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ABSTRACT: Research efforts in zeolite catalysis have
become increasingly cognizant of the diversity in structure
and function resulting from the distribution of framework
aluminum atoms, through emerging reports of catalytic
phenomena that fall outside those recognizable as the
shape-selective ones emblematic of its earlier history.
Molecular-level descriptions of how active-site distributions
affect catalysis are an aspirational goal articulated frequently in
experimental and theoretical research, yet they are limited by
imprecise knowledge of the structure and behavior of the
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zeolite materials under interrogation. In experimental research, higher precision can result from more reliable control of
structure during synthesis and from more robust and quantitative structural and kinetic characterization probes. In theoretical
research, construction of models with specific aluminum locations and distributions seldom capture the heterogeneity inherent
to the materials studied by experiment. In this Perspective, we discuss research findings that appropriately frame the challenges
in developing more predictive synthesis—structure—function relations for zeolites, highlighting studies on ZSM-5 zeolites that
are among the most structurally complex molecular sieve frameworks and the most widely studied because of their versatility in
commercial applications. We discuss research directions to address these challenges and forge stronger connections between
zeolite structure, composition, and active sites to catalytic function. Such connections promise to aid in bridging the findings of
theoretical and experimental catalysis research, and transforming zeolite active site design from an empirical endeavor into a

more predictable science founded on validated models.
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Z eolites are ubiquitous as solid acid catalysts, notably in the
conversion and refining of petroleum-derived hydro-
carbons to chemical and fuel products’ and as shape-selective
molecular sieves that regulate catalytic reactivity through size-
exclusion principles.” In the late 1960s, zeolites replaced
amorphous silica—alumina catalysts to revolutionize fluid
catalytic cracking processes in refineries that produce gasoline,’
and they have since been used in several other shape-selective
applications.” Specifically, aluminum-substituted MFI zeolites
(ZSM-5) are used in a variety of hydrocarbon upgrading
processes, including the oligomerization of light olefins to form
gasoline and distillate,” and in upgrading methanol to olefins,
gasoline, and hydrocarbons (MTO, MTG, MTH).® ZSM-5
zeolites have also been explored as catalysts to produce
chemicals and fuels from alternate carbon feedstocks such as
renewable lignocellulosic biomass sources,” especially within
thermochemical conversion schemes,” and light hydrocarbons
in shale gas.9 Additionally, metal-exchanged zeolites (e.g., Cu-
ZSM-S, Cu-SSZ-13) provide different functionality and
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reactivity, as in the partial oxidation of methane to methanol,'’
selective reduction of nitrogen oxides in emissions control,"*
and homologation of biomass-derived oxygenates to trans-
portation fuels.'”

Experimental and theoretical studies focused on catalysis by
zeolites continue to expand in breadth and scope, motivating
higher levels of resolution and detail about the synthesis and
characterization of these materials and the construction of
models that describe their structure and properties. Structural
features at several length scales influence zeolite reactivity, and
we refer the reader to effects at the mesoscale and macroscale
in other review articles,'*~'® which are beyond the scope of
this Perspective. Here, we focus on molecular and atomic
length scales (i.e., sub-nanometer) that define the structure and
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behavior of active sites and the chemical reactions they
mediate and inform the construction of models to describe
active sites and reaction coordinates. When considering the
structure of framework Al atoms, model construction requires,
at the very least, knowledge or assumptions of the following:
(i) the bulk elemental composition (the Si/Al ratio, or number
of Al atoms per unit cell), (ii) the lattice positions of the Al
atoms (their distribution among crystallographically unique
lattice sites), and (iii) the relative proximity of lattice Al atoms
(the distribution of interatomic Al—Al distances among
framework Al-site pairs). Further knowledge is needed to
define the structure of the attendant protons (H') or
exchanged metal complexes that serve as catalytic active sites
and their location at the four bridging oxygen atoms at each Al
center that bear anionic charges. This definition is further
complicated upon equilibration among different O-site
locations under reaction conditions, which determines the
void spaces within which active sites are contained.

In this Perspective, we summarize recent experimental
progress toward developing synthesis methods to bias, and
characterization methods to identify, the crystallographic
locations and arrangements of Al substituted within zeolite
frameworks. We focus on MFI because it is among the lowest
symmetry molecular sieve frameworks and thus captures many
of the challenges introduced by structural complexity, and
because it is ubiquitous in industrial practice and thus among
the most widely studied frameworks. We note that more
comprehensive reviews on this topic can be found elsewhere,'”
and we focus the discussion here on how computational
studies have complemented experimental efforts to bias and
characterize framework Al siting. In doing so, we highlight the
implications of Al distribution in zeolites for constructing
accurate structural models in theoretical studies of catalytic
phenomena (e.g, density functional theory (DFT) calcu-
lations), focusing on MFI while making connections to other
zeolites as appropriate. In reviewing computational studies, we
discuss the motivating factors underlying the choices in model
construction. We conclude with an outlook that highlights
advances in experiment and theory that would provide further
clarity into framework Al arrangements in zeolites and their
effects on catalysis.

2. THE MFI CRYSTAL STRUCTURE

The MFI structure comprises pentasil building units, which
consist of eight five-membered rings (5-MR) that combine to
form pentasil chains. The resulting framework contains straight
and sinusoidal 10-MR channels that intersect to form larger
cavities. Figure 1 shows the MFI structure oriented to view
down the central b-axis of the 10-MR straight channels, in
which 5-MR, 6-MR, and 10-MR are discernible.'*™>° MFI
belongs to the class of medium-pore zeolites, which are
materials containing 10-MR as the largest micropores.”" The
total micropore volume of MFI comprises 45% of its total
crystal volume; of this pore volume, 53% (24% of total) is
contained within 10-MR channels and 26% (12% of total) is
contained within larger channel intersection voids (ie.,
cages).22 The pore-limiting diameter (PLD) is 5.0 A, which
corresponds to the characteristic size of the largest guest
molecule for which the accessible pore volume is nonzero,
while the largest cavity diameter (LCD) is 7.0 A, which
resembles the maximum transition state structure that can be
accommodated.
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Figure 1. MFI crystal structure (left) shown using ball-and-stick
visualization to highlight the pentasil rings in green and yellow in
alternating rows and (right) shown with color-coded shades by ring
size to highlight the 5-MR (purple), 6-MR (orange), and 10-MR
(blue) created by the pentasil building blocks.

Zeolite frameworks are composed of tetrahedral sites (T-
sites) occupied by silicon atoms that are linked through a
bridging oxygen atom. When a silicon atom is replaced with
aluminum, a negative charge is imparted to the zeolite
framework and shared among the four bridging oxygen
atoms, and it is counterbalanced by a Brensted acidic proton
or an extra-lattice cationic site or complex. The orthorhombic
form of MFI contains 12 crystallographically distinct T-sites
and is the more thermodynamically stable form above 340 K.
The monoclinic form of MFI contains 24 distinct T-sites and is
most stable below this transition temperature;23 however, the
monoclinic-to-orthorhombic symmetry transformation can be
induced by the adsorption of small molecules (e.g., p-xylene) at
ambient temperatures.18 When this phase transition occurs, the
symmetry plane (m in Figure 2) is broken. As shown in Figure
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Figure 2. Orthorhombic and monoclinic forms of ZSM-S. The lattice
T-sites for the orthorhombic form are shown in red; those for the
monoclinic form are shown in blue. Figure adapted with permission
from van Koningsveld et al.>> Copyright 1990 Elsevier.

