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Advances and challenges in designing active site
environments in zeolites for Bronsted
acid catalysis

Sopuruchukwu Ezenwa 2 and Rajamani Gounder (2 *

Zeolites contain proton active sites in diverse void environments that stabilize the reactive intermediates
and transition states formed in converting hydrocarbons and oxygenates to chemicals and energy
carriers. The catalytic diversity that exists among active sites in voids of varying sizes and shapes, even
within a given zeolite topology, has motivated research efforts to position and quantify active sites
within distinct voids (synthesis—structure) and to link active site environment to catalytic behavior (struc-
ture—reactivity). This Feature Article describes advances and challenges in controlling the position of fra-
mework Al centers and associated protons within distinct voids during zeolite synthesis or post-
synthetic modification, in identifying and quantifying distinct active site environments using
characterization techniques, and in determining the influence of active site environments on catalysis.
During zeolite synthesis, organic structure directing agents (SDAs) influence Al substitution at distinct
lattice positions via intermolecular interactions (e.g., electrostatics, hydrogen bonding) that depend on
the size, structure, and charge distribution of organic SDAs and their mobility when confined within
zeolitic voids. Complementary post-synthetic strategies to alter intrapore active site distributions include
the selective removal of protons by differently-sized titrants or unreactive organic residues and the
selective exchange of framework heteroatoms of different reactivities, but remain limited to certain
zeolite frameworks. The ability to identify and quantify active sites within distinct intrapore environments
depends on the resolution with which a given characterization technique can distinguish Al T-site
positions or proton environments in a given zeolite framework. For proton sites in external unconfined
environments, various (post-)synthetic strategies exist to control their amounts, with quantitative
methods to distinguish them from internal sites that largely depend on using stoichiometric or catalytic
probes that only interact with external sites. Protons in different environments influence reactivity by
preferentially stabilizing larger transition states over smaller precursor states and influence selectivity by
preferentially stabilizing or destabilizing competing transition states of varying sizes that share a
common precursor state. We highlight opportunities to address challenges encountered in the design of
active site environments in zeolites by closely integrating precise (post-)synthetic methods, validated
characterization techniques, well-defined kinetic probes, and properly calibrated theoretical models.
Further advances in understanding the molecular details that underlie synthesis—structure—reactivity
relationships for active site environments in zeolite catalysis can accelerate the predictive design of tai-
lored zeolites for desired catalytic transformations.

compensate protons (H') that serve as active sites.” The pio-
neering work of Haag and co-workers demonstrated that the

Zeolites catalyze a wide range of reactions involved in upgrad-
ing hydrocarbons and oxygenates to valuable chemicals
and energy carriers."™ The substitution of tetrahedrally-
coordinated Si** in the charge-neutral silica framework ([SiO,])
with AI’* generates anionic centers ([AlO,,] ), which charge-
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rates (per g zeolite) of a series of catalytic reactions including n-
hexane cracking (811 K) were strictly proportional to the Al
content (per g zeolite) among MFI zeolites (Si/Al = 15-
100 000).>® Their results suggested either similar reactivity
among all 26 possible H' sites associated with the 12 crystal-
lographic distinct [AlO,/,]” positions in the MFI lattice, or a
similar distribution of H' sites of different reactivity across MFI
zeolites synthesized in a similar manner.”® Furthermore,
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isolated Brgnsted acid sites in microporous and mesoporous
aluminosilicates of diverse topologies have similar acid
strength, as rigorously quantified by the deprotonation energy
(DPE), or the energy required to remove a proton from the
conjugate base ([AlO4,]”) to non-interacting distances.” °
However, catalytic diversity exists among varying zeolite topol-
ogies and even among samples of a given topology but different
synthetic history, as evidenced by variations in site-normalized
turnover rates, product selectivity, or deactivation behavior
during acid-catalyzed reactions (e.g, alkane cracking'™* and
dehydrogenation,"""™ alkene oligomerization'®"® and hydro-
genation,?® alkanol dehydration,** alkanol to hydrocar-
bons,** 7 aromatic alkylation,*® " alkanal-alkene coupling®*?).

Classical concepts of shape selectivity>*” were historically
used to describe how micropores of varying size and connec-
tivity regulate reactant access to active sites (reactant shape
selectivity), control product egress from crystallites (product
shape selectivity) and restrict formation of certain transition
states (transition-state shape selectivity). Yet, in certain cases
where reactivity is not controlled by molecular transport within
micropores, these heuristic concepts are limited in explaining
catalytic differences among zeolite frameworks possessing
similarly sized micropore apertures or in a given zeolite frame-
work containing protons in differently sized voids.*®*° Instead,
kinetically controlled reactivity differences during Brensted
acid catalysis are underpinned by the (de)stabilization of reac-
tive intermediates and transition states by electrostatic inter-
actions that depend on the acid strength of the binding site
([AlO4/,] H") and by van der Waals interactions that depend on
the size and shape of the confining void.*®* ** Beyond influences
of the binding site and the confining void environment, certain
rigid arrangements of proximal anionic Al centers also stabilize
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cationic intermediates and transition states, conferring addi-
tional catalytic diversity to zeolite samples of a fixed framework
type, even those such as chabazite (CHA) that contain a single
crystallographically unique tetrahedral site (T-site) and similar
composition (i.e., Si/Al ratio)."**>>® Thus, catalytic diversity
emanates from variations in the location and arrangement of
H" associated with the siting of framework Al centers at
symmetry-distinct T-sites within varying internal (or intracrys-
talline) micropores of different shapes and sizes (0.4-1.5 nm
diameter), at external (or extracrystalline) surfaces and meso-
porous environments (>2 nm diameter) (Fig. 1), or in different
lattice arrangements.*>*” Furthermore, the void environment
and arrangement of Al in zeolites affect the location, speciation,
and structure of extra-framework metal cations (M"") and
complexes (e.g., [M,O,]"") that are active-site precursors or
active sites for metal-catalyzed chemistries (e.g., methane par-
tial oxidation on Cu- and Fe-zeolites**™° and dehydroaromati-
zation on Mo-zeolites,” >® alkane dehydrogenation and
dehydroaromatization on Ga- and Zn-zeolites,>*>® alkene
dimerization and oligomerization on Ni-zeolites,””*® and
reduction and oxidation of nitrogen oxides on Cu-zeolites>*°?).

As highlighted by various reviews and perspectives over the
past decade, designing Brensted acid zeolites for targeted
catalytic applications requires strategies to tailor bulk crystal-
lite properties (e.g:, crystallite size and morphology, active site
density) that influence the intracrystalline diffusion of
molecules® % and approaches to tailor active site properties
(e.g., void environments, local arrangements) that influence the
stabilities of reactive intermediates and Kkinetically relevant
transition states.*>*®*779%” However, for active site design
approaches, challenges in controlling the location of active
sites within distinct void environments and in distinguishing
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Fig. 1 Scheme showing H* sites in internal micropore environments of
varying sizes (0.4-2.0 nm diameter) or at external surfaces and meso-
porous environments (>2 nm diameter) of Bregnsted acid zeolites.

their number and intrinsic reactivity limit the ability to tailor
zeolites for desired catalytic transformations. This Feature
Article focuses on advances and challenges in developing
fundamental synthesis-structure-reactivity relationships for
Al (and H') siting within internal confining micropores of
varying sizes and shapes and at external unconfined surfaces.
We exclude discussions on synthesis-structure-reactivity rela-
tionships for Al proximity and arrangement, as our perspective
on those topics can be found in a previous publication.*” We
also exclude discussions on synthesis—structure-function rela-
tionships for bulk crystallite properties that control intracrys-
talline diffusion phenomena in zeolites.

In Section 2, we connect advances in elucidating the inter-
molecular interactions that govern the synthetic placement of
active sites in distinct internal void environments and highlight
complementary approaches to post-synthetically remove acid
sites from distinct voids. We also discuss the merits and
limitations of characterization techniques often used to assess
differences in framework Al siting or H' void environments. We
further describe catalytic insights from selected case studies
that delineate how the active site environment alters kinetically
controlled reactivity and selectivity for a given zeolite frame-
work with fixed active site density but varying (post-)synthetic
origin. In Section 3, we examine (post-)synthetic strategies and
characterization techniques to respectively manipulate and
quantify the number of active sites at external unconfined
environments. We emphasize that, in this focused perspective,
the selected examples from previously published works from
our group and the broader literature within the past two
decades are chosen to illustrate fundamental insights and
elucidate molecular-level details underlying synthesis-struc-
ture-reactivity relationships for active site environments in
zeolite catalysis. In an effort to provide a perspective that is
accessible to readers with varying levels of familiarity with the
subject matter, we incorporate brief descriptions of some back-
ground concepts about zeolites (with references to external
resources containing more detailed discussions) that are help-
ful to understand the insights presented in this Feature Article.
We conclude in Section 4 by providing our outlook on knowl-
edge gaps and future directions that can advance the design of
zeolites with tailored active sites for targeted catalytic
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applications. Throughout this perspective, we underscore our
viewpoint that the close integration of precise (post-)synthetic
control strategies, validated characterization techniques, well-
defined kinetic probes, and properly calibrated theoretical
models is important in developing fundamental synthesis—
structure-reactivity relationships that underpin the catalytic
diversity of active site environments in Brgnsted acid zeolites.

2. Active sites within distinct internal
void environments of a fixed zeolite
framework

The siting of Al at crystallographically distinct lattice positions
within zeolite micropores dictates the location of their atten-
dant protons within confining voids of varying sizes and shapes
and, in turn, influences the stability of kinetically relevant
intermediates and transition states. The structural diversity of
zeolites requires brief descriptions of some common metrics used
to distinguish relevant void features. The connection of TO,,
building units (T = Si or Al) forms rings (denoted by X-MR, where
X is the number of T-atoms members) and void features such as
cavities and channels, which are used to classify zeolite frame-
works by the number of T-atoms delimiting their pore apertures
into small (8-MR), medium (10-MR), and large (12-MR) pore
zeolites.*®® The pore limiting diameter (PLD) and the largest
cavity diameter (LCD) describe the diameter of the largest sphere
that can diffuse through the microporous structure and that can
be circumscribed inside zeolitic cavities, respectively.”** In many
cases, void shapes can be described by the maximum and
minimum diameters of the cross-section (e.g, 0.51 nm X
0.55 nm for MFI sinusoidal channels),*® while pore dimension-
ality can be used to describe the ability of guest molecules to
diffuse along up to three independent directions (1D; 2D; 3D).**%°
Further discussions of relevant void and topological features of
zeolites can be found elsewhere.?*~°® In this Feature Article, most
of our discussions focus on the FER, MFI and MOR zeolite
frameworks (Fig. 2).

