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ABSTRACT: Zeolite synthesis efforts have recently focused on tuning diffusion _External Bransted Acid Is as Strong as Internal  External Lewis Acid
T-site at pore mouth T-site away from pore  T-site at surface -OH

path lengths by modifying the crystal habit, incorporating mesopores, and using
pillared and finned materials to decrease diffusion path lengths, increase rates, and
limit zeolite deactivation. These modifications also increase the surface-area-to-
volume ratio, increasing the relevance of external Brensted acid sites. The
behaviors of such sites, however, are difficult to study by conventional kinetic
studies. Here, we study the acid strength of sites that form on the surfaces of MFI ’
zeolites using density functional theory and compare them to sites within the - Poﬂy i s, Por,y

crystal. We determine acid strength by calculating heterolytic and homolytic O—H Seven T-sites One T-site Four Tssites on (010)
bond cleavage energies [deprotonation energy (DPE) and dehydrogenation energy

(DHE), respectively] and the adsorption energy of ammonia (AENHs) , a common base titrant. These metrics indicate that most sites

on the outer (010) surfaces of MFI have similar acid strength to those at internal or bulk positions. Ensemble average DPE values on
external surface sites (1486—1543 kJ mol™") are mostly similar to those at internal sites (1477—1506 k] mol™") on the MFI surface
model, and ensemble averaged DHE values (457—483 kJ mol™") are also similar to their bulk counterparts (457—476 k] mol™"). Al
substitution at terminal silanol groups (SiOH) on the outer zeolite surface yields Lewis acidic Al resulting in different acid strengths
at those sites, but such sites represent a minority of surface T-sites. Unlike DPE and DHE, AEyy, probes a combination of acid

strength and confinement because a gas-phase species enters the zeolite pores. Ensemble average AEyy, values indicate that most

sites bind NHj; as strongly on the surface (—160 to —113 kJ mol™") as bulk sites (—160 to —133 kJ mol™"), despite the reduced
confinement on surface sites. These AEyy, change very little on the MFI surface because most surface sites are within pockets that

retain enough of the zeolite pore to solvate the NH," cations that form when NH; binds. Some sites, however, bind NH; more
weakly if the solvating pore is absent or if NH; binds and deprotonates the H,O on a Lewis acidic Al. Together, these data suggest
that fully coordinated Bronsted acidic Al sites on the outside of zeolite crystals possess similar acid strength to those within the
crystal and that many surface sites effectively confine an NH," cation. Such partial confinement on external sites indicates that NH,
adsorption experiments are ineffective for broadly distinguishing between internal and external sites in MFI materials.

KEYWORDS: zeolites, silanol groups, Bronsted acid strength, Lewis acid strength, adsorption, Thiele modulus

1. INTRODUCTION tion of dispersive and van der Waals forces—that increase
reaction rates as pore sizes approach the size of the relevant
transition state.”'~>* Bronsted acid sites can be present both
within zeolite pores, where these confinement effects dominate
reactivity, and at the external surface of zeolite crystals whose
surface area to volume ratios depend on the crystal size,
morphology, and the presence of features such as meso-
pores,“’25 I)illars,26_28 or fins.***°

The strength of the Bronsted acid sites in zeolites partly
dictates the reactivity of zeolite catalysts. Bronsted acid

Zeolites are microporous crystalline materials primarily
composed of tetrahedral sites (T-sites), where AI** substitution
for Si** produces an anion that can be balanced by a proton
(H") to form a Brensted acid site. Because their small voids are
of a similar size to molecules, zeolites are often used as shape-
selective catalysts in the petrochemical industry—most notably
in fluid catalytic cracking processes. > These voids can
exclude molecules that are too large to diffuse through them,
yielding high selectivity to desired products;** for example, in
the production of para-xylene in MFL®~® Similarly, reactions
can be sterically limited by zeolite pores, constraining Received:  January S, 2023
transition states to produce specific products in alkane cracking Revised:  February 27, 2023
and dehydrogenation reactions,”' methanol-to-hydrocarbon