2, the 24 T-sites of the monoclinic form correspond to the 12
T-sites of the orthorhombic form. This correspondence among
T-sites can be helpful in understanding framework Al locations
in ZSM-5, as some studies focus on the monoclinic form.>**
The T1, T2, T3, TS, T6, T7, T9, and T12 sites are accessible
within channel intersections, while T4 and T10 are within the
sinusoidal channel and T8 and T11 are within the straight
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channel.
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3. EARLY HISTORY OF ZSM-5: A “SINGLE-SITE”
CATALYST

ZSM-5 was first prepared in synthetic laboratories in the
1960s, and patented by the Mobil Oil Corporation in 1972.”
Kerr used tetraalkylammonium ions to show that zeolites could
be synthesized through a structure directing agent (SDA)-
assisted synthesis,”® which was subsequently used by Landolt
and Argauer in 1965 to synthesize ZSM-5.”” Compared with
other commercially used zeolites and Bronsted acid catalysts,
ZSM-S showed higher adsorption rates of linear alkanes and
lower amounts of coke formation, which were beneficial
properties for alkane hydrocracking to produce diesel and
heavier fuels.”” By measuring differences in the cracking and
adsorption rates of different hexane isomers, Chen and
Garwood reported that MFI micropores could discriminate
among linear and branched alkane reactants in cracking
reactions and thus influence catalysis via reactant shape
selectivity phenomena.30 Following these original reports,
ZSM-5 zeolites were applied to a wider range of industrially
practiced reactions and reported to influence catalysis via other
shape selective phenomena, including transition state shape
selectivity and product shape selectivity during xylene
isomerization and toluene disproportionation, respec-
tively.”' =%

In addition to hydrocarbon processing and refining, the
search for alternate carbon feedstocks for fuel and chemical
production motivated efforts to upgrade renewable biomass
through catalytic processes using ZSM-S zeolites. In 1986,
Chen and colleagues demonstrated that ZSM-5 could convert
biomass-derived carbohydrates to hydrocarbons, with coke,
CO, and CO, as the major byproducts.’* One challenge in
biomass conversion is to remove sufficient oxygen to produce
fuels and chemicals of comparable composition and structure
to those synthesized from petroleum sources.”* ZSM-5 has
been routinely studied in biomass conversion routes because of
its hydrothermal stability and mitigated coke formation,
compared with zeolites with smaller or larger pore sizes,
when reacting biomass model compounds and biomass-derived
feeds.”” " These examples reflect the advent of ZSM-5 as a
versatile medium-pore zeolite that had a large impact on
catalytic applications driven by shape selective phenomena.

In a seminal contribution to the field of zeolite catalysis,
Haag and co-workers studied the physicochemical and catalytic
properties of a series of ZSM-5 samples prepared with a wide
range of Al content (Si/Al = 10-10000)."" Catalytic
properties were probed using the alpha test, which compares
the rate of n-hexane cracking measured on a solid acid relative
to that measured on amorphous silica—alumina. The alpha test
value*' (per volume) increased linearly with the total Al
content (ppm) among these ZSM-5 zeolites (Figure 3),%
along with cesium ion uptakes and water uptakes from
adsorption experiments.*” From these observations, the
authors concluded that protons compensating each Al site
were catalytically equivalent, despite the diversity of T-sites
present in the MFI framework. These results may also indicate
that the alpha test reaction is insensitive to protons located at
different Al T-sites or that the methods used to prepare these
samples crystallized ZSM-S with similar Al distributions among
different T-sites, as the authors also hypothesized. Regardless
of the underlying reasons for the observation reported in
Figure 3, this report provided visionary guidance that a given
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Figure 3. Cracking rates of n-hexane on ZSM-5 zeolites of varying
bulk Al content. Alpha test values (811 K). Figure adapted with
permission from Haag et al.** Copyright 1984 Macmillan Publishers
Limited.

zeolite framework could behave as an ideal single-site
heterogeneous catalyst."’

4. AL LOCATION AT DIFFERENT T-SITES AND
CONSEQUENCES OF CONFINEMENT

The collective experimental work discussed in Section 3
supported the viewpoint that aluminosilicate zeolites predom-
inantly influence catalysis by imposing shape selective control
through their pore architecture and that the proton active sites
compensating framework Al atoms behave similarly for
Bronsted acid-catalyzed reactions. At first glance, this proposal
seems consistent with the essentially invariant Brensted acid
strength of OH groups compensating framework Al atoms at
different zeolitic T-sites, as assessed by periodic DFT estimates
of the deprotonation energy (a probe-independent measure of
Bronsted acid strength) when rigorously ensemble-averaged
among OH groups at the four bridging oxygen atoms at each
Al T-site.** Yet, acid sites located within different voids of a
zeolite, because of the specific Al T-sites they compensate, can
behave catalytically different due to confinement effects and
differences in van der Waals stabilization of the relevant
reactive intermediates and transition states.***

4.1. Catalysis. Catalytic probe reactions have been used to
make inferences about Al siting and thus proton location in
ZSM-S. The constraint index (CI) test, given by the n-hexane-
to-3-methylpentane cracking rate ratio (673 K, 40 kPa alkane),
has been used to probe the void size around acid sites because
smaller pores generally correlate with higher constraint index
values, although anomalous results are observed in certain
cases.”” Yokoi et al. have reported how different synthesis
routes to crystallize ZSM-S samples lead to different Al
distributions among smaller straight and sinusoidal channels
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(PLD = ~ S A) and larger-channel intersections (LCD = ~ 7
A), assessed from corresponding changes in CI values.***
Janda and Bell have used n-alkane cracking and dehydrogen-
ation to report that dehydrogenation is preferred over cracking
on protons located within larger channel intersections of ZSM-
S, which are proposed to preferentially stabilize later and looser
n-alkane dehydrogenation transition states.”’

The product distributions resulting from catalytic conversion
of methanol to olefins have also been used to infer the location
of protons within different confining void environments, as
larger voids generally favor intermediates in aromatic-based
cycles and smaller voids generally favor reactive intermediates
in olefin-based cycles. This approach was used to study ZSM-$
zeolites synthesized using different silicon precursors, which
resulted in different Al distributions between channels and
intersections’' as characterized by ?’Al MAS NMR spectra and
UV-—vis spectra after cobalt exchange. Product distributions
from MTO were similar to those expected from the aromatic-
based cycle (enriched in ethene and aromatics) in ZSM-§
samples with acid sites located predominantly in larger channel
intersections (LCD = ~ 7 A), but included more products of
the olefin-based cycle (enriched in propene and higher olefins)
in samples with acid sites distributed among intersections and
smaller channels (PLD = ~ 5 A). Similar studies of MCM-22
zeolites reported that the addition of boron to synthesis media
influenced the location of Al within the frameworks of
crystallized products.”® In combination with a theoretical
study,”” acid sites in smaller sinusoidal channels of MCM-22
were found to favor the olefin-based cycle, while acid sites in
larger supercages and surface pockets were found to favor the
aromatic-based cycle. These studies of MTO catalysis further
demonstrate how the location of acid sites in different
confining environments can influence catalytic behavior.