In this section, we discuss the intermolecular interactions
between the organic structure directing agent (SDA) and zeolite
framework that underlie synthetic protocols to selectively place Al
in desired void environments and the complementary post-
synthetic strategies to selectively remove H' from undesired void
environments. We further describe experimental characterization

MFI (3D)

MOR (1D)

\—7 ,:\ S

N 10-MR
Fig. 2 Void and topological features of three key zeolites (FER, MFI, MOR)
discussed in this work. The pore dimensionality and some ring features (8-
MR, 10-MR, 12-MR) are indicated. Structures obtained from IZA
database.®®

This journal is © The Royal Society of Chemistry 2024
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techniques to probe active site locations within distinct zeolite
voids. We incorporate discussions of computational assessments
that are valuable in developing molecular-level insights into the
(post-)synthetic strategies and characterization techniques. We
then conclude by using two probe reactions to demonstrate how
the catalytic consequences of distinct Al (and H") environments of
a fixed zeolite framework are elucidated using mechanistic inter-
pretations of rates measured under conditions of strict kinetic
control and interpreted alongside theoretical calculations.

2.1. Strategies to control active site placement within distinct
void sizes of a fixed framework

2.1.1. Influence of organic SDA on Al siting during synth-
esis: intermolecular interactions that govern the selective pla-
cement of framework Al in distinct zeolite voids. During the
hydrothermal synthesis of zeolites, organic molecules, typically
quaternary alkylammonium or non-quaternary alkylamine
molecules, are used as SDAs in the presence of Al and Si
reagents and with the occasional incorporation of alkali cations
(e.g., Na*, K") as inorganic co-SDAs. The current understanding
of zeolite crystallization processes encompasses a cascade of
nucleation and crystal growth stages, in which the local order of
organic SDAs and inorganic amorphous aluminosilicate spe-
cies evolve to form longer range order in periodic crystal
lattices.”*™°” Organic SDAs stabilize the formation of a zeolite
framework via van der Waals (or dispersive) interactions with
the silicate species that occlude them and via Coulombic (or
electrostatic) interactions with the anionic lattice components
such as framework Al centers (=Al-O -Si=) or siloxy defects
(=Si-07) (Fig. 3).°°710*19"112 Beyond stabilizing the incorpora-
tion of Al centers into the SiO,/, framework, organic SDAs are
also known to influence the siting of Al centers in distinct
lattice positions in a manner that is non-random, but with an
incompletely understood dependence on synthesis conditions
such as the identity and quantity of SDAs.**>7*%°

Early experimental and theoretical studies recognized
how Coulombic interactions influence Al siting at T-sites
closest to the charged N' center of the organic SDA during
synthesis. Using advanced NMR techniques, Shantz et al.'**'"
established that during the synthesis of MTW (a 1D large pore
zeolite), the cationic N" center of the benzyltrimethylammonium
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organic SDA is preferentially ordered near the anionic framework
Al center of the zeolite lattice, consistent with Coulombic type
interactions. From these results, they suggested that knowledge of
the geometric arrangement of organic SDAs in the zeolite micro-
pores and proper selection of organic SDAs with different charge
distributions should be a useful starting point to tune the siting
of trivalent framework heteroatoms (e.g., Al) during zeolite
synthesis.”***** Sastre et al'*>''® used molecular mechanics
simulations on ISV (a 3D large pore zeolite with five distinct T-
sites) and MEI (a 3D large pore zeolite with four distinct T-sites) to
show that Coulombic interactions are maximized (or electrostatic
energy minimized) when anionic Al are sited at lattice positions
closest to the N' center of the organic SDA and that these
Coulombic interactions have a greater influence on Al siting than
the intrinsic stabilities of Al substitution at distinct T-sites in
absence of organic SDA.

Later studies by Pinar et al."'” and Roman-Leshkov et al.'*®
have provided a well-known example of how organic SDAs can
bias the relative proportion of H' within the smaller 8-MR voids
(Hsmr'; 0.48 nm x 0.35 nm)® and the larger 10-MR voids (H";gvz;
0.54 nm x 0.42 nm)® of FER, a 2D medium-pore zeolite
with four distinct T-sites (Fig. 4A). As summarized in Fig. 4B,
the synthesis of FER (Si/Al = 10-17) with varying organic
SDAs (and combinations thereof), resulted in significant differ-
ences in the fraction of H' in the 10-MR (H'iomr/H toral =
0.11-0.73).""7""*® From Rietveld refinement of powder X-ray
diffraction (XRD) data accompanied by molecular mechanics
simulations, tetramethylammonium (TMA') was found to
reside exclusively in the FER cage (accessibly only by 8-MR
channel) (Fig. 4), whereas pyrrolidine (Pyrr) or its protonated
form (pyrrolidinium; Pyrr') can reside within either the 10-MR
channels or FER cage.'*®"?° Molecular mechanics simulations
reveal that, in addition to electrostatic interactions with the
[AlOy,]7, Pyrr™ can engage in hydrogen bonding interactions
with the anionic oxygen of the [AlO,/,]|” (Fig. 4), which results in
a stronger influence of Pyrr* over TMA" on the Al siting in the
lattice, especially when Pyrr is occupying the FER cavity.'”!
These result in synthesis with Pyrr as the sole organic SDA
having the lowest fraction of H'jomr (H 10mr/H totar = 0.11),
while the addition of TMA" to the synthesis media displaces
some Pyrr from the FER cavity to the 10-MR channel and results

2/\*" \g'. —_
-1

£

A

Formation of
organic-inorganic
composites

Coordination of
organic SDA and
silicate species

Nucleation and
growth of zeolite
crystals

[ Electrostatic interactions ]

Hydrogen bonding interactions

Fig. 3 Roles of organic SDA during zeolite synthesis: (A) stabilizing the crystallization from amorphous precursors via van der Waals interactions with

silicate species. Adapted from Burkett et al.1°+1%2 (B)

Stabilizing the siting of Al at lattice positions via electrostatic interactions only (for quaternary organic

SDA) and, in some cases, via additional hydrogen bonding interactions (in the case of non-quaternary organic SDA).

This journal is © The Royal Society of Chemistry 2024

Chem. Commun., 2024, 60, 12118-12143 | 12121


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc04728a

Open Access Article. Published on 20 September 2024. Downloaded on 4/1/2026 7:03:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

View Article Online

Feature Article

Fig. 4

B
H+10-MR/H+to(al
N
FER
FER ( 7 0.11 (0.10)
FER NG
pyrrma [(_)| 1T 016018
O e
FER it f©.s I
BMp-THA | N 1N (0.36)
1 Vi
FER N
-PYRR-Na Q Na* 0.47 (0.52)
e
FER S
-HMETMA | I 073
SIS

(A) FER pore structure showing the four distinct T sites, the 10-MR channels, and the ferrierite cavity accessible from 8-MR pore openings. T4 is

accessible only from the 8-MR channel. Adapted with permission from Pinar et al.*2® Copyright 2021 American Chemical Society and from Pinar et al.*°
Copyright 2013 American Chemical Society. (B) Organic SDA used to synthesize FER zeolites and their influence on the H* void environment in

synthesized FER zeolites. Data for H*1g_mr/H ™ (otal Obtained from Pinar et a
are color coded by the FER voids that they reside in (A).

in slightly higher fractions of H'jgymr (H'iomr/H total

0.16)."'7*° Bulkier organic co-SDAs (> 0.50 nm diameter) such
as 1-benzyl-1-methylpyrrolidinium (BMP")'**"** or hexamethy-
leneimine (HMI)"'® are restricted to 10-MR channels because of
size exclusion from the smaller FER cage, and this results in
increased fractions of H';jgg. Furthermore, synthesis using
HMI results in the highest fraction of H';g.vr (H' 10mr/H totar =
0.73) because hydrogen bonding interactions of the NH," group
and less shielding by the R, group (R = alkyl) permit stronger
interaction with [AlO4,]” in 10-MR relative to the bulkier
quaternary alkylammonium structure of BMP'.'”"''® More
recent studies by other groups'>*'**> have provided further
examples of organic SDAs (morpholine, piperidine, ethylene-
diamine, pyridine, cyclohexylamine, and 1,6-diaminohexane)
that lead to different biases in Al siting in synthesized FER
zeolites. Thus, for FER zeolite containing four distinct T-sites
with bridging framework O (Of) atoms that can be oriented in
either 8-MR or 10-MR voids, the size and charge distribution

TPA*

®

N
DABCO

Fig. 5

L 117,119 (

\/\N‘\/\ HZN\/\NH2

—NH,

shown in parentheses) and Roman-Leshkov et al.'® The organic SDAs

(e.g., RyN" vs. R,NH,") of the organic SDA dictates the magni-
tude of its intermolecular interaction with framework anionic
Al centers, which determines the siting of Al (and H') within
distinct void environments (Fig. 4).

In contrast to FER, which contains four crystallographic
distinct T-sites in a 2D topology of intersecting and co-planar
8-MR and 10-MR channels, MFI is a lower symmetry framework
containing 12 crystallographically distinct T-sites (orthorhom-
bic phase) in a 3D topology of intersecting 10-MR straight
(0.53 nm x 0.56 nm) and 10-MR sinusoidal (0.51 nm X
0.55 nm) channels (Fig. 5A) which lie in orthogonal planes that
allow for molecular diffusion along the three crystallographic
directions.®>"*”"'*® More importantly, the 12 distinct T-sites of
MFI result in 26 distinct neutral O atoms for the silicate form
(i.e., =T,~O-T, =, where T, = T, = Si) or 48 distinct anionic O¢
atoms for aluminosilicate form (i.e., =T,~-O -T, =, where T, #
T, = Si or Al) and these bridging anionic O¢ can have attendant
protons that reside within the channels (~0.55 nm diameter)®?

C s —
2 303 TPA -
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S 5] Xt
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s o |
EDA g 5 Ll[).-M
3 0 Il
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12345678 91011

Al position

(A) MFI pore structure showing the sinusoidal channels (blue; across a—c plane), straight channels (blue; along b-axis), and the channel

intersections (green) (B) Conventional organic SDA (TPA*) and nonconventional organic SDA mixtures (EDA + TPA, DABCO + MA) used to synthesize MFI
zeolites. (C) Energies of Al siting in positions T1-T11 (relative to T12) with varying organic SDA complexes: D-W = [DABCO-H-H,QO]*, D-M = [DABCO-
H-MAJ*; (S) indicates calculation performed with an implicit solvation model. Reproduced with permission from Ezenwa et al.™*' Copyright 2024
American Chemical Society.
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or their larger intersections (~0.70 nm diameter).”*>"*>'3° The
increased structural complexity of MFI zeolite framework (rela-
tive to FER) present various synthetic challenges to precisely
tune the void location of the proton. To illustrate, each isolated
Al-substituted T-site of MFI has four possible bridging O—H
that are isoenergetic (i.e., DPE within 10 k] mol™')” and can
host protons in either channel or intersection void environ-
ments, with the exception of T4 site that can only host protons
accessible in the sinusoidal channel environments."*’

The synthesis of MFI zeolites using the conventional tetra-n-
propylammonium (TPA*)'*> SDA (Fig. 5B) is known to prefer-
entially position [AlO,/,]” in T-sites bordering the larger inter-
sections and that are closest to the N' center of the TPA"
molecules that are fixed at MFI intersections, because electro-
static interactions are maximized when the N'-Al~ distance is
minimized.'*®***'3* yokoi and colleagues'**™**® reported that
the synthesis of MFI zeolites (Si/Al = 20-50) using mixtures of
alkylamine (e.g., cyclohexylamine) or alcohol (e.g., pentaerythri-
tol, PET; trimethylolethane, TME) molecules and Na' resulted
in increased siting of Al at T-sites within the more constrained
channel environments because neutral branched organic mole-
cules occupy intersection voids, thereby forcing Na* to charge
compensate Al centers (Na‘/Al = 0.3-1.1)"*>"” at channel
environments. We note that prior to these reports,***™*” MFI
zeolites had been synthesized with >30 different types of
organic molecules’**"*°*%” but with scant reports’® of the
resulting consequences on Al siting within different voids
during synthesis with non-conventional organic SDA. Further
studies by other research groups'®® > also reported or inferred
that MFI synthesized using the earlier reported alcohol mole-
cules (PET, TME)"**"*” or n-butylamine (NBA)"**"%° resulted in
increased siting of Al at the channel environments relative to
the intersection environments that are favored by TPA'. A
recent study by Yokoi and colleagues'®® further proposed that
PET molecules prevented the interaction of TPA” molecules and
[AlO,/,]” centers thereby enhancing the ability of Na* to place Al
centers in channels during synthesis of MFI using mixtures of
TPA', PET and Na'. However, detailed molecular-level insights
into the influence of organic SDA structure on Al siting remain
limited for MFI zeolites.