(MTH) processes,u_16 alkene oligomerization,17 or biomass

upgrading.'®™*° Finally, zeolite pores stabilize reactive

intermediates through non-covalent interactions—a combina-
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strength can be calculated using deprotonation energy (DPE),
which is the energy to remove a proton to a non-interacting
distance by heterolytically cleaving its bond to the zeolite

(1)

where higher DPE values indicate weaker acid sites. DPE
depends on the trivalent heteroatom that substitutes Si** to
form the Bronsted acid site, with DPE increasing (and acid
strength decreasing) in the order AP < Fe’* ~ Ga’' <
B¥.>'7%° First-order rate constants for methanol dehydration
to dimethyl ether (DME) increase exponentially as DPE
decreases with these different heteroatom substitutes in MFI’'
and with different heteroatoms in polyoxometalates (POM:s)
with a Keggin structure” (433 K, 0.2—20 kPa CH,OH).
Therefore, DPE is an important metric for predicting turnover
rates and assessing the reactivity of heterogeneous Brensted
acid catalysts.

Periodic density functional theory (DFT) calculations on a
suite of zeolites indicated that their DPE values remain nearly
constant (generally varying by <25 kJ mol™) across all
topologies (CHA, MFI, BEA, FER, MOR, and FAU) and
within distinct T-sites in each topology.”* Importantly, DPE
estimates from periodic DFT calculations depend on the
framework density, which alters the dielectric constant and,
therefore, the predicted stability of the anionic conjugate
base.”**> Additionally, spurious charge—charge interactions
across the unit cell boundaries in periodic calculations can
change DPE without changing the framework density.*

Similarly, dehydrogenation energy (DHE) is also a metric of
acid strength, albeit indirectly, that captures the energy
associated with homolytically cleaving the bond between the
surface proton and the zeolite framework

HzZ - H* +7°

HZ > H '+ 7~

(2)

Critically, DHE does not suffer from the periodic charge—
charge interaction effects of DPE’® and thus can be calculated
without artifacts in periodic DFT methods and across zeolites
with different framework densities and dielectric constants.

The binding energy of NH; (and other bases) is another
common metric of acid strength and, unlike DPE and DHE,
can be measured experimentally. This method measures the
energy to adsorb NHj to a Brensted acid site and form NH,*
near the anionic conjugate base

+
NHS(g) + HZ — NH4-Z (3)

Like DPE, NH; binding energy (NH; BE) measures the
energy to heterolytically cleave the H—Z bond, and like DHE,
it also avoids calculations with a net charge. However, NH;
adsorption energies also reflect differences in confinement
effects (i.e., van der Waals interactions and H-bonding to the
zeolite framework) that lead to differences in NH; BEs with
the environment surrounding the Al conjugate base, whereas
DPE and DHE strictly measure the strength of the H—Z bond.
Previous studies using temperature-programmed desorption
and DFT have shown that base binding energies depend on
the topology of the zeolite and the type of the base used,”” "’
despite similarities in their DPE values.”* Generally, NH; binds
more strongly in zeolites with smaller pores (e.g, FER) than
those with larger voids (e.g, FAU), with particularly stron%
binding in the 8-membered ring (8-MR) of MOR.?"*1*
Therefore, NH; BEs measure a combination of confinement
and acid strength, although NHj is a relatively small probe that
discriminates between different confining voids less than larger
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bases like pyridine. The use of base adsorption to measure the
acidity of homogeneous Bronsted acids is common, where the
solvent is identical across different acid molecules, acids are
free to diffuse throughout the solution, and the concentration
of hydronium ions (H;0") depends on the concentration of
acid molecules and the strength of the proton’s bond to its
conjugate base. In contrast, zeolites solvate base molecules
differently depending on their pore shapes and sizes, producing
different turnover rates despite similar H—Z bond
strengths.”">* While the strength of base adsorption may
correlate more closely with turnover rates for some reactions in
zeolites than DPE or DHE, that correlation occurs because
DPE and DHE vary little across different zeolite frameworks
and because base adsorption also captures the solvating effects
of the surrounding framework. Base adsorption can also be
appealing because computed values can be compared to
experimental observations; however, the same catalyst can
yield different desorption behavior depending on the apparatus
design, yielding inconsistencies across different experi-
ments.”~*® As such, computational studies of Bronsted acid
strength in zeolites should combine each of these metrics
(DPE, DHE, and NH; BE) to counter their respective
weaknesses.***”