Methanol dehydration to dimethyl ether is a more precise
and quantitative probe reaction of acid strength and confine-
ment effects in zeolites,* because first-order and zero-order
rate constants show different sensitivity to these effects and
have been calibrated on a variety of solid acids of well-defined
structure and composition.” >’ The first-order dehydration
rate constant is sensitive to both the confining environment
around and the strength of the acid site, because kinetically
relevant dimethyl ether formation transition states and
adsorbed methanol monomer species differ in their size and
charge, respectively.”* The zero-order dehydration rate
constant is sensitive primarily to acid strength, because the
kinetically relevant transition state and the coadsorbed
methanol dimer are similar in size but not in charge.54 Thus,
analysis of both rate constants can be used to distinguish
among acid sites within different confining environments of the
same zeolite topology, and it can determine whether different
Al locations influence acid site strength, which has been
studied computationally.>®

Jones et al. measured first-order and zero-order methanol
dehydration rate constants on a series of commercial ZSM-5
samples of varying Si/Al ratio (17—118), and incidentally
different framework Al distributions, as shown in Figure 4.5
Zero-order rate constants (433 K) were similar among all
samples, consistent with similar acid strength for protons
among different Al T-site locations in zeolites, as also observed
by theory.™ First-order rate constants were measured at values
expected for void sizes characteristic of channel intersections
(LCD = ~ 7 A) and invariant with Al content among most
ZSM-5 samples, yet they were higher on the ZSM-S sample
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Figure 4. Zero-order and first-order rate constants (433 K) for
methanol dehydration on commercial ZSM-S samples with widely
varying Al (closed) and H* (open) contents. Figure reproduced with
permission from Jones et al.>> Copyright 2011 Elsevier.

with the highest Al content. This data point (H-[Al]-MFI-1;
Figure 4) suggested the preferential positioning of protons (of
equivalent acid strength) within more constrained (PLD = ~ §
A) 10-MR-channel locations at such high Al densities. These
studies demonstrate the insight into Al location that is possible
when using quantitative probes, even within complex
molecular sieve frameworks such as MFL

4.2. Characterization. The recognition that proton active
sites within a given zeolite can show different catalytic behavior
motivates the development of structural characterization
methods that distinguish protons among different void
environments and Al atoms among different T-sites. Direct
characterization of Al atoms typically relies on *’Al magic angle
spinning nuclear magnetic resonance (MAS NMR), used
routinely to distinguish between tetrahedrally coordinated Al
in framework positions and octahedrally coordinated Al in
extra-framework locations.

Sklenak et al. prepared 11 monoclinic ZSM-5 samples using
different synthesis protocols (Si/Al = 14—45), measured
different envelopes for tetrahedral resonances in their *’Al
multiple quantum (MQ) MAS NMR spectra, and used hybrid
quantum mechanics/molecular mechanics (QM/MM) calcu-
lations to predict *’Al chemical shifts at different T-site
locations to assign resonances to specific locations.” This
same apgroach was used later to study Al location in ferrierite
zeolites.”’ Several MFI T-sites were characterized by *’Al
chemical shifts too similar to be distinguished by experiment
and thus allowed for only partial assignment of Al substitution
patterns among different T-sites. The authors concluded that
T1, T4, T6, T7, T8, and T12 sites were substituted by Al
among the samples examined, but that any given sample had
no more than 3—4 different T-sites occupied by Al In a
subsequent study, Sklenak et al. reported seven additional
synthesis conditions that resulted in ZSM-5 samples with Si/Al
ratios up to 140, which revealed two new *Al NMR
resonances that were assigned to T20 and T24. Notably, Al
substitution at five different T-sites was detected even for
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samples containing dilute Al contents corresponding to less
than one per unit cell (Si/Al = 140), suggesting either weak
thermodynamic preferences for Al siting at a particular T-site
or that thermodynamic considerations do not influence Al
siting during crystallization.

In recent years, Yokoi et al. have used a high-resolution *’Al
MAS NMR technique proposed to distinguish between Al
located in larger void intersections.****" Lower-resolution
*’Al MAS NMR is unable to characterize different Al species
because of quadrupolar Al interactions that cause resonance
broadening; however, high sample spin rates and large
quantities of accumulated scans, together with *’Al MQ
MAS NMR were used to assign five distinct peaks for Al
species (Figure S). Specifically, the Al resonances at 54 and
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Figure 5. MQ MAS NMR peak assignments (a—e) for different T-
sites in ZSM-S (A) used to deconvolute high resolution one-
dimensional MAS NMR (B) for assignment of Al in different
locations in ZSM-S. Figure reproduced with permission from Yokoi et
al.*” Copyright 2015 American Chemical Society.

56 ppm are proposed to correspond to the channel intersection
and to the straight and/or sinusoidal channel locations,
respectively.***9¢!

Recent studies of Beta zeolite have used Al K-edge X-ray
adsorption near edge spectroscopy (XANES), as well as
extended X-ray adsorption fine structure (EXAFS), to
determine Al-O and Al-Si distances up to 3—4 atoms
away, in order to obtain quantitative measurements of the Al
T-site distribution.”” In combination with ab initio DFT
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calculations, Al EXAFS spectra were used to measure Al
separated by up to 6 A and to quantify the amount of Al in
framework and extra-framework positions. Al site populations
did not follow predictions from thermodynamic stabilities,
supporting the hypothesis that Al incorporation during
synthesis is influenced by crystallization kinetics and the
organic SDA used. The authors also reported that a
dealuminated zeolite showed a preferential decrease in Al
NMR resonances at the T7 and T2 locations, suggesting that
certain sites are more susceptible to dealumination while
others (TS, T6), are more resistant to Al removal in the Beta
structure.”

Rietveld refinement of powder X-ray diffraction (XRD)
patterns has been used to locate organic SDA molecules
occluded within zeolitic void spaces after crystallization, as
demonstrated in the case of FER zeolites crystallized usin%
tetramethylammonium (TMA) and pyrrolidine (Pyr).”
Structural refinement was also used to determine the distances
between the carbon and nitrogen atoms in the occluded SDAs
and the framework oxygen atoms of the zeolite lattice, in order
to assess the strength of interactions between each SDA and
the crystalline framework. Positively charged nitrogen centers
in Pyr were located closer to their respective framework
oxygens than were nitrogen centers in TMA, due to partial
shielding by their methyl groups, suggesting that the former
SDA could more effectively interact with anionic framework
oxygens and thus more strongly direct the incorporation of Al
atoms into nearby T-sites. Rietveld refinement of XRD
patterns of zeolites containing exchanged extra-framework
metal sites has also been used to determine preferences for Al
siting in different T-sites;** " however, conclusions regarding
the preferred T-sites for Al substitution differ, even with the
same cation exchange and characterization technique.*®

Other characterization techniques have also been used to
probe Al siting and distribution in zeolites. Fluorescence
spectroscopy with standing X-rays has been used on large
crystallites of scolecite zeolite, a more symmetric framework
than MF]J, to identify the occupied crystallographic T-sites with
higher resolution than *’Al NMR methods.”> Bohinc et al.
studied FER zeolites synthesized to contain different Al
distributions using valence-to-core X-ray emission spectrosco-
py (XES), and they observed changes to the intensity and
position of X-ray emission lines that were correlated to
different Al T-site occupancies.”” Perea et al. employed atom
probe tomography (APT) to detect the three-dimensional
spatial distribution, with a 1—2 nm resolution, of individual Al
O, and Si atoms in a ZSM-5 crystal,”* revealing inhomoge-
neous Al distributions that become even more heterogeneous
upon steam treatment. These techniques to probe Al
distributions at various length scales are also useful in the
development of synthesis—structure and structure—function
relations.