Recently, we reported™*" that the synthesis of MFI zeolites of
fixed Al content (Si/Al ~ 50) using an either an equimolar
mixture of 1,4-diazabicyclo[2.2.2]octane (DABCO) and methyla-
mine (MA)'®* or a mixture of excess ethylenediamine (EDA)
with minor quantities of TPA",'®® resulted in significant bias of
Al towards the more confined channels. In contrast, the synth-
esis of MFI zeolites using TPA" as the only SDA resulted in the
predominant siting of Al within the larger intersections, in
agreement with density functional theory (DFT) studies.™®'%*
In the case of MFI crystallization using DABCO/MA mixtures,
DFT simulations reveal that the ability of protonated DABCO
complexes to reorient within MFI intersections and participate
in additional hydrogen-bonding interactions with [AlO,;,]"
stabilizes a broader range of Al substitution locations and
facilitates the placement of Al at T sites in the smaller channel
environments that are less favored by TPA* (Fig. 5C)."*' We
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surmised that a similar flexibility and ability of protonated EDA
to form H-bonding interactions biases the Al positioning away
from the intersection-dominant locations preferred solely by
TPA"."*! Indeed, earlier studies by Perego and colleagues*®**°
reported that EDA molecules are stabilized by favorable van
der Waals interactions in the smaller channels of MFI and that
the compositional N/B ratio ~1 in samples crystallized from
borosilicate solutions implies that EDA interacts with frame-
work B either via electrostatic interactions in their protonated
form or via N---H-O¢ hydrogen bonds in their unprotonated
form,"*®'*® suggesting a similar mechanism by which EDA may
bias the siting of trivalent heteroatoms towards channels.
Furthermore, the findings from our group*>**! are consistent
with those of a recent DFT and molecular dynamics (MD) study
that proposed that organic SDAs with different charge distribu-
tions and mobility within voids can alter the Al siting towards
T-sites that are further away from MFI intersections."*?
Together, these molecular-level details depict a mechanistic
link between organic SDA structure and Al siting in MFI
zeolites.

Seldom examined in prevailing discourses on organic SDA
influence during zeolite synthesis, H-bonding interactions have
been proposed to play a significant role in the assembly of
organic guest molecules within diverse inorganic microporous
hosts (e.g., aluminosilicates, aluminophosphates, zincopho-
sphates, gallogermanates)'*"'®*'7" For instance, H-bonding
interactions between tris(ethylenediamine)cobalt(u) complexes
([Co(en);]**) and aluminophosphate frameworks were reported
to promote the crystallization of aluminophosphates and trans-
fer the chirality of the metal complex to the inorganic
hosts.'®®1¢717° Furthermore, Gomez-Hortigiiela and colleagues
used molecular simulations to identify that strong H-bonding
interactions between flexible organic molecules containing H-
bond forming groups (-NH or -OH) and the O¢ atoms bridging
isomorphically substituted lower-valent dopants (e.g., Mg** for
APP" in AFI aluminophosphates'®®'®® or AI** for Si** in FER
19121 drive the siting of dopants in the
framework."””> These insights demonstrate that a computation-
ally informed choice of organic molecule capable of participat-
ing in hydrogen bonding interactions with the zeolite
framework may be an important design strategy to place active
sites in desired environments."*"

Further notable examples of the influence of organic SDAs
on framework Al siting for a fixed zeolite framework can be
found in reports for (a) MOR, a 1D large-pore zeolite containing
four distinct T-sites distributed among 8-MR side-pockets
(0.57 nm x 0.26 nm; 0.48 nm X 0.34 nm) and 12-MR channels
(0.70 nm x 0.65 nm),"”>*”” (b) RTH, a 2D small-pore zeolite
with four distinct T-sites distributed among non-distorted 8-
MR (0.41 nm x 0.38 nm) and distorted 8-MR (0.56 nm X
0.25 nm) pore apertures,"”’® (c) MWW, a 2D medium-pore
zeolite containing eight distinct T-sites (up to 14 T-sites for
SSZ-70) distributed among 10-MR sinusoidal channels within
layers (0.51 nm x 0.41 nm) and 12-MR supercages (0.71 nm X
0.71 nm) with 10-MR apertures between layers (0.55 nm X
0.40 nm),"”**%° and (d) IFR, a 1D large-pore zeolite containing

aluminosilicates
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four distinct T-sites within the 12-MR channel (0.62 nm X
0.72 nm)."®

Together, experimental and computational studies demon-
strate that beyond intrinsic (i.e., thermodynamically preferred
under SDA-free conditions) Al siting preferences at crystallo-
graphic distinct T-sites and van der Waals interactions that
stabilize organic SDAs within specific pore geometries, inter-
molecular interactions (e.g., electrostatics, hydrogen bonding)
between organic SDAs and Al centers play a major role in the
placement of framework Al at distinct T-sites; such interactions
depend on the size, structure, chemical functionality, and
charge distribution of organic SDAs and their mobility within
the voids during crystallization.

2.1.2. Selective removal of acid sites in distinct voids via
post-synthetic modification. Following zeolite crystallization,
the Al siting in the resulting inorganic solid is thought to be
more deterministic and less stochastic in nature.*®”®*" How-
ever, predictive design rules for Al siting in zeolites are yet to be
fully realized because of the complex nature of hydrothermal
crystallization involving kinetically and thermodynamically
controlled cascades of nucleation, growth, and dissolution
processes to form a metastable framework'®® and the complex
structure of many zeolites that can contain >4 symmetry
distinct T-sites and an even higher number of distinct bridging
O that charge compensate the H” sites.*® Post-synthetic design
approaches (Fig. 6) can provide an alternative and complemen-
tary route to tune H' location by selectively removing H' and
framework Al in undesired void environments and lattice
positions, respectively.

The post-synthetic treatment of MOR zeolites in aqueous
Na' solutions at sub-unity Na* to Al molar ratios is a well-
known technique to preferentially exchange H' in the 8-MR
side pockets (Hg g ') with catalytically inactive Na* while pre-
serving H' in 12-MR channels (His.mg'),"""**7'®° because of

A Selective H* Poisoning B

Selective Deactivation by
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closer contacts of Na' cations with framework oxygen atoms
within smaller 8-MR voids than those within larger 12-MR voids."
On the other hand, Hy, g are preferentially poisoned by pyridine
or alkylpyridines (e.g., 2,6-dimethylpyridine),’”**%"*%” exchanged
by tetramethylammonium ions,'®® or eliminated via silylation
with trimethylchlorosilane™®® because size constraints exclude
these bulky species from accessing Hgyg'. Furthermore, as
surmised by a recent experimental and theoretical study® from
our group that found that Na" preferentially titrated H' in 6-MR
Al-Al pair configurations over H' at isolated Al sites in CHA
zeolites, strong effects of preferential Na* titration of H" within
distinct void environments of aluminosilicates may reflect an
underlying influence of Al-Al pairs. Thus, the selective titration
of H' sites is a post-synthetic approach to tune the H' void
environments in certain zeolites.

The selective deposition of unreactive organic residues in
specific voids provides another established strategy to post-
synthetically tune H' siting in zeolites with independent non-
connected pore systems. During the cracking of n-hexane and 3-
methylpentane (588 K) in MOR, H;, ' were preferentially
deactivated with time-on-stream when compared to Hgpyg'."*°
Similarly, H' located within 12-MR supercages of MWW zeolites
(0.71 nm x 0.71 nm) were preferentially deactivated with time-
on-stream over H' located within the 10-MR sinusoidal chan-
nels (0.51 nm x 0.41 nm) during n-hexane and 3-
methylpentane cracking (588 K),'°>'®' n-heptane cracking
(623-723 K),"*>™* m-xylene transformation (623 K),"*>'°°
toluene methylation (623 K),>***' methanol to hydrocarbons
(723 K),"”'%® and syngas to gasoline (633 K).'*° However, for
certain zeolite topologies with interconnected pore systems
(e.g., MFI), deposition of bulky organic residues imprecisely
alters the Al siting and may introduce unintended collateral
effects, given that blocking of H" sites in intersections will
restrict access to H' sites in the connected channels and vice

Pore Selective Heteroatom

by Titrants (e.q., MOR)

Pore Blocking (e.q., MWW)

Exchange (e.q., SFV]

Partial
exchange
by Na*

Titration by
bulky species
(e.g., pyridine)

Deposition of )

bulky coke
species during fm
reaction Deboronation | ~ B 12-MR
—H* Al reinsertion | —'' B,10-MR
supercage

Fig. 6 Schematic summarizing the highlighted post-synthetic techniques to modify Al and H* siting within distinct micropore environments of zeolites.
(A) Selective poisoning of H* sites in 8-MR and 12-MR of MOR by Na* or bulky titrants, respectively. (B) Selective deactivation by pore blocking of H* sites
in 12-MR supercages of MWW zeolites. (C) Selective heteroatom exchange in SFV zeolites. Shaded regions depict voids containing inactive sites.
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versa. Nevertheless, the selective deposition of coke species
remains a viable technique to post-synthetically eliminate H"
sites within distinct void environments of certain zeolites
containing non-intersecting pore systems.