Recent developments in zeolite synthesis can selectively
produce pillared,”>**~*° finned,” and other mesoporous or 2D
zeolites”*”>' 7> with larger external surface area to volume
ratios and shorter diffusion lengths for reactants. These
structural changes permit faster diffusion of bulky aromatics
during the MTH process,””>"** leading to slower deactivation
and reduced propagation of the aromatics cycle. Additionally,
recent strategies to specifically insert framework Al near the
edges of zeolite crystals with an egg-shell design also increase
catalyst lifetime during the MTH process and may lead to
higher fractions of surface Bronsted acid sites.””*® The
differences in deactivation rates for zeolites with shorter
diffusion lengths to acid sites, however, raise questions about
the differences in reactivity between sites within and near the
surfaces of zeolite crystals. Experimental studies examining the
differences between internal and external sites have indicated
that external acid sites have slightly higher rates than internal
sites for reactions involving bulky intermediates such as
diphenylmethane formation®” and Friedel—Crafts alkylation of
benzene’®*” and 1,3,5-trimethyl benzene.”*~*® For reactions
forming smaller species like ethanol dehydration and propane
cracking, self-pillared MWW and MFI zeolites with higher
fractions of external sites have similar turnover rates to
traditional zeolite samples.”* These studies do not deconvolute
the effects of acid strength, confinement, and Al position on
internal and external sites, which can only be done rigorously
using theoretical approaches. These differences in turnover
rates for reactions with bulky intermediates result from
differences in confinement and differences (if any) in Bronsted
acid strength present at these external Bronsted acid sites. If
acid strength does not change with Al nearer the surface of
these zeolites, increasing surface area could provide a method
to tune confinement within one zeolite framework independ-
ent of acid strength.

Prior studies have shown that the external surfaces of typical
coffin-shaped MFI crystals terminate in silanol groups
predominantly along their (010), (100), and (101) direc-
tions.®>~% These silanol groups (SiOH) can form H-bonds to
adsorbates and lead to distinct reactivity and adsorbate
clustering within zeolite pores.”””" Additionally, SiOH groups

https://doi.org/10.1021/acscatal.3c00076
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Figure 1. Illustration of the process of creating MFI surface models by (a) identifying the unique positions at which surfaces can terminate [shown
here for the b-vector or (010) surfaces], (b) adding a vacuum layer (shown here with 10 A), and (c) terminating the surface with silanol (SiOH)

groups where appropriate.

could possess weak Bronsted acid character, although DPE
values of these sites are up to 200 kJ mol™" higher than on
Bronsted acid sites arising from framework Al substitution, the
latter of which are similar in strength to homogeneous
superacids (e.g., HPF).”” On zeolite surfaces, Al substitution
at these sites can lead to 3-fold coordinated Lewis acid sites
that bind H,0.°°° Previous theoretical studies have found
that external Lewis sites on BEA cannot stabilize carbocations
upon isobutene adsorption as readily as Bronsted acid sites
within the bulk of the zeolite.”® In contrast, others have found
that pyridine binding energies on external Bronsted acid sites
of MFI are similar to or slightly weaker than (=215 to —167 kJ
mol™!) those on the TS site in the bulk (=213 kJ mol™!).%”
Similar calculations for the adsorption of H,0, CH;0OH, DME,
and pyridine as well as methanol dehydration to DME barriers
on external sites in CHA indicated that bulk and external
Bronsted acid sites differ little but that external Lewis acid sites
bind basic molecules much more strongly than Brensted acid
sites.”® However, no previous studies have examined the acid
strength of these sites using a combination of DPE, DHE, and
NH; BE, which may vyield different insights from base
adsorption calculations alone. Weaker base adsorption should
occur on external sites because they are less confined than their
bulk counterparts; however, only DPE and DHE calculations
can determine if the strength of H—Z bonds of these external
sites is different. Therefore, an assessment of the strength of
these acid sites and a comparison between their strength and
that of sites in the zeolite bulk are needed.