4.3. Synthesis. The effects of ZSM-5 synthesis conditions
have been studied to understand how the Al location in the
crystalline products can be biased. One approach has been to
use mixtures of organic and inorganic SDA molecules in the
synthesis solution. Yokoi et al. have demonstrated that ZSM-$
zeolites made using tetrapropylammonium (TPA®) as the only
SDA contain acid sites predominantly located at channel
intersections, as probed by the CI test and *’Al MAS NMR."
The addition of small amounts of Na* to the synthesis solution
causes a higher fraction of Al to be located in smaller 10-MR
channel environments, evident in higher CI test values and
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corresponding changes to Al NMR spectra. Additionally, the
replacement of the cationic organic TPA" molecule with the
neutral organic pentaerythritol molecule as the SDA leads to
preferential siting of Al within 10-MR channels, as probed by
the CI test and 2’Al MQ MAS NMR.***

Dédecek et al. reported that the type of reagent and
precursor compounds used during synthesis affected the Al
siting among different T-sites of the crystallized ZSM-S
products.”* Using ??Al 3Q MAS NMR techniques in
conjunction with QM/MM calculations, the effects of different
Al and Na sources were investigated. When different Al
precursors were used in the synthesis solution, in the presence
of only the organic TPA" cation as the SDA, resonances for Al
T-sites in ZSM-5 channel intersection (54.6. 56.0, and 56.4
ppm) accounted for more than 55% of all Al sites. Dédecek et
al. reported that the addition of Na* to the synthesis medium
caused Al to incorporate predominantly at T-sites in the
channel intersection, in contrast to the findings of Yokoi et al.
Different Na* and Al sources caused detectable changes in the
Al distribution among T-sites in the channels and intersections
but without any discernible trends. These data sets and their
differing interpretations from various research groups provide
motivation for continued work to develop new synthesis
methods and to clarify the factors governing Al siting in
zeolites.

Boron addition to zeolite synthesis media can cause
competition with aluminum for incorporation as the frame-
work heteroatom. Recently, a series of ZSM-5 catalysts
prepared with varying B/Al ratios was studied to understand
the impact of this parameter on Al siting.”> Structural
characterization using 27Al #Si, and ''B MAS NMR indicated
that the presence of boron in the synthesis gel influenced the
*’Al NMR chemical shifts of framework Al atoms, suggesting
that Al may occupy different distributions of lattice T-sites.
Similar studies of MCM-22 zeolites provided evidence that
boron incorporation influenced the acid site distribution
among different void locations, which was assessed by selective
poisoning of acid sites located in smaller sinusoidal channels
but not those in larger supercages and surface pores.”> These
data demonstrate how the addition of a second heteroatom in
zeolite synthesis media provides a method to influence the
incorporation and siting of Al into framework locations.

The role of the organic SDA on Al siting in zeolites has been
studied in a variety of structures, in which “guest-host”
interactions between the organic molecule and the framework
influence the incorporation of AL’’’ One example is the FER
structure, in which tetramethylammonium (TMA) was used in
combination with a second bulky organic cation such as
pyrrolidine (Pyr), hexamethylenimine (HMI),”® or other
amine compounds.”” As the second organic SDA contained
more cyclic carbons (going from Pyr to HMI), Al was found to
preferentially site within larger 10-MR FER voids, as
determined from analysis of '"H MAS NMR spectra and the
CI test. These data reflect how cooperative structure direction
of a given zeolite using organic SDAs of different size, which
show different preferences for occupying different voids,**
influence Al location and siting during synthesis.

4.4. Modeling. Early computational studies of ZSM-5
largely focused on intrinsic structural properties of acidic
zeolites, including comparing the stability of each T-site,”’ and
the stability of AI*>®" (or Fe®) substitution at various T-sites
accounting for Lowenstein’s rule of avoiding next-nearest-
neighbor Al substitution patterns.””** Other studies focused
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on discriminating the different types of hydroxyl groups
present (terminal SiOH and bridging Al-O(H)-Si),” their
acid strength®” and how acid strength may be influenced by
zeolite geometry,” Al substitution,”"*” and different types of
internal silanol pairs.*® In addition, early interest focused on
the adsorg)tion behavior of various small molecules (benzene,*’
toluene,® butane,* methanol,”*"" p—xylene,92 Cco,*?* H,0,”
NH,,” ethylene,” acetone,”® methyl ethyl ketone,” diethyl
ketone”®) and on elucidating catalytic mechanisms, such as the
formation of carbenium ion intermediates from olefins.”’
Germane to all of these calculations are the choices made in
constructing a structural model for ZSM-S and the T-sites for
Al substitution.

Typically, early studies utilized ab initio calculations on
clusters comprising just 1—3 T-sites,”®~5%%9%% yith a
maximum of five T-sites.”’ Semiempirical methods®””*~"
enabled modeling larger clusters in some cases, up to 20 T-
sites.”’ In one of the first “zeolite” calculations, zero T-sites
were included and the interactions of small molecules with a
single hydroxyl group (sans tetrahedral atom) were calculated
and compared with NMR experiments on zeolites.”” In what
might be considered a precursor of the ONIOM method, some
early studies embedded the ab initio QM region in a lattice of
point charges modelinﬁg the zeolitic environment surrounding
the active site.*”?%7"”

As discussed in Section 2, the orthorhombic form of ZSM-5
contains 12 crystallographically distinct T-sites. The T12 site is
the location most frequently chosen for Al substitution in
studies of catalytic reactions in ZSM-S,”*”*7'%7 often
attributed to its accessibility at the intersection of straight
and sinusoidal channels.'*™"** As articulated by Ghorbanpour
et al., however, two-thirds of the T-sites are also accessible at
this intersection and only four T-sites are not at the channel
intersection.”® Other studies have indeed chosen different T-
sites for Al substitution for the same stated reason.*””'"”

The frequent choice of the T12 site for Al substitution may
also have resulted from the influential and oft-cited study by
Lonsinger et al., wherein this site was determined to be the
most thermodynamically stable location for Al substitution via
semiempirical molecular orbital calculations of pentameric
clusters (5T clusters).'** Fripiat and co-workers®”®! concluded
that T2 and T12 were most favorable for Al substitution, but
they did not attempt to include any effect of the zeolite
environment beyond the small clusters treated with ab initio
QM, nor did they allow for local structural relaxation.
Lonsinger et al. improved upon the latter point and used a
slightly larger cluster model (eight T-sites, whereas between
one and five T-sites had been used previously). Lonsinger et al.
concluded that several tetrahedral sites are energetically
comparable (within 11 kcal/mol) to T12 for Al substitution,
suggesting that Al siting in ZSM-5 is potentially controlled by
kinetic rather than thermodynamic factors.'** Although not
stated as explicitly, this conclusion was also supported by
Fripiat et al., who used the Hartree—Fock method to calculate
that the range of energy change upon replacing Si with Al was
within 12 kcal/mol among all 12 T-sites of ZSM-5."" This
conclusion was also supported by another Hartree—Fock-based
study that computed the energy to replace Si with Al at each of
the 12 T-sites, identifying T6, T9, and T12 to be the most
favorable and T3 the least favorable for substitution, although
within only a 3.3 kecal/mol energy range.'*’

