methods for zeolite EFAl
extraction like ammonium hexafluorosilicate (AHFS) washing,
overall reaction rates decrease.14,15,19,48 AHFS washing, under
appropriate conditions, can selectively remove Al that is not
associated with a framework BAS while leaving BASs intact,
thereby generating a “clean” catalyst.14,15,19 Previously, it has
been shown that the 2.8 ppm signal for HZSM-5 catalysts can
be completely removed by mild AHFS washing and then
reintroduced when the washed catalyst is subjected to wet
flowing air at ca. 500 °C, i.e., steaming.40 Similarly, the
MQMAS 27Al spectra in Figure 5 demonstrate that the Al(IV)-
2 signal behaves in an identical fashion, i.e., it is removed by
mild AHFS washing (5a,b), and reintroduced by steaming
(5c−e). In addition to the spectroscopic correlation of signals
for the Al(IV)-2 species in the HMQC as seen via the 54/2.8
ppm cross 27Al/1H peaks, there is also a chemical correlation
due to the fact that both signals respond in an identical fashion
to postsynthetic AHFS treatments.
It is important to point out that the HMQC correlations

between Al(IV)-2 and its 1H signal do not mean that the only
protons associated with Al(IV)-2 are weakly acidic, as
suggested by the low 1H chemical shift value of 2.8 ppm.
The charge-balancing proton created by Al(IV)-2, shown in
red in Figure 4, will likely exhibit a broad chemical shift range
due to its complex hydrogen bonding environment. Figure S6
shows that the dry initial catalyst, prior to AHFS washing or
any steaming, exhibits a broad signal from 12 to 15 ppm in
addition to a broad 5−7 ppm signal. As previously shown,14,19

these signals, along with the 2.8 ppm signal, are removed by
AHFS washing. The 2.8 ppm and 12−15 ppm 1H signals are
detected together as long as the catalyst is sufficiently dry; trace
moisture leads to chemical exchange for the acidic 12−15 ppm
signal protons. Since the 12−15 ppm signal is weak, its clear

resolution is difficult in the HMQC data of Figure 2. The fact
that the hydroxyl groups generating the 2.8 ppm and 12−15
ppm hydroxyl groups are simultaneously proximate is proven
by the 1H−1H DQSQ data shown in Figure S7 for the dry
HZSM-5 catalyst, in which their specific correlation is
observed at the double-quantum frequency shown by the
summed chemical shift at (2.8 ppm +12.5 ppm) = 15.3 ppm in
the selected slice. Similarly, the entire broad 12−15 ppm signal
is correlated with the 2.8 ppm signal, giving a range in the
double-quantum axis. In total, these data in concert with the
DFT quadrupolar parameters in Figure 6 and chemical shift
calculations in Figures S9−S11 (vide inf ra) are consistent with
the proposed structures in Figure 4b−d.
The combined spectroscopic and postsynthetic catalyst

treatment results indicate that the Al(IV)-2 species, and its
1H-containing hydroxyl groups, are associated with the
framework as partially hydrolyzed but still partially bonded
Brønsted site of the types shown in Figure 4b−d. The Al(IV)-2
Brønsted protons are denoted by red in Figure 4b−d, and by
definition, they must exist if associated with a hydroxyl group
on an Al(IV) atom due to charge balance requirements.
Previously, Kentgens assigned an Al(IV)-2 species in an
HZSM-5 catalyst to framework BAS Al species perturbed by
cations like Na+, or to EFAl.29 However, that does not agree
with our HMQC correlation data in this case since Al(IV)-2 is
correlated to Al−OH that is removed by AHFS, and created by
steaming, as described above. It is important to recognize that
both the Al(IV)-2 27Al signal and its associated 1H signal are
observed in the absence of a 0 ppm Al(VI) or a 30−40 ppm
Al(V) signal in dehydrated catalysts. Figure S8 shows
additional comparative data for Si/Al = 11.5, including the
full chemical shift range as a function of catalyst history that
indicates that Al(III) or Al(V) is never present in detectable
amounts unless the catalyst is steamed.
Further evidence supporting the assignment of an active