Here, we use a combination of DPE, DHE, and NH; BEs to
compare all 12 bulk T-sites to all unique Al substitution
locations on the most stable (010) surface of MFIL These
calculations indicate that Brensted acid sites that form at the
surfaces of these zeolites do not differ significantly in DPE or
DHE unless deprotonation occurs from H,O bound to the
otherwise trigonal planar Al. H,O on these trigonal planar
Lewis acidic Al sites has O—H bonds that are similar in
strength to other Brensted acidic O—H bonds based on DHE
values, but their DPE values are much higher than those of
other sites. This finding suggests that these sites do not
stabilize anionic charge as well as other Bronsted acid sites if
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H,O bound to a Lewis site is deprotonated. Together, these
results show that most sites near the surface of the zeolite
crystal have similar acid strength to those within the bulk
unless Al substitution produces a Lewis acidic Al

2. COMPUTATIONAL METHODS AND MODELS

All DFT calculations were performed using the Vienna ab
initio simulation package (VASP)’*~"" implemented in the
computational catalysis interface (CCI).”® All calculations used
the Perdew—Burke—Ernzerhof form of the generalized
gradient approximation’” with dispersive interactions modeled
using the DFT-D3 method with Becke—Johnson damping
(D3BJ).*>*" While PBE-D3B]J does not predict barriers for the
reaction in zeolites as accurately as CCSD(T) in cluster
models,*” this method does capture trends across and within
materials relatively well."> While it is less accurate than more
expensive methods like hybrid functionals, CCSD(T), and
MP2, we believe that this functional adequately captures the
trends within MFI and between the models we evaluate in this
work. Planewaves were constructed using the projector-
augmented wave (PAW) method with an energy cutoff of
400 eV.*** The Brillouin zone was sampled only at the I'-
point. Optimization calculations used a multi-step process
available in CCIL In the first step, wavefunctions were
converged until they varied by <107* eV, with forces calculated
using a fast Fourier transform (FFT) grid 1.5X the plane wave
cutoff. In the second step, wavefunctions were converged to
<107® eV with an FFT grid 2x the plane wave cutoff.
Structural optimization continued until the forces on all atoms
were <0.05 eV A™". Gas-phase species were modeled in 18 X
18 X 18 A® unit cells. The energy of a gas-phase proton was
modeled with a partial electron (NELECT = 0.001 in the
VASP INCAR) because otherwise such protons would not
have any electron density for DFT to compute. Radical species
(including the H® and Z°) were calculated with spin
polarization.

The MFI model used in this work was developed from the
X-ray diffraction data of van Koningsveld et al., with the Pnma
space group and unit cell parameters a = 20.078 A, b = 19.894
A c=13.372 A, and @ = = y = 90.0°.%° T-site numbering was
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adapted from the international zeolite association.®”** MFI has
straight and sinusoidal 10-MR that intersect to form larger
voids. Some MFI models are prone to restructuring during
DFT calculations, introducing artifacts that alter predictions of
barrier heights; however, this MFI model is sufficiently stable
for studies of its catalytic properties.”” We create MFI surface
models by inserting vacuum regions (10 A unless otherwise
specified) in the [010] directions at unique cleavage locations
within the unit cell (Figure 1ab). After the vacuum is added,
all dangling bonds are replaced with silanol groups (Figure 1c).
The surface formed by cutting 20% along the b-vector (labeled
0.20 b in Figure 1a) produces the fewest dangling bonds upon
cleavage, which we focus on in this work.