Another popular location for Al siting is the T7 site,
generally chosen for its stability.”*”® Brindle and Sauer
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concluded that T7 was a stable location for Al substitution,
from a comparison with T12.”® Tranca et al. compared hexane
adsorption at T7 and T12, finding only a weak energy
difference (~2 kcal/mol) between the two sites.'”> Ghorban-
pour et al. computed the stability of Al substitution at all 12
sites, finding T7 to be the most stable and T9 the least,
although the span was less than 9 kcal/mol, suggesting that
substitution at different T-sites is energetically similar.”® These
computational findings are consistent with the experimental
observations that Al siting in ZSM-S depends on the synthesis
conditions used and not by the thermodynamic stability of
different T-sites.””*”'*”'*% In addition to T12 and T7, some
modeling studies have substituted Al at other T-
sites, ¥ 1091191297136 Glheit Jess commonly. A recent
computational study’® considered all 12 T-sites and used
stability, accessibility, and acid strength as discerning criteria to
conclude that T1 and T12 were the most favorable for Al
substitution, while T2, TS, and T9 were also favorable.

Acid strength has also been mentioned as a criterion used in
choosing T-sites. Jones and Iglesia performed periodic DFT
calculations indicating that the deprotonation energy for every
T-site for six different zeolites (including ZSM-5) differs by at
most 3 kcal/mol.** At first glance, these acid strength estimates
indicate that the choice of T-site may be unimportant,
however, confinement effects imposed by local void structures
can result in catalytic differences. This highlights the
importance of utilizing dispersion corrections in DFT studies,
depending on the research question under investigation. For
example, in computing adsorption energies, long-range
dispersion interactions require consideration for comprehen-
sive treatment. Others have found it necessary to augment the
DFT functional to include dispersion, as done by various
research groups examining adsorption behavior in ZSM-
s Mot Long-range electrostatic interactions have also
been shown to be important for stabilizing ions in theoretical
treatments.''” Continued efforts to use comprehensive
structures when modeling ZSM-5 will enable building stronger
connections between theory and the heterogeneous materials
often studied by experiment and in turn achieving a more
thorough understanding of Al siting in zeolites.

5. AL PROXIMITY WITHIN THE FRAMEWORK AND
EFFECTS ON CATALYSIS

In addition to determining Al substitution within unique T-site
locations of a given zeolite framework, studies have attempted
to measure the local arrangements of framework Al atoms in
proximal, or paired, conﬁgurations.”’137 A widely used
definition of framework Al “pairs” in ZSM-S refers to
framework Al with one or two Si neighbors that separate a
second Al atom (Al-O-(Si-O),-Al, x = 1,2), while isolated Al
have three or more intervening Si neighbors (Al-O-(Si-O),-Al,
x > 3)."7 Al atoms that are not found in pairs can be
“unpaired”, which refer to Al atoms located in different rings
but close enough to balance the charge of a divalent
counterion, or “single” Al atoms (Figure 6)."*"

5.1. Catalysis. The effect of framework Al pairing on
catalysis has been studied for a variety of reactions and zeolite
frameworks. Paired Al sites in ZSM-5 have been reported to
cause differences in the polarization of adsorbed alkanes for
cracking and dehydration**"*” and to influence the rate and
selectivity for propene oligomerization.'*’ Paired Al sites in
CHA zeolites have also been reported to show a higher
selectivity toward propene during the conversion of methanol-
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Paired Al Unpaired Al Single Al

REH

Figure 6. Classifications of different framework Al arrangements in
ZSM-S zeolites. Figure adapted with permission from Dédecek et
al."*” Copyright 2012 American Chemical Society.

to-olefins.'*""'** These examples suggest that Al proximity can

influence catalytic behavior, although more precise models that
decouple the effects of acid site pairing and location in zeolite
frameworks can help clarify interpretations of data to
rationalize the different catalytic behavior observed among
different zeolite samples.

In the case of CHA zeolites, Di Iorio et al. reported that
both first-order and zero-order rate constants (415 K) for
methanol dehydration to dimethyl ether increased with
increasing fractions of paired Al (Figure 7).'*’ This rate
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Figure 7. Rate constants for methanol dehydration systematically
increase with increasing fraction of paired Al in CHA zeolites of
constant Al content. Figure reproduced with permission from Di Iorio
et al.'*® Copyright 2017 American Chemical Society.

constant enhancement was attributed to a shift in the
dehydration mechanism from the associative pathway to the
dissociative pathway. This mechanistic proposal was corrobo-
rated by in situ infrared (IR) spectra showing that the area of
surface methoxy deformation modes, characteristic of the
dissociative pathway, increased linearly with paired acid site
content. First-order rate constants at isolated protons in small-
pore CHA were higher than those measured previously for
medium-pore and large-pore zeolites in the literature, while
zero-order rate constants were similar to all other zeolites
measured, demonstrating the utility in using a quantitative
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probe reaction to benchmark and interpret catalytic phenom-
ena.' ™

5.2. Characterization. In quantifying Al sites in ZSM-5,
titration techniques are frequently utilized to make inferences
about surrogate extra-framework cationic species. Monovalent
and divalent cationic species can be introduced by aqueous-
phase ion-exchange, and molecular titrants can be introduced
through vapor-phase adsorption. Monovalent cations (e.g.,
Cs*, Na*) introduced by liquid-phase ion-exchange procedures
can estimate the number of acid sites and compare it to total
framework Al content. Framework Al atoms may be an
inaccurate measure of active Bronsted acid sites; therefore,
direct titration of H" sites, during a catalytic reaction when
possible, will provide more direct information about the active
sites.'

In the MFI framework, three different divalent cation
exchange sites (i.e., paired Al sites) have been identified, each
characterized by their unique location within the framework
and are referred to as @, , and y."” The a site is located along
the “wall” of the 10-MR straight channel (the @ ring is
orthogonal to the direction of the straight channels) and
comprises an elongated 6-MR with one bridging T-site. The
site also comprises a 6-MR, albeit without any bridging T-sites,
and the normal vector from its opening is parallel to the
direction of the straight channels. The y site is boat-shaped,
formed by a “hull” made of 8 T-sites and a “keel” of 4 T-sites.'”