Brønsted site at partially bonded Al(IV)-2 species comes from
DFT calculations shown in Figure 6 with additional calculated
structures in Figures S9−S11.51,52 The absolute chemical shift
tensor of Al in aluminum acetylacetonate Al(acac)3 was
calculated for a reference, yielding a value of −562 ppm. Using
this as the reference, the chemical shift of Al in Figure 6 can be
converted to 59, 74, and 77 ppm for the intrinsic site, the one
with one water incorporated and the one with three water in
the structure, respectively. The chemical shift of Al is very
sensitive to the local distortion as shown in Figure S9; the
chemical shift of the Al at the early stage of hydrolysis (one
water incorporated) could range from 65 to 74 ppm or an
uncertainty in the chemical shift calculation on the order of 10
ppm. The chemical shift trends caused by partial hydrolysis

Figure 6. Calculated DFT structures for (a) an isolated BAS containing only Al(IV)-1, and the partially bonded Al(IV)-2 structure resulting from
addition of (b) one water and (c) three waters to structure in part a. Absolute chemical shielding values σ are in ppm units, quadrupole coupling
constant Cq in MHz, and the asymmetry parameter η is unitless.
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agree with the experimental results in Table 1 and Figures 2
and 3, though the calculated changes (6−15 ppm) are larger
than the experimental value of 4 ppm.
Figure 6 shows calculated structures for two of the four

species shown above in Figure 4, with chemical shift and
shielding information, quadrupole coupling constant CQ, and
asymmetry parameter ηQ reported in the figure. While there
can be deviations in absolute values of any of these parameters
based on small changes in bond angles surrounding any Al
center, the trends are in close agreement with the experimental
data reported above. A comparison of the BAS Al(IV)-1 in 6a
with that of the Al species in 6b, for example, shows that the
latter Al species in a partially bonded framework position has
reduced chemical shielding by ca. 12 ppm (i.e., larger chemical
shift), a smaller CQ, and a larger ηQ. Recall, the Al(IV)-2
experimental data summarized in Table 1 shows a larger
chemical shift by 3−4 ppm, a smaller Cq by +6 MHz, and ηQ =
0.6 versus 0.1 for the BAS Al(IV)-1. Figure 6b shows the
structure resulting from one water of addition at the BAS, and
similar trends are observed after addition of three water
molecules. The value of CQ is very sensitive to local disorder.
Conversely, as shown in Figure S10, 27Al chemical shift and
quadrupolar parameters for trivalent Al(III) species of the type
commonly associated with extra-framework Al are completely
inconsistent with the experimental data for the Al(IV)-2
species discussed above. Other Al(IV) configurations following
addition of one water molecule are shown in Figure S9. In
addition, Figure S11 shows the calculated results for 1H
chemical shifts, exhibiting the well-known isolated BAS signal
near the experimental 4.2 ppm as well as other shifts
significantly downfield in the 11−16 ppm region which also
agree with recently reported experimental shifts in the 12−15
ppm region for HZSM-5.14,19,40

Additional key evidence for the role of partially bonded
framework structures as the source of Al(IV)-2 comes from the
examination of 29Si NMR of HZSM-5. Figure S12 shows that a
small amount of Si with one adjacent Al(IV) is removed
following AHFS treatment. However, previous publications
show that BAS hydroxyl groups are not perturbed, which must
occur if a BAS Al is extracted.14,15 Those same publications
show that signals traditionally assigned to EFAl OH’s, i.e., the
2.8 ppm peak in the 1H MAS NMR spectra, are attenuated or
completely eliminated as recently reported.14,15,19,40 Also, there
is no apparent correlation between the presence of a 0 ppm
Al(VI) peak in Al MAS NMR data and the 2.8 ppm peak in 1H
NMR data; strong 2.8 ppm peaks are routinely observed in the
absence of a 0 ppm Al(VI) signal. All of these inconsistencies
are explained by a contribution from the structures in Figure 4

that are experimentally confirmed by the 35.2 T HMQC data
in Figure 2 and the supporting analyses described herein. Such
structures would be more susceptible to attack by AHFS than
framework BASs, similar to what has been observed for EFAl
species. These same structures are predicted by the computa-
tional analysis of the partial hydrolysis products in zeolites
subjected to dealumination steps, as reported recently, and
would also be present from incomplete framework con-
densation during synthesis, particularly for the high-Al content
zeolites discussed here.49,50