Selective exchange of trivalent heteroatoms of different
reactivities in distinct voids of zeolites is an emerging design
strategy to post-synthetically introduce Al to specific void
environments of zeolites. For example, H" that charge-
compensate framework boron (Hg') are typically catalytically
irrelevant relative to Hy" because the DPE of Hy' is ~70 kJ
mol " higher than that of Hy,*.>*°°°® The synthesis of borosi-
licate zeotypes followed by deboronation and subsequent Al
reinsertion (B — Al exchange) has historically provided an
indirect route to obtain certain aluminosilicate zeolites that
are inaccessible from direct crystallization using amorphous Al
reagents.’**2°® Beyond synthesizing new zeolite frameworks,
Zones, Koller and colleagues further observed that (i) in certain
zeolites, B atoms typically site at structural motifs such as
4-ring chains,**”?°® (ii) hydrated AI*" cations are unable to
access 10-MR pores,**”*% (iii) heteroatom siting is preserved
during B/Al exchange without significant T-site or silanol nest
migration.”®”*°® These observations suggest that B — Al
exchange might be a viable strategy to tune Al siting in certain
zeolite frameworks, a process referred to as ‘“pore selective
aluminum reinsertion”.?®® This was demonstrated for post-
synthetically B — Al exchanged SFV (SSZ-57) zeolites that
contained Al in only 12-MR pores®*® as opposed to directly
synthesized Al-SFV zeolites that contained Al in both 12-MR
and 10-MR pores.>'”*"" Such emerging techniques to selectively
reinsert Al into specific lattice positions hold promise, but find
limited applications for medium-pore zeolites as reported
earlier’”?*® and observed in our own unpublished studies.
Alternative strategies such as gas-phase Al exchange in
moisture-free atmospheres or liquid-phase exchange in
moisture-free solvents®'> into deboronated zeolites could be
explored to overcome the current hurdles for medium-pore
zeolites and allow the indirect synthesis of aluminosilicates
with tailored Al siting than would have been obtained if
synthesized directly in Al-containing form.

2.2,
voids

Experimental characterization of Al siting within distinct

Synthetic and post-synthetic strategies to tune the siting of Al
(and attendant H') within distinct voids of zeolites require
characterization techniques to assess the resulting impact on
Al siting within distinct voids. These techniques are broadly
distinguished by those that seek to identify the lattice position
of framework Al and those that seek to determine the void
environment of the protons directly without adsorbed probes or
indirectly using adsorbed probes.

Solid-state *>’Al magic angle spinning nuclear magnetic
resonance (MAS NMR) spectra are sensitive to differences
the local coordination environments of *’Al nuclei and
are widely used to distinguish tetrahedrally coordinated frame-
work Al (~54-65 ppm) from octahedrally coordinated extra-
framework Al species (~0 ppm).>'®* The early reported
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correlation by Lippmaa et al.>'* of *’Al chemical shifts with
the average Al-O-Si bond angles in various Al-rich aluminosi-
licates (Si/Al = 1-5) suggests that *’Al MAS NMR may be able to
capture subtle differences in the local structure of framework Al
due to differences in Al siting among distinct lattice positions.
Han et al.>™ reported that two observed peaks (~51.2 and
~53.5 ppm) in both the *’Al MAS NMR and the two-
dimensional 2’Al triple-quantum (3Q) MAS NMR spectra of
MFI zeolites (Si/Al = 14-250) result from overlapped signals of
two subsets of the 12 distinct T-sites, and further used the
correlation by Lippmaa et al.>'* and Al-O-Si angles from the
crystallographic data of Olson et al. *>® to estimate isotropic >”Al
chemical shifts for the 12 distinct T-sites of orthorhombic MFI.

Subsequent studies by Sklenak et al.>**"**® combined %’Al 3Q
MAS NMR experiments and quantum mechanics molecular
mechanics (QM/MM) simulations to perform a partial assign-
ment of observed resonances to specific T-sites in monoclinic
MFI (24 distinct T-sites). They noted that no simple
correlation exists between *’Al isotropic chemical shifts and
average calculated Al-O-Si angles and that the crystallographic
X-ray data contained artefacts in Al-O-Si bond angles
because of low Al content. Nevertheless, studies by Han
et al.,>* Sklenak et al,>'*>'® and by other groups (including
ours)'30131134,137,219.220 49ree on the non-random siting of Al at
distinct T-sites of MFI zeolites synthesized using TPA'. How-
ever, across these studies on MFI and on other low symmetry
zeolites containing >4 distinct T-sites,'”>**'>*> the majority
(>90%) of the isotropic *’Al chemical shifts fall within a
narrow range (<10 ppm)*'® and result in experimental *’Al
signals that are still too close to be unambiguously resolved
despite advances in multiquantum (MQ) MAS experiments and
increases in NMR resolution in recent years.>*®**” On the other
hand, for zeolite topologies (FER,"*>?*%?*° RTH,'”® IFR'®") of
higher symmetry containing 4 distinct T-sites, the >’Al 1D or 2D
MQ MAS NMR spectra can be partially resolved into at least two
components that significantly change with varying synthesis
organic SDA at fixed solid Si/Al ratios (Fig. 7).

Besides NMR techniques, X-ray diffraction (XRD) methods
have been applied to deduce the lattice positions of framework
heteroatoms (e.g., Al, B) through locating the positions of well-
ordered organic SDA molecules in as synthesized zeolites.**° In
this approach, the single-crystal or powder XRD data are
processed using Rietveld refinement®' to obtain positional
parameters for the atoms of the inorganic zeolite host and
the organic SDA guest. The refined interatomic distances
between the C and N of the organic SDA and the O¢ atom are
used alongside interaction energies calculated using molecular
simulations (MM or MD) to draw conclusions on the highest
probability locations of the organic SDA and the anionic Al
centers bearing Oy that are closest to the N' center of the
organic SDA. This approach has been partly successful in
determining the preferred lattice positions of framework Al in
FER zeolite synthesized using varying organic SDA (described in
Section 2.1.1)"'*"*%'** and of framework B in various zeolite
frameworks.>****>?% In addition to challenges in distinguish-
ing framework Si from Al because of their similar scattering
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Fig. 7 Solid-state 1D 2’Al MAS NMR spectra of (a) MFI, (b) FER, (c) RTH zeolites synthesized using varying organic SDA. Adapted with permission from
Ezenwa et al.,**! Pinar et al.,>2® and Liu et al.,’® respectively. Copyright 2024 American Chemical Society, 2014 Elsevier, 2014 Royal Society of Chemistry
The spectra show qualitative differences which suggest that the various OSDA biased locations of framework Al among various lattice positions.

factors,"**'?® structural refinements of powder XRD patterns

are also limited by lower contrast of organic guests because of
their lighter scattering relative to the inorganic host, low
symmetry of occluded organic SDA, and low resolution of
intensities from overlapping diffraction planes.**°

Techniques such as simulated annealing,** a systematic
global optimization routine, have been used to improve the
extraction of locations of organic SDA and framework hetero-
atoms from structural refinement of powder XRD patterns.>**>*>
In addition, XRD data collected at the Al K-edge, where the Al
scattering factor significantly diverges from that of Si because
of resonant scattering (termed anomalous X-ray diffraction),
has been combined with conventional powder XRD data to
unambiguously and quantitatively determine the occupancies
of Al at the four distinct T-sites of two H-form FER zeolites
synthesized using different organic SDAs (Fig. 8).'*® Thus,
powder XRD data when obtained at the Al K-edge'*® or when
refined using simulated annealing®° could enable locating the
position of framework Al in lower symmetry zeolite frameworks
(e.g., MFI). Additional X-ray based techniques such as extended
X-ray absorption fine structure (XAS) spectroscopy,’”*>>* Al
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Diffraction
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Conventional
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valence-to-core X-ray emission spectroscopy (XES)*** and

fluorescence spectroscopy using X-ray standing waves
(XSW)**® have also been used to estimate the occupation of
distinct T-sites by Al in BEA (9 T-sites), FER (4 T-sites) and NAT
(2 T-sites) zeolite, respectively.

In contrast to techniques used to identify the lattice posi-
tions of framework Al, alternative approaches measure differ-
ences in H' environments, which are then mapped to the most
probable framework Al positions, given knowledge of void
environments of their bridging Of atoms and assumptions
of isoenergetic distributions of associated H'. During infrared
(IR) spectroscopy of H-form zeolites, the OFH' bond
stretching frequencies (voy) for Bronsted acid sites are known
to be sensitive to void environments as reflected in a wide
range of voy (3550-3660 cm™ ') across zeolites of varied
framework topologies that contain differently sized void
environments.”**’">*¢ In addition, reported molar extinction
coefficients for Brensted acid sites (¢op) are either similar or
vary (2-20 cm pmol ') with void size.'33?3%2457248 Thege varia-
tions have been broadly ascribed to O~H' bonds perturbed via
interactions with nearby O; atoms regardless of the specific
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Al / unit cell
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Fig. 8 (A) Illustration of anomalous X-ray scattering at the Al K edge (1.56 keV or 7.95 A) as an approach to distinguish the similar scattering factors of Al
and Si within FER zeolites containing Si/Al ratios >5. (B) The real part (fo + f') of the X-ray scattering factor (f = fo + ' + if’) as a function of the X-ray
energy. Within the vicinity of the ALK edge, the f and f” become more significant than fy (the number of electrons) which changes the scattering power of
Al (C) Distribution of Alamong four distinct T-sites in two FER zeolites (2.2 Al per unit cell) of varying synthetic origins. Reproduced with permission from
Pinar et al.*® Copyright 2021 American Chemical Society.
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nature (electrostatic,”*' hydrogen bonding,>**->**248-250
der Waals”), where smaller voids offer more intimate interac-
tions that lengthen O~H" bonds and decrease vgp. 4244
The IR spectra of various H-MOR zeolites with a narrow
composition (Si/Al = 6-10), but varied commercial origins, were
found to consist of an asymmetric IR band in the Brgnsted acid
OFH" stretching region which can be deconvoluted into two
symmetric bands arising from Hgyr' (~3590 cm™') and
Himr (~3610 ecm™") (Fig. 9A)."""*>7'%¢ Among these MOR
samples, the ratios of Hgpr' and Hyp g to H' o varied with
sample origin'"'#>7'%¢ and with selective poisoning of either
Hgyvr by Na* cations' 8278 (Fig. 9B) or Hy,mg ' by (alkyl)pyr-
idines;'®>'®® these indicate that the unreported synthetic ori-
gins resulted in non-random siting of Al among the four
symmetry distinct T-sites and, in turn, non-random distribu-
tion of H" among the 10 distinct O; atoms. Recent studies on
MOR zeolites have further reported that varying organic SDA at
fixed Al and total H' contents biases the relative proportions of
Hgmr and Hy,.mr', measured via deconvolution of O~H' IR
spectra.’”>7®  However, research groups,
quantitative assessments of H' locations within distinct MOR
voids vary with spectral deconvolution procedures that
differ in numbers of primary components and in optimization
routines for spectral features (e.g, peak shape and
positions).'”>176:183:18%.251 11y addition, values of eon and voy
depend not only on intermolecular interactions with the nearby
void environment”>*'">** but also on the local configurations
of proximal H' that are sensitive to temperature even for high-
symmetry zeolites containing one crystallographic distinct
T-site (e.g., FAU,>**> CHA'*?*%),
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Fig. 9 (A) MOR framework structure showing the four distinct T sites and
some framework O sites. T3-0O31 and T3-0O33 positions are located
exclusively in the 8-MR side-pockets. The rest of the T—Os pairs are either
located within the 12-MR channel or at the boundary between the 8-MR
side pockets and the 12-MR channels. Adapted with permission from
Boronat et al.>>* Copyright 2008 American Chemical Society (B) Decon-
volution of OH IR spectra of on a series of partial Na*-exchanged MOR
zeolites (Si/Al = 10; (a)-(f) reflects increasing degree of Na exchange (Na/Al =
0.00, 0.17, 0.27, 0.41, 0.55, 0.90)). Reproduced with permission from Bhan
et al*® Copyright 2007 American Chemical Society.
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The accessibility of probe molecules to distinct voids of
certain zeolites has been used to quantify differences in H"
environment.”**** Specifically, the adsorption of pyridine
(kinetic diameter, dy;, ~ 0.58 nm) on H-form zeolites followed
by quantification using IR or NMR spectroscopy is a common
procedure for quantifying H' sites in pores with apertures
larger than those of 8-MR (~ 0.40 nm diameter).>*®>*%?> This
approach has enabled the quantification of Hy,r' of MOR
zeolites'®*8518¢ and H',,mr Of FER zeolites''”'*® because
pyridine cannot access Hgyy'. However, reproducible quanti-
fication for certain zeolites can be limited by partial accessi-
bility of pyridine to H' sites because of slow diffusion rates
during the timescale of the experiments and by variations in
molar extinction coefficients for the ring vibration bands or the
N-H" stretching bands of pyridinium ions.>**°” In addition,
for zeolites containing distinct but interconnected pore envir-
onments (e.g., ~0.55 nm channels and ~0.70 intersections of
MFI), pyridine indiscriminately titrates all H" sites, thus pre-
venting the quantification of distinct site environments.