To quantitatively estimate the fraction of Al in different
arrangements in ZSM-5, a method developed by Wichterlova
and co-workers'*® proposes to titrate Al pairs by a Co®* cation,
while all other Al atoms remain compensated with protons (or
another monovalent cation, such as Na'). The diffuse
reflectance UV—visible spectra of dehydrated Co-zeolites
have been deconvoluted into peaks assigned to three 7possible
Co®" species for a, f, and y sites (Figure 8).2*'%” These

Figure 8. Mapping T-sites to a, f, and y nomenclature. Computa-
tional studies of ZSM-5 tend to use the T-site nomenclature.
Experiments have been mainly limited to determining the local
environment of divalent extra-framework metal probes, which are
classified as a, f§, and ¥ sites (nomenclature as in Dédecek et al.'”).

assignments are based on previous assignments made for the
FER and MOR frameworks, because of the similarities in the
framework ring structures to which Co®* species bind.'*® A site
balance can also be used to quantify the amount of Al in paired
arrangements with the assistance of the liquid-phase ion
exchange of Co®'. Temperature-programmed desorption of
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NH,; is used to quantify the number of H sites on H-form and
Co-zeolites via methods previously outlined for CHA and MFI
frameworks.'*”'** These two separate NHj titration values can
be compared to give an expected 2:1 exchange stoichiometry
of H" sites for Co*" in extra-framework positions and, when
combined with UV—visible spectra showing evidence for bare
Co®" sites and the absence of cobalt oxides, provides a
functional probe of the number of paired Al atoms present.
Such quantitative titrations are techniques that can be widely
adopted to benchmark results among different research groups,
which will aid in developing a more unified understanding of
Al distribution in different zeolite frameworks.

5.3. Synthesis. Methods to influence the Al proximity in
ZSM-S have been studied extensively by Dédecek and co-
workers.'” Early demonstrations provided evidence that the
conditions of synthesis could influence the Al proximity in the
crystalline product.””” Further work was published describing
the effects of changing the sources of the Na, Al, Si, and the
organic SDA in the synthesis solution; at approximately the
same Al molar content, ZSM-S samples were crystallized with
similar total Al content but varying amounts of Al pairs (Table
1)."*%'* This work also reported that adding varying amounts
of Na* to the synthesis solution resulted in differences in
paired Al content. These results, together with the authors’
previous work, led to the conclusion that the Al siting during
synthesis is not random, but not governed by any clear or
predictive rules.'”

Recent work by Di Iorio et al. on the single T-site CHA
zeolite (SSZ-13) studied how using inorganic Na* cations and
organic N,N,N-trimethyl-1-adamantylammonium (TMAda*)
cations in the synthesis medium influences Al proximity
within crystalline zeolite products."*>'*° CHA zeolites crystal-
lized in the presence of only TMAda" cations contained
predominantly isolated framework Al atoms, evident in their
inability to exchange divalent Co*" cations and consistent with
the size constraints that allow occupation of each CHA cage by
only one TMAda* cation."*" The replacement of TMAda* with
Na' in the synthesis medium, at fixed total SDA cation and Al
content, crystallized CHA zeolites with paired Al sites that
increased systematically with the amount of Na' occluded
within crystalline products. This observation was rationalized
by proposing that Na* cations site framework Al centers in
locations that are proximal to framework Al centers that
charge-compensate positive charges in occluded TMAda*
molecules, so as to preserve dispersive interactions between
the hydrophobic adamantyl group of TMAda* and nonpolar
portions of the siloxane framework. Thus, the cationic charge
density of the occluded SDAs can be varied using mixtures of
low-charge density (e.g, TMAda*) and high-charge density
(e.g., Na*) cations, in order to influence the anionic charge
density of the zeolite lattice that is defined by the local
framework Al arrangement. This study of CHA zeolites avoids
the structural complexities introduced by the presence of
multiple framework T-sites, as is also the case for single T-site
FAU zeolites,'”” providing a strategy to more directly probe
the effects of synthesis conditions on Al proximity.

5.4. Modeling. Computational studies of ZSM-5 with
lower Si/Al ratios, in which multiple framework Al atoms are
considered in the model, are relatively scarce in the absence of
extra-framework metals. Early work by Hass et al. included
multiple Al atoms in the zeolite framework to assess their
stability, concluding generally that Al-O—Al linkages are

unstable relative to other configurations, consistent with
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Table 1. Siting of Framework Al Pairs in ZSM-5“

Mixtures Products
Al Si Na Na/Al Si/Al Na/Al Al (%) a (%) B (%) 7 (%)
A AICly TEOS - 0 21.2 - 42 28 69 3
B AI(NO,), TEOS ; 0 28.6 ; 6 ; ; ;
C Al metal TEOS - 0 34.3 - 56 48 S1 1
D AlCl, TEOS - 0 29.3 - 46 25 69 6
E Al(OH), TEOS - 0 54.0 - 24 48 51 1
F NaAlO, TEOS NaAlO, 1 20.4 0.31 57 32 65 3
G AICly Tixosil - 0 23.9 - 71 48 52 0
H AICly Na-Sil Na-Sil 23 15.1 0.38 4 - - -
1 AlCly TEOS NaCl 9.9 22.8 0.53 18 10 81 9
J AlCl TEOS Na;PO, 9.9 28.7 0.64 2 21 71 8
K AlCly TEOS NaOH 9.9 20.9 2.78 58 24 70 6

“Synthesis conditions dictate where the framework Al atoms situate. Table reproduced with permission from Pashkova et al.'*®. Copyright 2015

Elsevier.

Lowenstein’s rule.®® In a similar vein, but more comprehen-
sively, Ruiz-Salvador et al. utilized force field calculations to
determine framework Al distributions in ZSM-5, attempting to
mimic the conditions of synthesis at the stage when Al
incorporation into the framework occurs by not including
protons as charge compensating ions."> Upon comparing their
computational results to Dempsey’s rule, which states that
framework Al atoms will tend to maximize their interatomic
distance, deviations from Dempsey’s rule appeared driven
primarily by the anisotropy in the zeolite lattice.”>” The
authors concluded that Al siting within the framework was
determined by two primary (and sometimes competing)
factors: the individual site thermodynamic preference (stability
upon Si-to-Al substitution at a single site) and the Al—Al
distance (Dempsey’s rule).'>

In one of the most exhaustive treatments on the topic to
date, Fletcher et al. presented a periodic DFT investigation of
all possible arrangements of two framework Al atoms per unit
cell (Si/Al = 17) in H-CHA and Na-CHA,"* including many
“non-Lowensteinian” configurations containing Al—O—Al
sequences. The lowest energy configurations included Al—
O—Al sequences for H-CHA (but not for Na-CHA), an
apparent violation of Lowenstein’s rule. This finding was
corroborated for four other zeolite frameworks (LTA, RHO,
ABW, MOR) and also at lower Si/Al ratios (8, 11)."** Given
the well established maxim that framework Al distribution is
synthesis-dependent' 7>>*>'*71*® and thus driven to some
extent by kinetic considerations, experiments corresponding to
these theoretical calculations would be illuminating. Some of
the unique Al arrangements identified to be energetically stable
by Fletcher et al. may be able to catalyze alternate reaction
pathways that are sensitive to two Brensted acidic protons in
close proximity.