Al(IV)-2 Impact on Catalysis. Table 2 summarizes the
relationship between catalyst reactivity and the relative
amounts of traditional BAS arising from Al(IV)-1 and its
associated bridging hydroxyl group versus that of Al(IV)-2 and
its hydroxyl groups. This table should be viewed along with 1H
and 27Al spectra in Figures S6 and S13 along with Figure 2 that
demonstrates the H−Al correlations. Pulsed microreactor
conversions of n-hexane at 480 °C were used to measure the
activity of catalysts under very low conversion conditions, less
than 12%, to emphasize primary reaction steps and limit
secondary reactions, the details for which have been previously
described and are also found in the SI.19 No catalyst
deactivation was observed. The product distribution, shown
in Figure S14, is comparable with previously reported
selectivity.53 The activities of the catalysts do not depend in
a straightforward way on the amount of total Brønsted acidity
as measured by traditional IPA TPD. As shown in Table 2, the
Si/Al = 11.5 catalyst has more BAS and total acidity than the
15 catalyst but exhibits less than half of the latter’s conversion.
The washing of the Si/Al = 15 catalyst with AHFS under mild
conditions does not significantly impact the total amount of
Al(IV)-1 or its BAS proton concentration as shown in the third
column of Table 2, but it does significantly reduce the Al(IV)-
2 and its associated hydroxyl group, as shown in the fourth and
fifth column. Catalysts prepared in this way have the lowest
conversion for n-hexane and also the lowest H/D exchange
rate constant in room temperature reactions with benzene-d

6
as

shown in the last two columns. Again, the data shown in
Figures 3, 5, S6, and S13 clearly indicate that reactivity
depends on variations in the new Al(IV)-2 species discussed
here, and not detectable variations in Al(III), Al(V), and
Al(VI) species. While such variations may exist, the magnitude
of the original amount of Al(IV)-2 and its changes with catalyst
selection or post-treatment are much larger than any of the
aforementioned species and also larger than any changes in
Al(IV)-1 and its BAS proton concentration and therefore
cannot be ignored.

Table 2. Comparison of Conversion and Reaction Rate Data As a Function of Al(IV)-1 and Al(IV)-2 Species, and Their
Associated OH Group Concentrationsa

Catalyst

Al(IV)-1
(mmol/g)

(a)

4.2 ppm BAS
OH signal

(mmol/g) (b)

Al(IV)-2
(mmol/g)

(b)

2.8 ppm of OH
signal (mmol/g)

(b)

total Bronsted
acidity

(mmol/g) (c)

normalized n-hexane
conversion per μmole
Bronsted site (d)

normalized H/D exchange rate
constant for benzene reaction

(s−1) (e)

Dry Si/Al = 15 ∼0.67 0.56 ± 0.018 ∼0.23 0.09 ± 0.01 0.73 3% 23
Dry Si/Al = 15
after AHFS
wash

∼0.60 0.54 ± 0.020 ∼0.06 0.030 ± 0.003 0.70 0.6% 1

Dry
Si/Al = 11.5

0.61 ± 0.02 0.05 ± 0.01 1.08 1.3%

a(a) From elemental analysis and quantitative 27Al NMR (b) from quantitative 1H spin-counting NMR data; (c) from IPA TPD measurements;
(d) from pulsed-microreactor data at 480°C with GC/MS detection; (e) from room-temperature in-situ NMR of benzene-d