The constraint index (CI) test,””® given by n-hexane-to-3-
methylpentane cracking rate ratio (typically between 623-
673 K), is one of many catalytic probe reactions*® that have
been historically developed to assess differences in void
features (limiting aperture size and void connectivity) of zeolite
frameworks. In cases where reactivity is weakly influenced by
intracrystalline diffusion limitations, the CI test may also sense
the influence of active site environments on the stabilities
of differently sized transition states.”>®**° However, CI
test values deviate from expected trends for certain zeolite
topologies,'*'°* are sensitive to presence of independent pore
systems that deactivate at different rates (e.g.,, MOR and
MWW),**® and vary significantly with temperature*® for
medium-pore zeolites because of competition either between
enthalpic and entropic effects**® or between monomolecular
and bimolecular mechanisms.**"?*> Nevertheless, MFI synthe-
sized using certain non-conventional organic molecules (e.g.,
PET, TME, NBA) were reported to have higher CI test values
relative to MFI samples synthesized using TPA", which was
used to infer that non-conventional MFI samples contained
significant numbers of active sites within the more constrained
channel environments.'?>'37,1787160,163

Together, the merits and drawbacks of the highlighted
characterization techniques for assessing differences in frame-
work Al siting or in H' void environments pinpoint areas to
advance the development of improved techniques that unam-
biguously quantify active sites within distinct void environ-
ments, even among lower symmetry frameworks such as MFI
and MWW zeolites.

2.3. Catalytic consequences of acid site location in distinct
void environment of a given zeolite

Under conditions where catalysis is not influenced by con-
straints on molecular diffusion within micropores, reactivity
and selectivity differences across zeolites reflect the effects of
pore confinement on the stabilities of intermediates and tran-
sition states at active sites within voids environments of varying
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3839 Confinement effects reflect attractive

sizes and shapes.
van der Waals interactions between bound species and confin-
ing voids that offset the energy penalties associated with the
structural distortions required to accommodate organic guests
within inorganic host and the entropic losses of bound species
upon confinement*>*3442637265 pyrthermore, confinement
effects become more significant when transition states and
their precursors or other competing transition states are sol-
vated to different extents because of differences in sizes.*
Elucidating the catalytic consequences of active site environ-
ments requires maintaining the link between reactivity and the
local structures of active sites and bound species;*® this neces-
sitates measurement of rates and selectivity in absence
(or accounting for) intracrystalline diffusion constraints
while minimizing the contributions of side reactions that
often convolute kinetic, thermodynamic and transport
phenomena.**77?°¢2%®  There are many examples of
complex reaction networks that are reported to be sensitive to
differences in active site environments in a given zeolite (e.g.,
methanol to hydrocarbons in MFI, MEL, MWW!37:139197,269-271)
but for the aforementioned reasons, we do not discuss those in this
perspective. Rather, in this section, we use the methylations of
carbon monoxide (CO) and toluene by DME at low reaction
temperatures (<473 K) to demonstrate how the active site environ-
ment alters kinetically controlled reactivity and selectivity for a
given zeolite framework with fixed active site density but of varying
synthetic origin.

2.3.1. Preferential stabilization of transition states over
intermediates during CO methylation in 8-MR voids of MOR
and FER zeolites. The methylation of CO by DME, also known
as DME carbonylation, produces methyl acetate and occurs
with high rates and selectivity at low temperatures (400-500 K)
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on Brgnsted acid zeolites containing 8-MR voids (e.g., MOR
and FER).'®>?7>27% During CO methylation on MOR zeolites
(423-463 K), methyl acetate formation rates are first order in
CO pressure Pco; 0-930 kPa (Fig. 10A) and zero-order in DME
pressure (0.8-67 kPa), reflecting active sites covered by DME-
derived species such as surface methyls (CH3;-Z) or trimethyl-
oxonium species (CH;0(CH;),"Z™).>”>?7° Steady-state and tran-
sient kinetic, isotopic, spectroscopic and titrimetric experi-
ments evidence the involvement of surface methyls that react
with gas-phase CO in a kinetically relevant C-C bond formation
step to form surface acetyls, which subsequently react with
DME in a Kkinetically irrelevant step to form methyl
acetate.”’>?’® Methyl acetate formation rates (per g zeolite;
438 K) strictly depend on the number of H' sites in 8-MR voids
(per g zeolite; quantified via IR spectroscopy) on a series of
partial Na* exchanged MOR and H-FER zeolites (Fig. 10B).'®> A
mechanism-derived rate expression (eqn (1)) describes the
methyl acetate formation rates (r,e; per H') in terms of the

kinetically relevant rate constant (ka.) and Pce:>”®

I'Ac
[H]

(1)

= kacPco

277278 .. is further described

Using transition state theory,
in terms of the Gibbs free energy barrier (AGacac) to form the
kinetically relevant CO methylation transition state from a
surface methyl and a CO molecule in the extracrystalline gas
phase (eqn (2); Fig. 11):*°

kAC :B—Te*AiuTc‘t.Ac
h

(2)

The reactivity of H' sites contained within 8-MR voids of MOR
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Fig. 10

Number of 8-MR H* sites
/103 mol H*g yr (g zeolite)!
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1 103 mol H*g yr (g zeolite)™

(A) Methyl acetate formation rates (per g Al) as a function of CO pressure during CO methylation (438 K) by DME (2—16 kPa) on H-MOR zeolite

(Si/Al = 10). Solid lines represent regressed best fit to eqn (1). Adapted with permission from Cheung et al.?”> Copyright 2006 Wiley-VCH (B) Methyl
acetate synthesis rate (per g zeolite; 438 K, 930 kPa CO, 20 kPa DME) as a function of number of H* in 8-MR of Na,H-MOR and H-FER zeolites (per g
zeolite). Dashed line represent line of best fit for MOR data. Adapted with permission from Bhan et al.*8° Copyright 2007 American Chemical Society (C)
Dependence of methyl acetate synthesis rate (per g Al; 473 K, 166 kPa CO, 100 kPa DME) on number of H* in 8-MR of H-FER zeolites synthesized using
varying organic SDA (FER-Pyr, FER-TMA, FER-HMI-TMA; Section 2.1.1) or obtained from a commercial source (FER-C). Adapted with permission from
Roman-Leshkov et al.*® Copyright 2011 American Chemical Society. Dashed line serves to guide the eye.
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or FER zeolites reflects the ability of the confining environment
(~0.40 nm average diameter) to preferentially stabilize the
larger CO methylation transition state over the smaller
surface methyl precursor via favorable van der Waals contacts,
thereby decreasing activation barriers (Fig. 11).>*?° Dispersion-
corrected DFT calculations also reveal that the specificity of
Hgmr', results from the unique orientation of the surface
methyl intermediate and desired CO methylation transition
states that decreases activation barriers by ~25 kJ mol '
relative to the Hy, e’ and prevents nucleophilic attack by
molecules larger than CO (e.g., DME or larger hydrocarbons)
that lead to unproductive reaction events.>>**”® Further experi-
mental studies and computational studies using dispersion-
corrected DFT methods, higher-level quantum mechanics, or
ab initio molecular dynamics support the findings that active
sites within 8-MR voids of MOR,*%°728 FER,'1828% CHA,?%
RRO,**® ETL,”®” and SZR*****° zeolites selectively catalyze CO
methylation to methyl acetate.

These studies highlight how kinetically controlled experi-
ments alongside appropriately chosen theoretical models help
to establish the identity, number and catalytic consequences of
distinct H" ensembles and further motivate strategies to manip-
ulate the active site environment for desired catalytic transfor-
mations. Such catalyst design strategies are enabled by
synthetic placement of H' sites in desired voids via varying
organic SDA structures (Section 2.1.1; shown in Fig. 10C for
FER) or post-synthetic removal of H' sites in undesired voids
via selective Na* exchange (Section 2.1.2; shown in Fig. 10B for
MOR). Next, we show how the intrinsic selectivity among
competing transition states sharing the same precursor state
is biased by altering the active site environment for a fixed
zeolite using synthetic protocols.

kAc
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Fig. 11 Reaction coordinate diagram for CO methylation by a surface
methyl species confined within zeolite voids. Adapted from Gounder
et al®®
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2.3.2. Preferential destabilization of bulkier transition
states that share the same precursor state during toluene
methylation in 10-MR of MFI and TON zeolites. Toluene
methylation by DME or methanol is typically performed at high
temperatures (573-773 K) on medium pore zeolites (e.g., MFI)
that have been designed to preferentially sieve para-xylene (p-X)
over ortho and meta regioisomers (0-X, m-X) from their thermo-
dynamic equilibrium distributions (~25% p-X, ~25% o0-X,
~50% m-X; 573-673 K)**° within micropores.?®?°'72% At
403 K, the xylene distribution on MFI zeolites synthesized using
TPA" (MFI-TPA) reflects kinetic control by electrophilic aro-
matic substitution (~27% p-X, ~65% 0-X, ~8% m-X) that is
weakly influenced by the larger intersections that predomi-
nantly contain the H' sites in MFI-TPA;"*' such low-
temperature conditions (<473 K) suppress the contributions
of xylene isomerization reactions and intracrystalline diffu-
sional constraints that promote p-X selectivity (>30%) at high
temperatures.>®'31293729 [n contrast, MFI zeolites synthesized
using non-conventional SDAs (MFI-DABCO, MFI-EDA) exhibit
altered isomer selectivities (~78% p-X, ~20% 0-X, ~2% m-X;
403-433 K) that are independent of crystallite sizes (0.4-13 um),
toluene conversion (0.02-3.5%), reactant pressures, and methy-
lating agent (DME or methanol).'*' The xylene formation rates
(rix; per total H'; 403 K) are invariant with DME pressure (25-66
kPa) and transition from first- to zero-order dependence in
toluene pressure (Proiuene, 0.05-8.8 kPa; Fig. 12A)."*' This
kinetic behavior is described by a mechanism-derived rate
expression (eqn (3)) containing the rate constant to form xylene
isomer i (ki) and the equilibrium constant for toluene-C,
coadsorption (Kc):

rix _ kix Kc Proluene (3)
[H+] 1 + KCPToluene

Here, k;x reflects the Gibbs free energy barrier AGyc¢,x for the
C-C bond formation transition state relative to the co-adsorbed
toluene-surface methyl precursor state (Fig. 13A) and accounts
for the number of degenerate ring positions that form each
xylene isomer (n¢ ¢ ):"*"

kBT —AGyeix
kix = ne-ci——¢ KT (4)