The influence of framework Al distribution on catalysis by
Bronsted acidic protons in ZSM-5 has rarely been addressed in
the computational literature. The effects of Al proximity on
catalysis was studied for alkane cracking by Song et al. by
comparing free energy barriers at a single Al site (T12) and at
paired Al sites separated by either two Si-occupied T-sites
(second Al at T7) or three Si-occupied T-sites (second Al at
T8)."* In conjunction with '"H DQ MAS NMR, UV—visible
measurements of Co®" exchanged zeolites, *C MAS NMR,
and adsorption isotherm and calorimetry measurements,
ONIOM calculations indicated that cracking rates at Al pairs
were enhanced compared with rates at single sites, primarily

due to more positive intrinsic activation entropies resulting
from polarization of reactants and transition states by the
adjacent acid site."*” In addition, increasing the concentration
of Al pairs was reported to enhanced the selectivity toward
cracking over dehydrogenation, and furthermore toward
central cracking over terminal cracking.'*”

Opalka et al. constructed models containing framework Al
atoms located at an array of T6 and T12 locations at Si/Al
ratios of 11 (two models), 23, and 95. Using periodic DFT, a
detailed analysis was conducted on the effects of Al density and
distribution on the adsorption and protonation of i-propyl-
amine and n-pentane. For example, increasing the Al density
resulted in increasing stabilization of the Brensted acid site and
weaker hydrogen bonding, suggesting an increase in Bronsted
acid strength. Based on geometrical effects, T12 was predicted
to be more reactive than T6, and reactivity was predicted to
increase with increasing Al density. The pairing of T6 Bronsted
acid sites in next—next nearest-neighbor positions (Si/Al = 11)
produced what was predicted to be the most reactive site for
adsorption and protonation of n-pentane.''” Reaction barriers
for hydrocarbon cracking were not computed, but the authors
noted that these calculations are now underway.'"

In comparison with the above, a number of computational
studies of ZSM-S with multiple framework Al atoms have
included extra-framework metal species. Experimentally, extra-
framework metals have been shown to enhance catalytic rates
in zeolites,"* though the chemical origins of these effects
remain a topic of ongoing research. Extra-framework metals
broaden the catalytic diversity of zeolites, as Li et al. note that
exchanging Brensted acid protons for extra-framework metals
can facilitate a wider range of chemical reactions.'>> Rate
enhancements due to extra-framework metals have been
attributed to Lewis acid functionality,** but extra-framework
metals have also been proposed to enhance the Bronsted acid
strength of nearby protons'*® and enhance confinement and
solvation effects due to partial occlusion of void space.'*

The location and valence of the extra-framework metals
influence catalysis and depend on the siting and distribution of
the framework Al atoms that charge-compensate them. Sobalik
et al. studied how synthesis affects the prevalence of framework
Al pairs, the binding of monovalent and divalent cations, and
their effects on catalytic reactivity in MFL,">” as Sklenak et al.
did in FER."® Joshi and Thompson reported an illustrative
example of the connections between framework Al siting,
extra-framework metal site binding, and overall reaction rate.
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To study alkane dehydrogenation mechanisms in Ga-ZSM-§,
they placed a single Al at T12 when a monovalent cationic
species was present, and two Al atoms at either T11-T11 or
T12-T7 when divalent gallium monohydride was present."”
For ethane dehydrogenation, the relative stability of the extra-
framework gallium species was quantified by the heat of
reaction for H, reduction, and it was reported to affect two
steps of the reaction mechanism in an opposite manner
(Figure 9). Higher stability leads to a high barrier for C—H
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Figure 9. Overall reaction rate determined by Al siting, for ZSM-S
catalyzed conversion of ethane dehydrogenation with extra-framework
Ga. Figure reproduced with permission from Joshi and Thomson."’
Copyright 2005 Elsevier.

activation (first step) but a low barrier for H—H removal (final
step), while intermediate stability results in an optimum exists
for the barrier of the rate-determining step, exemplifying the
Sabatier principle. Furthermore, the authors relate the
activation barrier for C—H activation to the distance between
framework Al atoms; among those studied with two framework
Al atoms, the most stable is the 6-MR with framework Al
atoms 4.53 A apart, followed by 8-MR rings of with framework
Al atoms 4.60 and 5.53 A apart.

Li et al. connected the zeolite framework chemistry to the
binding of extra-framework metals and reactivity. They
analyzed the preferred locations for mononuclear and binuclear
Fe complexes,"*>'" as well as their reactivity in the conversion
of benzene to phenol.">® Their initial work concurred with
experiment that the 6-MR (q, f3, §) were the lowest energy
sites for Fe** coordination, given the symmetric square-planar
configuration these cations were able to adopt at these sites.
These three sites were very similar in the catalytic enhance-
ment for benzene conversion to phenol, while binuclear Fe
species were shown to have higher barriers. Li et al
subsequently investigated conversion of methane to methanol
in Cu/ZSM-S, placing extra-framework binuclear and
trinuclear Cu species at the T7-T12 ¥ site, noting that this is
the “preferred site for stabilization of a wide range of
multinuclear transition metal-containing oxo coméplexes,” as
determined by their previous studies (Figure 10).""!

Determining the active extra-framework metal species in a
zeolite is difficult experimentally, and can benefit from
contributions from theoretical studies. For example, Pidko et
al. studied a variety of extra-framework metals in ZSM-S to
demonstrate that mononuclear oxygenated and hydroxylated
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Figure 10. DFT study of extra-framework copper promoted
conversion of methane to methanol in ZSM-S. Framework Al atoms
were sited at T7 and T12 in the y ring. Figure reproduced with
permission from Li et al.'®’ Copyright 2016 Elsevier.

cationic metal complexes tend to self-organize into binuclear
complexes and that these complexes are much more reactive
than their mononuclear counterparts.'®* In addition, Liu et al.
studied mononuclear and multinuclear extra-framework Al
species in high-aluminum FAU, connecting the thermody-
namic céycles between various species with elementary reaction
steps.”>® They concluded that trinuclear and tetranuclear Al
species occupying the small sodalite cages are most favored,
and then demonstrated that such species lower the reaction
barrier for propane cracking via Brensted acid protons.'*®
These studies may guide experimental design toward reaction
conditions that promote the presence of different extra-
framework metal sites.

6. OUTLOOK

Recent research in zeolite catalysis has demonstrated that, even
within a given framework, Al atoms sited in different
crystallographic framework locations and at different relative
proximities can generate catalytic active sites of different
reactivity. The mechanistic origins of such phenomena can be
better understood through: (i) the improved control of
framework Al siting during synthesis, (ii) the development of
robust methods to characterize Al location and proximity and
their use to benchmark data collected in different research
groups,'** (iii) the development and use of catalytic probe
reactions that precisely interrogate acid strength and confine-
ment effects, and (iv) the development of theoretical
treatments of extended structures, long-range electrostatic
interactions, and weak dispersion forces. These research
directions motivate the need for higher resolution and
molecular-level detail in experiment, and more comprehensive
treatment of material structures and catalytic chemistry by
theory, in order to connect insights between experiment and
theory to understand the consequences of Al location and
proximity.