6
/HZSM-5 exchange

reaction.
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Summary of Evidence for Al(IV)-2 Identification and
Structure Assignment. Al(IV)-2 cannot be assigned to
traditional EFAl species, i.e., Al(III), Al(V), or Al(VI) for the
following reasons. First, the second type of Al(IV) described
here is an Al atom that is tetrahedrally bonded to four oxygen
atoms, based on known chemical shift and CQ data, thus
possessing a negative formal charge. Al(IV)-2 cannot be a
Lewis acid, since it has a negative formal charge. Dimers or
trimers of a nonframework Al(OH)4

− would also be negatively
charged and would thus be unable to function as Lewis acids.
Second, due to the requisite Al(IV) charge, a proton associated
with it is required as indicated in Figure 4. Figures 2, S6, and
S13 show that the Al(IV)-2 species and its hydroxyl group are
the key varying structural moieties in these catalysts based on
preparation and postsynthetic treatments. Figures S9 and S10
demonstrate that the quadrupolar parameters for Al(IV)-2 are
significantly different than those for Al(III) species. Finally, the
new Al(IV)-2 reported here is bonded to a Si atom, as shown
by the data in Figure S12, which shows it is associated with the
framework and cannot be assigned to extraframework species.
Most importantly, as shown in Figure 3a,b, Al(IV)-2 is
detected prior to any extraframework Al(V) or Al(VI) species
in the dry catalysts, the latter of which gives rise to the known
ca. 30 and 0 ppm signals that are typically used as evidence for
dealumination. No signals are observed at 0 or 30 ppm in
Figure 3 for the dry catalysts. The structure and chemical
relevance of tetrahedrally coordinated Al(IV)-2 cannot be
attributed to EFAl and exists in the absence of detectable 27Al
signals arising from EFAl, as shown for the unsteamed and
untreated NH4ZSM-5 sample in Figure S15.
To our knowledge, partially bonded Al(IV) has been

previously proposed based on theory49 but without exper-
imental evidence showing that it can be an active species in
zeolites. The experimental data presented here shows direct
evidence for their existence and catalytic relevance. Previous
works by Prins and Bokhoven discussing partially dislodged Al
referred to octahedral aluminum and involved either β or Y-
type zeolites.55−57 From that work, it appears that only Al(VI)
can be reinserted to the framework by NH3 treatment and not
Al(IV). In recent work, framework-associated Al(VI) Lewis
sites were reported in mordenite or as dislodged Al(IV) that
was hydrated.54,56 The previous MQMAS work by Kentgens
describing a second Al(IV) site in MFI likely detected the
same species reported as Al(IV)-2 in our MQMAS data, albeit
without the structural insight afforded by the HMQC and
other solid-state NMR data reported here for dry catalysts.29

The structures discussed in previous contributions are not the
same as the Al(IV)-2 species proposed here, as Figure S12
indicates that Al(IV)-2 is chemically bonded to Si atoms. For
the MFI samples used in our work, it is reasonable that
partially bonded Al(IV)-2 forms before extra-framework Al
species form. As can be seen in the attached full chemical shift
range of 27Al MQMAS, Figure S8, Al(V) can of course be
formed and detected after severe hydrothermal treatment, but
Al(IV)-2 is logically formed earlier than Al(V).
Summary of Al Sites in Hydrated vs Dehydrated

Catalysts. The data show that Al(IV)-2 has the higher
chemical shift and smaller Pq relative to those of Al(IV)-1 in
the dehydrated catalysts but a larger Pq and apparent lower
chemical shift in the hydrated catalysts. Upon hydration, it is
known that the Al(IV)-1 site is surrounded by clusters of water
molecules that delocalize the H+ charge through rapid
chemical exchange, and since Al is bonded to four Si atoms