Rate constant ratios (kix/kx) are independent of the precursor
state and reflect the Gibbs free energy difference between

xylene formation transition states (AAG;x_;x):"*"

—AAGix_jx
RT (5)

kix nc—c,

kix nc—c,
= e

All three k;x values are lower (2-3x for p-X; 20-40x for 0-X and
m-X) on MFI-EDA and MFI-DABCO than on MFI-TPA. We apply
the Hammond-Leffler postulate?*®*®” to approximate relative
transition state sizes from the xylene sizes (p-X, dyi, = 0.585 nm;
0-X, m-X, dyin = 0.68 nm) and propose that the differences in
kyx/kox ratios on MFI-DABCO and MFI-EDA (~4-6) relative to
that on MFI-TPA (0.4) reflect xylene formation transition state
stabilities that are altered by a significant shift in the active
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(A) Total xylene formation rates as a function of toluene pressures during toluene methylation (403 K) by DME (66 kPa) on MFI zeolite samples

(Si/Al ~ 50) synthesized using different organic SDA MFI-DABCO (#), MFI-EDA (A) and on a commercial MFl sample surmised to be synthesized using
TPA (MFI-TPA-C (@)). Solid lines represent regressed best fits to egn (3). (B) Average measured xylene isomer selectivity and (C) total xylene formation
rate constant as a function of largest cavity diameter on aluminosilicates. Lines represent visual trends for non-MFI aluminosilicates (TON, BEA, MCM-41;

M) and serve to guide the eye. Adapted with permission from Ezenwa et al.*** Copyright 2024 American Chemical Society.

environment of MFI towards the smaller channels;**! such bias
in active site environments results from the influence of
organic SDA on Al siting (Section 2.1.1).

Relative DFT-calculated barriers for toluene methylation by
surface methyls located at all 48 distinct Of atoms show that
MFI intersection environments similarly stabilize all
three xylene formation transition states (average AAGpx_ox,prr =
3 kJ mol™ "), while channel environments preferentially desta-

with the functional form of the equation for Gibbs free energy
where entropic losses upon confinement are less dominant.*®®
Further kinetic and DFT analyses of additional microporous
and mesoporous aluminosilicates containing uniform void
sizes reveal that more constrained active site environments
(~0.55 nm diameter) preferentially destabilize bulkier transi-
tion states, while more spacious active site environments
(~0.70 nm diameter) similarly stabilize all isomer transition

bilize the bulkier transition states that form o0-X and m-X
(average AAG,x oxprr = —22 kJ mol ') (Fig. 13B)."*! Further-

more, enthalpic contributions dominate these Gibbs free
131

states relative to unconfined environments (~ 3.0 nm diameter)
(Fig. 12B and C)."*'
These results highlight how the active site environment

energy differences at low temperatures (403 K),””" consistent alters kinetically controlled reaction outcomes when competing
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Fig. 13 (A) Gibbs free energy versus reaction coordinate diagram for toluene methylation to xylene on a confined Brgnsted acid site showing that kinetic
(kix) and thermodynamic (Kc) constants reflect the free energy barriers to form the toluene methylation transition states from co-adsorbed precursor
states (AG,ctix) and the free energy difference between the co-adsorbed toluene-methyl intermediate and the surface methyl intermediate with toluene
in the gas phase, respectively. Free energy differences between individual xylene formation transition states (AAGix_x) are independent of the precursor
state. Adapted with permission from Ezenwa et al.*** Copyright 2024 American Chemical society (B) DFT-calculated AAGpx_ox for toluene methylation by
surface methyls at all 48 T—O pairs in MFI organized by whether the O atoms are accessible to intersection or only accessible to straight or sinusoidal
channels. Free energies are reported at 403 K, 1 bar. Reproduced with permission from Ezenwa et al.**! Copyright 2024 American Chemical society.
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transition states have different sizes but share the same pre-
cursor state. These insights are further enabled by synthetic
techniques that place active sites within distinct confining
voids of MFI zeolites. Such active site design strategies comple-
ment design strategies that deactivate active sites in unselective
pore environments in MWW zeolites for toluene methylation
(623 K)***" and crystallite design approaches that promote the
preferential sieving of the faster diffusing p-X isomer.>%?%3729°
Furthermore, this active site design approach adds to the
growing toolbox of approaches®*® %" that aim to design zeolites
that contain active site scaffolds which stabilize desired transi-
tion states and reactive intermediates for a given reaction.*

3. Active sites at external crystallite
surfaces or mesopore environments

In Section 2, we discussed synthesis-structure-reactivity relation-
ships for location of Al (and associated H') within distinct
confining environments (0.4-2.0 nm diameter) of internal micro-
pores. Here in Section 3, we focus on the location of Al (and H') at
unconfined environments (> 2.0 nm diameter) of external crystal-
lite surfaces or mesopores that are directly connected to external
surfaces (Fig. 14). Our discussion excludes H' sites that are
located within mesopores accessible only from intracrystalline
micropore regions (Fig. 14) as such sites possess the limited
accessibility of internal sites that excludes certain bulky molecules
and the reactivity of external sites with environments that are
unable to confine certain reactive intermediates and transition
states. We examine synthetic and post-synthetic strategies to
control the number of external acid sites in zeolite and present
experimental and computational approaches to characterize exter-
nal acid sites. We further briefly mention a few examples where
external active sites have been proposed to influence catalysis.
Although we highlight various zeolites, we focus more of the
examples in this section on MFI zeolites which are used widely in
industrial catalytic applications and are often representative of the
broader family of medium pore zeolites possessing limiting
apertures that hinder the accessibility of bulk molecules to
internal H' sites.

3.1. Synthetic and post-synthetic strategies to manipulate the
number of external acid sites

The number of external H' sites on a zeolite depends on various
crystallite-scale properties including the crystallite size and

External H* sites in environments
> 2 nm diameter

H* H* H* H* H* H* H*

Fig. 14 Schematic depicting location of H* sites at external surfaces and
mesopores that are directly connected to external surfaces. H* sites
located within mesopores that are only accessible from internal micropore
regions are shown in green.
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morphology, the bulk H" content, and the spatial Al concen-
tration (also known as zoning). Synthetic or post-synthetic
techniques that alter these bulk properties, without unintended
effects to the number or distribution of internal H" sites, offer
strategies to independently tune the number of external H'
sites and the internal H" distribution (Fig. 15).

3.1.1. Controlling crystal size and morphology. Assuming a
homogenous concentration of framework Al and associated H"
across the crystallite length (H" atoms per nm), the number of
external H' sites for a zeolite sample can be reasonably esti-
mated from knowledge of the framework density of T-atoms
(per unit cell volume), the bulk H" density (per number of T-
atoms), and the crystallite size and morphology. Such estima-
tions also require approximating the often-irregular shapes of
zeolite crystallites as spheres, cylinders, or rectangular slabs.
This indicates that the ratio of external H' sites to total H' sites
is proportional to the surface area-to-volume ratio, which in
turn is inversely proportional to the characteristic length of the
assumed crystal morphology (e.g., radius for spheres). Expres-
sions for the fraction of external H' sites as a function of
average crystallite radius have been reported by Farcasiu and
Degnan®? for FAU zeolites and by Gilson and Derouane** for
MFI zeolites.

Synthetic and post-synthetic approaches to tune the crystal-
lite size, morphology, and architecture have been developed for
certain zeolites and fall under the realm of crystal engineering,
which manipulates the factors (e.g., temperature, pH, identity
and concentration of inorganic and organic precursors, seeds,
growth modifiers) that control the mechanism and rates of
crystal nucleation, growth, and dissolution.®®'%*1%” Such
approaches to produce zeolites possessing nanosized morphol-
ogies (e.g., nanoparticles, two-dimensional or layered, or sur-
faces modified with protrusions or fins) or hierarchical
architectures (e.g., pillared, mesoporous) have been summar-
ized by comprehensive reviews and perspectives in the past
decade®7® and will not be discussed here. However, modifying
the crystal size and morphology alters the diffusion path length
and, in some cases, the effective diffusivity of a molecule in a
given framework. Nevertheless, tuning the crystallite size and
morphology via synthetic or post-synthetic approaches provides
an indirect approach to manipulate the number of external H"
sites (relative to total H' sites) for a given zeolite framework at
fixed total H' content.

3.1.2. Inducing Si and Al zoning during synthesis. Since
early reports*®>>'° of non-homogenous concentrations of Al
across the crystallite length of zeolites, numerous subsequent
studies®''**° (mostly on MFI) have further confirmed that
spatial concentration gradients of Al and Si can exist. Elemental
zoning phenomena result in external crystallite surfaces that
have significantly higher or lower Si/Al ratios than the bulk
zeolite. Although the mechanisms of elemental zoning during
zeolite synthesis are not yet fully understood, they are generally
proposed to reflect differences in the relative rates of incorpora-
tion of Si and Al precursors from the synthesis gel into
the growing crystal, which in turn depends on various
factors during zeolite synthesis such as precursor sources,
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Fig. 15 Summary of highlighted synthetic and post-synthetic techniques to control the number of external H* sites.

temperature, order of mixing, and aging.**373'7323328 pyrther
discussion on elemental zoning can be found in recent
reviews.®®* Thus, adapting reported synthetic protocols that
induce Si and Al zoning may offer an approach to vary the
external H' content relative to bulk H' content.

3.1.3. Post-synthetic coating with crystalline or amorphous
silicate shells. The secondary growth or deposition of thin
silicate or aluminosilicate layers (i.e., shells) on the external
surfaces of zeolite crystallites (i.e., cores) results in core@shell
zeolite architectures where the number of external H" sites is
controlled by the H" content of the shell.”””** More commonly,
crystalline Al-free shells (e.g., Si-MFI) are grown over the
Al-containing core (e.g., AI-MFI) in aqueous growth media to
create surface passivated core@shell structures of the same
framework type (e.g., AI-MFI@Si-MFI)**°*** or different frame-
work composites (e.g., AI-BEA@Si-MFI).*** 3% such techniques
require an epitaxial shell growth to limit pore blockage because
misaligned lattices can hinder molecular diffusion through the
crystallite.*>****! Furthermore, chemical vapor or liquid
deposition (CVD or CLD) of silicon based compounds (e.g,
organosilanes, silicon alkoxides) followed by high-temperature
treatments in dioxygen is often used to grow amorphous silica
oxide domains on external crystallite surfaces, which passivate
the external H" sites.>***~**! These various techniques to coat
crystallites with crystalline or amorphous silica layers provide
opportunities to tune the number of external H' sites, but may
also alter molecular diffusion behavior to enter or traverse
intracrystalline micropores.