In the area of zeolite synthesis, a general observation in the
literature is that the siting of Al atoms at specific T-sites or at
varying relative proximity is not randomly determined, but
dependent on the conditions of synthesis often in nuanced and
poorly understood ways.'” This motivates further research to
continue understanding the mechanistic details of zeolite
crystallization,'®>'%* the extent to which kinetic and
thermodynamic factors influence the structure of crystalline
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products, and what molecular interactions (e.g., those provided
by structure-directing agents’®) guide Al incorporation into
lattice positions at various stages in the crystallization process.
The use of in situ and in operando techniques to study crystal
growth mechanisms are promising strategies to provide new
mechanistic insights, as Lupulescu and Rimer have shown
recently by using in situ atomic force microscopy to study the
growth mechanisms of silicalite-1 (MFI)."*® In charge density
mismatch theory, organic and inorganic cations of different
charge-to-size ratio are used to crystallize new framework
topologies and in wider elemental composition ranges;'*°~""°
adapting these concepts to also influence the siting’”'”" and
arrangement’ *">° of Al atoms provides new avenues to study
the role of SDAs on Al incorporation into lattice positions.
Finally, understanding the roles of organic SDAs on Al siting in
the framework can be aided by using experimental techniques
such as solid-state NMR'*>'”* or XRD® to provide structural
information on organic molecules occluded within real zeolite
products, and by making connections with information
provided by theoretical approaches that model SDA
interactions with idealized zeolite frameworks during and
after synthesis.'”*~""°

Additional research efforts in these areas can aid in the
development of more predictive synthesis-structure relations.
The development of such relations can be further facilitated by
synthesis experiments in which only a single parameter is
varied while other parameters are fixed, and by investigating
higher symmetry single T-site zeolites (e.g, CHA) that avoid
the added complexities of Al siting at crystallographically
different T-site locations.'**'*® The synthesis-structure
relations developed on structurally simpler frameworks may
help form the basis of models to describe the behavior of more
complex and lower-symmetry framework structures (e.g.,
MFI). Overall, such synthesis-structure relations can refine
the empirical guidance derived from observations that Al siting
is dependent on the conditions of synthesis, into more
mechanism-based and predictive models.

In order to characterize different Al site locations and
ensembles in zeolites, indirect probes of Al arrangements (e.g,,
Co®" titrations of proximal Al sites), if performed quantitatively
and corroborated by complementary characterization techni-
ques, serve an important role in providing reproducible
methods to benchmark findings among different research
groups. Increased resolution into the active site structures
probed using these indirect methods can be obtained by
connecting experimental observations to theoretical predic-
tions of binding energies of cations at various potential binding
sites that exist within the heterogeneous distribution inherent
to a real material (e.g, Cu®" ions at different Al—Al pair
arrangements in CHA'"). Modeling such distributions are
difficult for lower-symmetry structures (e.g, MFI), and can
benefit first from simpler models developed and calibrated on
higher-symmetry structures (e.g, CHA). Indirect probes of Al
sites by spectroscopic methods (NMR, IR), especially in
combination with probe molecules adsorbed at active
sites,"””'”® can aid in the characterization of Al-site location
and distribution. Direct probes of Al atoms can also help in
developing more detailed synthesis-structure relations, as the
increased sensitivity of 2’Al MAS NMR and the use of the DQ_
Al MAS NMR techniques have provided more (yet, still
incomplete) resolution into the assignments of Al incorporated
at different T-sites in zeolites. Characterization of as-
synthesized materials that can correlate internuclear distances
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between framework Al or O atoms and the atoms in occluded
SDAs, similar to previous studies on FER zeolites,®> will
provide direct insight into SDA-framework interactions that
can be incorporated into more robust synthesis-structure
relations.

Understanding the catalytic consequences of Al siting and
proximity requires robust probes of fundamental catalyst
properties. Although there are many examples of the different
reactivity among ZSM-S zeolites of different Al arrangements,
there are instances where research groups have arrived at
different conclusions regarding the effects of Al location and
proximity, even for the same set of materials studied using
nominally the same characterization and catalytic probes. One
example is the increase in alkane cracking and dehydrogenation
rates with bulk Al content on ZSM-S zeolites, which has been
attributed to preferential Al siting into channel intersections’
and to preferential formation of Al pairs."*” The benchmarking
of kinetic data'** and the use of quantitative kinetic probes
(e.g., methanol dehydration), rather than inferential probe
reactions that rely on shape selective properties (e.g.,
constraint index tests), will provide sharper resolution into
the different catalytic properties of different Al site ensembles.
In order to properly interpret these kinetic probes, mechanism-
derived expressions to model rate data measured in the
absence of transport artifacts, and accurate quantification of
purported active sites, are required.*’

The usefulness of computational catalysis is largely due to its
specificity and ability to probe atomic detail at length and time
scales that are generally inaccessible to experiment. These
significant advantages, however, can only be leveraged to the
extent that the modeled atomic details are consistent with
relevant and corresponding experimental conditions; exquisite
theoretical treatments of irrelevant reaction conditions are of
little value to develop realistic models of catalytic phenomena.
The most useful theory-based studies will construct structural
models that are relatable to experimental characterizations.
There is a need for more comprehensive studies wherein a
given property (or set of properties) are characterized across a
wide swath of possible atomic configurations, such as the siting
of framework Al atoms at particular T-sites and various
distributions of them. Studies of this ilk’*** are extremely
useful and help focus theoretical studies on problems that
contribute to moving the field forward and addressing
bottlenecks in connecting theory to experiment, rather than
being motivated by tractability but with only marginal
connections to experiment. For example, such comprehensive
studies could be especially helpful to examine the stabilization
of transition states as a function of framework Al configuration
and confinement within zeolite pores.>”

The challenges in modeling become even more complicated
when extra-framework metals are included. Theoretical studies
of zeolites increasingly include extra-framework metals due to
their relevance for various reaction classes.'” Reaction
mechanisms at different catalytic sites (e.g, Lewis, Brensted,
bifunctional'””) and their effects on turnover rates depend on
the location of these sites, which is in turn influenced by the Al
distribution in the zeolite framework. Thoughtful consid-
eration of where to site the framework Al and extra-framework
metal are inextricably linked, and influence the conclusions of a
theoretical study. Model design in this context must consider
the active extra-framework metal species (e.g., valence,
structure) and the location of this active species within the
zeolite during the catalytic reaction. Computational studies often
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begin by looking for the most stable reactant configuration,
such as the lowest energy state for a given T-site substitution of
Al or most stable configuration for adsorption of substrate. The
catalytically relevant configurations, however, will be those that
preferentially stabilize the transition state of a given reaction,
not the reactant state, all other factors equivalent. This point is
underscored by efforts that use SDAs that mimic the transition
state, to prepare zeolites whose pores may optimally stabilize
the transition state.'”> The functional form of rate equations
reminds us that although rates depend on pre-exponential
factors (which would include T-site stability and occupation by
Al), they are more sensitive to activation barriers. As an
example, consider the conclusion by Pashkova et al. that Al
pairs are 100-fold less likely to be located at y sites than at a/f
sites in MFI (at Si/Al = 54)."°° If all other factors are
equivalent, this less populated y site will contribute equally to
measured reaction rates (at 573 K) if the activation barrier at
this site is just S kcal/mol less than the barrier at the 100-fold
more populated a/f sites. Considerations such as these,
framed from catalytic perspectives, will allow researchers to
construct models that address the salient features of
experimental measurements.

In summary, this outlook frames the challenges and
opportunities in zeolite research to develop more predictive
synthesis-structure-function relations, to identify the origins of
catalytic diversity arising from different framework Al arrange-
ments and distributions in zeolites, and to connect the findings
on real samples studied by experiment to the ideal model
structures studied by theory. We expect that this Perspective
will continue to stimulate experimental and theoretical
research that forges stronger connections between zeolite
structure, composition, and active sites to catalytic function. By
doing so, such research will help transform the field of zeolite
active-site design from an empirical endeavor into a more
predictable science founded on validated models.
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