via oxygen bridges, near-tetrahedral geometry results in a
negligible electric field gradient and detectable Al NMR
spectra under normal acquisition conditions. Conversely, when
water is removed from Al(IV)-1, the localized charge and
concomitant lattice strain resulting from bonding to fixed
framework Si−O moieties is significant, leading to large Pq
values of the magnitude shown in Table 1. In all cases, Al(IV)-
1 is bonded via oxygen bridges to four framework Si atoms,
and thus the 55-ppm isotropic chemical shift does not change
significantly as a function of hydration. Al(IV)-2, by virtue of
the fact that it is bonded to both framework SiO moieties and
hydroxyl groups as in Figure 6b,c, maintains a significant
electric-field gradient upon hydration due to interactions
between the hydroxyl groups and water molecules. An
apparent lower chemical shift for Al(IV)-2 relative to Al(IV)-
1 in the hydrated case shown in Figure 5 results from the large
δqis for the former. D-HMQC experiments of the type shown
in Figure 2 for the dehydrated cases are not reliable for fully
hydrated catalyst samples due rapid proton chemical exchange
which is well-known to occur; such experiments will emphasize
only the most rigid Al−H pairs.

Relevance of Al(IV)-2 to Location, Topology, and
Proximity Contributions to Catalyst Reactivity. Con-
tributions from Iglesia, Bell, and Lercher, among others, have
recently shown that catalyst activity can depend on several
factors, including active site location,12,15 channel structures
and their chemical composition,58−62 and proximity to EFAl
species.63 Very recent work by Lercher’s group suggests that
the creation of BASs with proximate EFAl species contributes
more significantly to increased catalyst activity.64 In each of
these works, where proximate EFAl effects contribute, strong
and intense signals in the Al NMR at either 0 or ca. 30 ppm are
observed following specific steaming protocols. It is important
to note that in our work, only Al(IV)-1 and Al(IV)-2 signals
are observed in the 50−60 ppm region of the spectrum in
catalysts that have not been steamed; EFAl signals are not
observed as can be seen in Figure 3 on dry HZSM-5 prior to
any treatments, even at the highest 35.2 T field strength shown
by 3a. Also, there is a lack of EFAl signals, but a significant
Al(IV)-2 signal is shown in Figure S15, which was obtained on
an unexchanged NH4

+ZSM5 sample. Unsteamed and un-
treated catalysts that have both Al(IV)-1 and Al(IV)-2 sites,
with their associated hydroxyl groups, are more active in the
cracking and H/D exchange reactions discussed above than the
catalysts that have only the traditional isolated BAS created by
Al(IV)-1, as shown by the data in Table 2. These results in no
way preclude any of the enhancements afforded by the EFAl
species once they are formed, as discussed in the references
cited immediately above. Rather, they afford additional
atomistic detail of framework contributions to reactivity that
are more complex than can be attributed to a single type of
framework acid site. These must be considered further when
trying to fully predict the impact of synergistic EFAl effects
since Al(IV)-2 sites can ultimately generate EFAl species after
steaming.

■ CONCLUSIONS
In summary, the ultrahigh magnetic field data and supporting
computational data reveal that zeolites can have at least two
types of chemically distinct tetrahedral aluminum atoms
associated with the zeolite framework, thereby creating the
possibility for two chemically distinct Brønsted sites. The
room-temperature H/D exchange experiments and the high-
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temperature n-hexane cracking experiments indicate that
Al(IV)-2 and its accompanying hydroxyl groups increase
catalyst activity relative to catalysts that only contain Al(IV)-1
and its associated BAS. The observed results cannot be easily
attributed to Al atoms in nonframework species, as the latter
were in most cases not detected or detected in trace amounts
well below those of the partially coordinated Al(IV)-2 sites.
The data suggest that the collective understanding and
practical implementation of zeolite-based catalysis can include
synthetic and postsynthetic modification to target these
partially coordinated framework Al(IV) sites, potentially
leading to increased catalytic activity and longevity through
the strategic use of water, as will be explored in future work.
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D.; Lesage, A.; Copeŕet, C.; Delbecq, F.; Rozanska, X.; Sautet, P.
Nature and Structure of Aluminum Surface Sites Grafted on Silica
from a Combination of High-Field Aluminum-27 Solid-State NMR
Spectroscopy and First-Principles Calculations. J. Am. Chem. Soc.
2012, 134 (15), 6767−6775.
(32) Lam, E.; Comas-Vives, A.; Copeŕet, C. Role of Coordination
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