3.1.4. Post-synthetic chemical treatments. Post-synthetic
chemical treatments of zeolites have been reported to passivate
external acid sites in various frameworks (e.g., MFI, MOR,
FAU, FER). Mild chemical treatments using aqueous solutions
of ammonium hexafluorosilicate (AHFS),'?%>273%%  oxalic
acid,*®*' % ethylenediaminetetraacetic acid (EDTA),*®
acid®**®*%” have been reported to preferentially remove external
Al atoms (and associated H" sites in the case of framework Al);

or nitric

12132 | Chem. Commun., 2024, 60, 12118-12143

such treatments (especially AHFS) are also known to preferen-
tially remove extra-framework Al or partially-coordinated frame-
work Al species.>®®*>”% Treatments of MFI zeolites with SiCl,
vapors have also been reported to preferentially replace external
Al atoms with Si atoms.’”**”> We recently reported that the
treatment of MFI zeolites with multiple AHFS cycles results in a
progressive decrease in the number of external H' sites (up to
99% removal efficacy) with negligible changes (<10%) to the
bulk H" content.’”® Although the mechanism of selective
external acid site removal during chemical treatments has not
yet been established, mild chemical treatments of zeolites
remain a promising route to alter the number of H' sites on
the external crystallite surfaces.

3.1.5. Poisoning with bulky base titrants. Large base titrants
(eg, 2,4-dimethylquinoline, 0.90 nm; 2,6-di-tert-
butylpyridine (DTBP), diy, ~ 0.80 nm; 2,4,6-trimethylpyridine,
diin ~ 0.70 nm) selectively poison external H' sites in medium-
pore zeolites (e.g:, MFI, MTT) whose limiting apertures
(~0.55 nm) restrict the access of such bulky bases to internal H"
sites.>%**737773%6 gor large pore zeolites (e.g., FAU, BEA) with larger
pore apertures (~0.70 nm), even bulkier base titrants (e.g., 2,4,6-
tri-tert-butylpyridine (TTBP), triphenylphosphine oxide, diin, ~
1.1 nm) are often needed to selectively titrate external H'
sites.”*>387:388 Typically, during catalysis, these base titrants are
introduced to the zeolite before the reactant to irreversibly poison
external H' sites prior to reaction, or co-fed with reactants,
especially in cases where external H' sites are reversibly poisoned
by the base titrant. These highlight that poisoning by bulky base
titrants is an approach to control the number of external H' sites
on a zeolite sample.

3.1.6. Selective deactivation by coking. External H' sites
are routinely implicated in the unrestricted formation of bulky
polyaromatic species that are precursors to coke,>?>?3%:375:389-391
In some cases, the selective deactivation (‘“selectivation”) of
external H' sites by coking has been observed for some medium
pore zeolites such as MFI, MWW, MTT."**"9%392739% Although

dkin ~
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the accessibility of internal H' sites may be hindered by pore-
blocking species on the external surface, this selective coking
behavior has provided a strategy to passivate external H' sites
either by catalyst pre-coking before the reaction or by in situ
coking during the reaction.

3.2. Characterization of active site locations at external
surfaces

External H' sites charge compensate [AlO,,]” tetrahedra that
are structurally similar to those located within microporous
voids. Computational studies that correct for systematic arti-
facts of periodic DFT methods have shown that the ensemble
averaged DPE of H' sites at all isolated Al locations across
different zeolite frameworks (MFI, BEA, FER, MOR, CHA, FAU;
1201 + 11 kJ mol ') are similar to those of H" sites at the
unconfined surfaces of mesoporous aluminosilicates (Al-MCM-
41; 1212 kJ mol~").”® Recent DFT studies for MFI zeolites have
further shown that the ensemble averaged DPE of most external
H' sites are similar to those of internal H" sites, except for the
minority of Brensted acid sites originating from an H,O mole-
cule coordinating to a trigonal planar Al site that substitutes an
external silanol.'® Together, these studies indicate that the
strength of Brensted acid sites is independent of confining
void environment. However, external H" sites differ from inter-
nal H' sites in the inability of unconfined surfaces to restrict
the access or formation of bulky species and to provide effective
van der Waals stabilization of reactive intermediates and
transition states. Thus, techniques to quantify the number of
external H' sites on zeolites mostly depend on the use of
stoichiometric probes that selectively titrate only external H"
sites or the use of catalytic probes that exclusively react at
external H" sites.

Bulk characterization techniques for Al atoms in zeolites
(e.g., elemental analysis, >’Al NMR) are unable to distinguish Al
atoms located at surface locations versus interior locations of
the zeolite crystallite. As a surface sensitive technique, X-ray
photoelectron spectroscopy (XPS) probes the relative Si and Al
contents of the crystallite surface and provides useful insights
into the presence of spatial concentration gradients of Si and Al
atoms across the crystallite length scale,?430%:358:374:380 ggpe.
cially when coupled with depth profiling techniques.??%3>>3!
However, estimating the number of external H' sites in zeolites
via XPS remains qualitative because XPS provides spatially
averaged information of the exterior region of the crystallites
(up to 10 nm depth) and requires the assumption that all
surface Al are in framework positions and are associated with
a proton. Furthermore, low XPS signal-to-noise ratios for zeolite
samples containing surface Si/Al > 100 further preclude the
use of XPS to reliably estimate the number of external acid
sites.**® Nevertheless, XPS provides an approach to assess when
the number of external H' sites deviates significantly from that
expected from a homogeneous distribution of H' across the
crystallite.

Bulky base molecules (described in Section 3.1.5) are used to
selectively titrate external acid sites over internal H' sites.*®°
Quantifying the number of external H' sites requires

This journal is © The Royal Society of Chemistry 2024
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knowledge of binding stoichiometry (often 1:1 titrant:H")
and that chemisorbed titrants on external Brgnsted acid sites
can be distinguished from chemisorbed titrants on external
Lewis acid sites and physisorbed titrants on external surfaces
and mesopores.>?7?80:383:396 pigtinct IR and NMR spectroscopic
signatures for chemisorbed titrants on external Brensted acid
sites can be wused to distinguish different adsorbed
titrants,>*>25%:384397399 pyrthermore, alkylpyridine bases con-
taining sterically hindered N centers (e.g., DTBP, TTBP) are
unable to coordinate with Lewis acidic Al centers;***29¢4%° such
features allow certain hindered bases to be used to quantify
external H' sites in situ during steady-state reactions or ex situ
using thermogravimetric and temperature-programmed
desorption techniques.?’®**"*%% Together, these highlight
how bulky base titrants can be used to quantify the number
of external H' sites in zeolites. However, reliable quantification
using stoichiometric probes is limited to samples containing
significant amounts of external H" sites (>10 pmol external H"
¢~ 1), because of typical equipment detection limits,339:376:380:396

Catalytic reactions that react solely on external H' sites can
serve as a probe to quantify the number of external H' sites in a
given zeolite. Various catalytic probe reactions for external H"
sites, mostly in medium-pore zeolites, have been explored over
the history of zeolite catalysis and usually involve reactions of
bulky aromatic molecules.*>*** The gas-phase cracking of
1,3,5-triisopropylbenzene (dig, ~ 0.90 nm)?>3%339374380:402 54
the liquid-phase benzylation of 1,3,5-trimethylbenzene (mesi-
tylene; din ~ 0.70 nm)***%7*% are two reactions that are
routinely employed in comparative assessments of the number
of external H' sites across medium pore zeolites (typically MFT).
Regardless of the choice of a reaction, a quantitative kinetic
probe of external H' sites requires that it solely reflects the
concentration of reactive intermediates and kinetically relevant
transition states; such requirements can be fulfilled by operat-
ing at conditions where measured rates are (i) kinetically
controlled without influences of extracrystalline transport
restrictions, (ii) in a fixed kinetic regime, preferably first- or
zero-order dependence on reactant pressures, (iii) not convo-
luted by side reactions and deactivation, and (iv) not influenced
by approach to equilibrium artifacts. Quantitative kinetic
probes for external H' sites can be further validated using
samples containing external H' sites that can be reliably
quantified using a stoichiometric probe (e.g;, DTBP
titration).’®" We demonstrated these in our recent report®”®
where we developed mesitylene benzylation by dibenzyl ether
as a kinetic method to quantify external H' sites in MFI zeolites
obtained after surface passivation treatments (Fig. 16). Catalytic
probes, when compared to stoichiometric probes, provide
an active site quantification method that amplifies dilute
concentrations of external H' sites, thereby allowing
more reliable assessments when the number of external H"
sites is below the detection limits of conventional techniques.
Furthermore, these kinetic methods are positioned to advance
studies that aim to develop rigorous (post)synthesis-structure-
reactivity relationships for external H' sites during acid
catalysis.
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Fig. 16 (A) Some stoichiometric and catalytic probes used to assess external H* sites. (B) Dependence of mesitylene benzylation rates per g on the

number of external H* sites per g zeolite. Measured zero-order rate constants (per total Al) for mesitylene benzylation with DBE (363 K) as a function of
fraction of external H sites (per total Al) on MFI-13-P (@), MFI-40-P (M), MFI-C666 (#) and MFI-C868 (A). The intrinsic mesitylene benzylation rate
constant was further used to estimate the fraction of external H* sites on samples post-synthetically modified with AHFS in multiple treatment cycles
(open symbols). Adapted with permission from Ezenwa et al.*’® Copyright 2024 Royal Society of Chemistry.

3.3. Catalytic consequences of active sites at external
unconfined surfaces

External H' sites in zeolites have been reported to influence
reactivity, selectivity and deactivation behavior during Brensted
acid catalysis, especially under conditions where intracrystal-
line diffusion constraints restrict access and egress from inter-
nal H' sites. For toluene methylation under kinetically
controlled conditions (403 K), external H' sites exhibit xylene
selectivity (0-X ~ 60%, p-X ~ 30%, m-X ~ 10%) similar to
that of internal H" sites at MFI intersections but rates that are
~10*x lower than those of H" sites at MFI intersections."*! In
contrast, earlier toluene methylation studies at higher tempera-
tures (573-773 K) reported that external H' sites in MFI zeolites
alter diffusion controlled selectivity (p-X ~ 99%) towards
thermodynamic equilibrium (0-X ~ 25%, p-X ~ 25%, m-X ~
50%) by allowing xylene isomerization via bulky transition
states that are hindered within micropores,?9?33%379:410,411
External H' sites were also reported to affect oligomer selectiv-
ity during propene oligomerization (463-523) in medium pore
zeolites (MFI, MTT, TON)*>%%838¢ and accelerate coke deposi-
tion rates on external surfaces during methanol-to-
hydrocarbons (743 K) in MFI zeolites.**° Further analysis of
the catalytic consequences of external H' sites is beyond the
scope of this perspective.

4. Outlook and conclusions: designing
active site environments in Bronsted
acid zeolites

Catalytic reactions mediated by Brensted acid zeolites are
influenced by the sizes and shapes of the void environments

that confine active H" sites and of the intermediates and
transition states stabilized at such sites. In Sections 2 and 3,

12134 | Chem. Commun., 2024, 60, 12118-12143

we presented synthesis-structure-reactivity relationships for
active site environments in zeolite catalysis. We discussed
how synthetic or post-synthetic approaches can be used to
selectively place or remove protons in distinct void environ-
ments of given zeolite framework and highlighted characteriza-
tion strategies that can be used to identify and quantify the
location of H' sites (or framework Al) within distinct void
environments (or lattice positions). We further discussed how
active site environment influences reactivity and selectivity
during catalysis under kinetically controlled conditions.
Despite advances in the design of active site environments in
zeolites, several challenges remain that present hurdles in our
ability to precisely (i) control the location, (ii) identify and
quantify the number, and (iii) elucidate the catalytic conse-
quences of active sites in distinct void environments. Here in
Section 4, we highlight research opportunities to address
knowledge gaps that hinder more precise control and under-
standing of active site environments in Brgnsted acid zeolite
catalysis.

4.1. Controlling the location of active sites within distinct
environments

The framework Al siting in a given zeolite depends on the
relative rates and stabilities of Al incorporation at various
lattice positions, which in turn depend on the crystallization
conditions such as identity and quantity of Si or Al precursors
and the SDAs.*®*®” Thus, efforts to understand the
various interactions between SDAs and the inorganic zeolite
framework will aid in clarifying the factors influencing the
location and orientation of SDAs within distinct voids
features.''9149:171:4127422 The ability to control the location of
active sites within distinct void environments will benefit from
efforts to deconvolute the effects of structure and mobility of
organic SDAs on their interactions with framework Al
centers."”""7>%1 Even after completion of bulk crystallization,

This journal is © The Royal Society of Chemistry 2024
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framework Al atoms can be redistributed because of reversible
cleavage and formation of Si-O-Al bonds; such Al rearrange-
ments are affected by various factors including crystallization
times, temperatures, and SDAs.**>"**® Delineating how the
temporal Al distribution depends on kinetic control (i.e., dic-
tated by relative rates of Al incorporation among various T-
sites) versus thermodynamic control (i.e., dictated by relative
stabilities of Al incorporated at various T-sites) remains
challenging,®” but is important to further clarify when and
how organic SDAs bias the siting of Al centers at various lattice
positions.

Although the exclusion of bulky base titrants from protons
in smaller voids of certain zeolite frameworks can be explained
using size-exclusion arguments,’”**#571%7 the ability of smaller
cations (e.g.,, Na') to preferentially exchange certain proton
ensembles,' 11827185 degpite their accessibility to all distinct
void environments, requires further insights into the intermo-
lecular interactions that dictate such behavior. Molecular-level
descriptions of how active sites in distinct confining
30.192,193,195198  or  at  unconfined  zeolite
deactivate during catalysis will
enable strategies to harness the selective deposition of unreac-
tive residues in tuning active site environments in zeolites.
Further insights are needed into the effects of post-synthetic
treatment conditions on selective removal of Al atoms from
certain T-sites or from external crystallite surfaces®”******° and
on the selective re-insertion of Al atoms into certain vacancy
defects following the removal of relatively unreactive heteroa-
toms (e.g., B). These efforts to develop deeper insights into the
effects of post-synthetic treatments on the selective removal of
active sites in undesired void environments will complement
the efforts to elucidate the effects of synthetic parameters on
the selective placement of active sites in desired environments.

environments

surfaces®2:332:375,389-391,427

4.2. Identifying and quantifying active sites in distinct void
environments

Further advances in >’Al NMR techniques'8%22%:226:227:430 myay
enable researchers to more precisely and unambiguously
resolve spectroscopic signals for certain zeolite frameworks
(e.g., MFI, MWW) into their contributions from distinct frame-
work Al lattice positions. Identifying the highest probability
locations of Al atoms in zeolites will also benefit from further
advances in XRD techniques''®*?%1?%230232 and multinuclear
and multidimensional NMR techniques®’®'8%?20416:431 that
probe the location and orientation of organic SDA molecules
within voids and their interaction with framework Al centers.
Studies to identify probe molecules with distinct spectroscopic
(e.g., NMR, IR) signatures when adsorbed at protons or cations
within different zeolite void environments could also offer an
approach to quantify distinct H' environments. Emerging
techniques such as integrated differential phase contrast scan-
ning transmission electron microscopy (iDPC-STEM)***~*3°
allow imaging distinct atomic positions of heteroatoms sub-
stituted within zeolite frameworks and the orientations of base
titrants (e.g., pyridine) within zeolite pores. Substituting lighter
N atoms (Z = 7) in base titrants with heavier atoms such as

This journal is © The Royal Society of Chemistry 2024
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S (z = 16)**® and framework Al atoms (Z = 13) with heavier
heteroatoms such as Ti (Z = 22) or In (Z = 49) may make it
possible to use iDPC-STEM, to better resolve atomic positions
in the organic guests and zeolite hosts, respectively. Ultimately,
advancements in the identification and quantification of dis-
tinct Al (and H") environments will bolster efforts to control the
active site environments and to distinguish the intrinsic reac-
tivity of active sites within distinct environments.

4.3. Elucidating effects of active site environments on
catalysis

Clarifying the effects of active site environments on catalysis
requires maintaining the link between reactivity and local
environment of active sites and bound species;***° this requires
that effects of thermodynamics, transport, and deactivation, often
present in experimentally measured data, are eliminated or
accounted for in the development of kinetic models and in
mechanistic interpretations,'®'%192777:131,268,436-438 Thyg - efforts
to vary the active site environment at fixed bulk zeolite property
(e.g., crystallite sizes, active site density) and vice versa,’ %3643
and to measure intrinsic diffusional properties (e.g,
D/R?)?68436:490441 yay permit the deconvolution of transport
effects from intrinsic kinetics at distinct active site environments.
When possible, the contributions of external H sites to observed
reactivity and selectivity should be distinguished from those of
internal H' sites; these contributions depend on the number and
reactivity of external H" sites (relative to internal H" sites).'®*%
Furthermore, techniques to quantify active site ensembles via
spectroscopic or titrimetric methods during catalysis are prefer-
able over ex situ techniques that may overestimate the number of
catalytically active protons; such techniques also facilitate rigor-
ous assignments of differences in measured turnover rates to the
free energy differences between kinetically relevant transition
states and reactive intermediates.**>°7442443

The reactions of hydrocarbons (e.g., alkene oligomerization
and arene methylation) and oxygenates (e.g., methanol/DME to
hydrocarbons) in zeolites often involve complex reaction net-
works containing ~10°-10" constituent reactions.'®***~*® The
nature of such complex reactions create challenges in elucidat-
ing effects of active site environments on catalytic reactivity and
selectivity. Where possible, isolated constituent reactions or
reaction conditions such as lower temperature and conversions
that simplify complex networks (<10" reactions) allow more
facile connections between measured kinetic and thermody-
namic constants to the energetics of specific elementary steps
in reaction mechanisms. Continued endeavors to explore cat-
alytic reactions that are sensitive to active site environments,
including reaction chemistries of industrial relevance, will
enable developing quantitative catalytic probes for distinct
active site environments.

Catalysis remains the ultimate arbitrer of differences in
active site environments, because under kinetically controlled
conditions, reactivity and selectivity differences reflect ensem-
ble averaged reactive encounters with active sites. Thus, the
aforementioned experimental efforts to control and quantify
active site environments and elucidate their effects on catalysis
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will be supported by the ensuing theoretical efforts to develop
molecular insights into synthesis-structure-reactivity relation-
ships for active site environments in Brgnsted acid zeolites.

4.4. Advancing computational approaches to interrogate the
synthetic placement and catalytic consequences of distinct Al
locations and H' environments

The vast compositional space encountered during zeolite synth-
esis will benefit from data-driven approaches to catalogue
synthesis information from literature, analyze results from
high-throughput experimentations and simulations, and
decompose complex synthesis phenomena into tractable
descriptors that capture how synthesis parameters regulate Al
siting.*"***”~*3¢ Such approaches also permit the rapid screen-
ing of large numbers of known or hypothetical organic SDAs
against all Al locations in a given zeolite to identify promising
candidates for further studies using more accurate theoretical
simulations.*>” The design of zeolites that contain active site
environments which stabilize desired transition states and
reactive intermediates of a given reaction offers an approach
to directly link synthesis to reactivity.>*®°* This approach is
aided by theoretical calculations and computational screening
workflows that assist in identification of organic SDAs that
resemble desired transition states or intermediates and candi-
date zeolites with active environments that stabilize these
bound species.”*®°*> Further advances in designing zeolites
via organic SDA mimics may further uncover key features of
active site environments that stabilize organic SDAs during
synthesis and transition states or intermediates during
catalysis.

The use of theoretical methods that account for dispersion
forces is necessary for describing the effects of active site
environment on the stabilities of intermediates and transition
states.’>** In addition, studies that sample the locations of
reactive intermediates and transition states across all possible
Al and H" sites provide more insights than those that model
only one or two Al lattice positions in lower symmetry
frameworks."*! Although such exhaustive approaches are com-
putationally demanding, they are important for comparisons to
experiments especially when adjudicating among competing
hypotheses on the origins of diverse catalytic behavior for
samples whose actual Al distributions are imprecisely known.
Macroscopic properties (e.g, kinetic and thermodynamic con-
stants) are typically estimated from statistical averaging of
microscopic free energies across all possible Al and H' loca-
tions. However, because the distributions of Al and H" sites are
non-random and often unknown, care should be taken to
ensure that theoretical calculations are appropriately used to
interpret experimental results. Further advancements in mole-
cular descriptions of catalysis in confined spaces can be
achieved by replacing static size descriptors of voids (e.g,
PLD, LCD) and bound species (e.g., kinetic diameter,**®*°
critical diameter,***®! van der Waals diameter®**?°%%%) with
descriptors such as van der Waals interaction energies that
account for the size and shape of non-spherical voids that
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dynamically restructure to maximize contacts with confined
intermediates and transition states.****4268:463

In summary, further advances in the design of active site
environments in zeolites for catalysis will continue to require
closely integrated experimental and theoretical approaches to
improve fundamental understanding of the molecular-level
details that underlie synthesis-structure-reactivity relation-
ships. Zeolites remain one of the most widely used industrial
catalysts as Brgnsted acids when substituted with trivalent
heteroatoms (e.g., AI**, B’"), as Lewis acids when substituted
with electron-deficient tetravalent heteroatoms (e.g., Sn**, Ti**,
Hf*"), as supports for metal ions (M") and complexes
(IM,0,]""), or in bifunctional formulations with metal nano-
particles and clusters (e.g., Pt). Thus, the ability to precisely
place framework heteroatoms in zeolites, especially among the
few frameworks (~10) that have already been scaled up and
implemented for commercial applications, will have significant
implications for the wide variety of reactions useful in upgrad-
ing traditional fossil feedstocks (e.g., crude oil, shale gas) and
emerging feedstocks (e.g., biomass, waste plastics, CO,) to
higher value chemicals and fuels.
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