We study the Bronsted acid sites of the bulk MFI model
shown in Figure la by substituting Al at all 12 unique T-sites.
Protons and NH," cations were placed at each of the 4 O sites
around each T-site. These cations were systematically
reoriented around the T-site, as in previous studies,”*® which
can significantly reduce the calculated energies. Protons and
the O atoms to which they were attached were rotated around
the axis produced by the adjacent Si and Al atoms in 30°
increments. Similarly, NH," cations and the O atoms they
deprotonated were rotated around the Si—Al axis in 30°
increments. Additionally, the NH," cations were rotated
around the axis formed by the H-bond between the framework
O that was deprotonated and the nearest H atom of NH,".
Such systematic reorientations procedures rigorously probe the
potential energy surface around each T-site and increase the
likelihood of identifying configurations that are closer to the
global minimum for a given state.

There are 24 unique T-site positions where we substitute Al
on the cleaved surface model: 12 sites near the surface and 12
more at interior positions (these sets of 12 correspond to T1—
T12 of the bulk). We denote the first set of sites as “external”
T-sites and the latter as “internal” sites and contrast both with
their “bulk” equivalents where no surface has been cleaved. We
use three metrics to assess Bronsted acid strength in this work:
DPE, DHE, and NH; BE (Scheme 1). We calculate DPE as

DPE = E,- + Ey+ — By, 4)

Scheme 1. Metrics for Assessing Bronsted Acid Strength

000,
NH, BE

where E,- is the energy of the deprotonated zeolite (the
conjugate base), Ey is the energy of a gas-phase proton, and
Eyy is the energy of the protonated zeolite, matching the
reaction shown in eq 1. Similarly, DHE values were calculated
as

DHE = E, + Ey — Eyyy ()

where E,+ is the energy of the dehydrogenated zeolite (the
conjugate base) and Ey is the energy of a gas-phase hydrogen
radical, matching the reaction in eq 2. Finally, NH; BE
(AEyy,) is the difference between the NH,-form zeolite and

the gas-phase NH; and the proton-form zeolite
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AENH3 = ENH4-Z - ENH3(g) — Eyy

(6)

where Exy, 7 is the energy of the NH,-form zeolite and Eyyy, )

is the energy of the gas-phase NH;, matching the reaction in eq
3. We assume that protons and NH," cations rapidly exchange
between the distinct O atoms associated with a given T-site
and thus that these positions are equilibrated. For protons, this
exchange is likely adsorbate-facilitated.”"™"> We calculate
Boltzmann or ensemble average energies for these equilibrated
proton or NH,* positions

YL Be

4 —E,
Z-_ e E,/kgT
i=1

—E,/kgT

() =
)

where E; is the energy of the configuration associated with the
O atom i, kg is Boltzmann’s constant, and T is the temperature.
We use 415 K for these ensemble average calculations, which
matches our previous studies in zeolites,”*”*™"° but our
conclusions are not very sensitive to this temperature choice.
The ensemble average DPE, DHE, or NH; BE values are
calculated by taking the difference between the ensemble for
equilibrated states and the absolute energies of other states.
For example, ensemble average DPE is

(DPE) = E;- + Ey+ — (Eyy) (8)
while ensemble average NH; BE is
<AENH3> = <ENH4—Z> - ENHl(g) — (Euz) (9)

because the bound NH," and proton positions are both
equilibrated.

When Al is substituted at hydroxylated positions at the
zeolite’s external surface, it can produce Lewis acidic, trigonal
planar Al species that bind H,0.°”%%7*% Specifically, these
Lewis acidic sites can form at T7, T9, T10, and T12 positions
on the surface model that we study in this work (Figure 1).
H,0 bound to these sites can also act as a Brensted acid
(whose acid strength we calculate in this work), or H,O can
desorb and Al can behave as a Lewis acid. We analyze these
sites using metrics already discussed (DPE, DHE, and NH,
BE) when H,0 is bound and also assess H,O binding energies
(H,O BEs), electron affinities (EAs), and NH; BE to the Lewis
acidic Al (Scheme 2) as metrics of Lewis acid strength.

3. RESULTS AND DISCUSSION

3.1. DPE, DHE, and NH; BE at Bulk MFI Sites. We begin
by discussing the relative stability of a proton at all O atom
locations for all 12 T-sites in the MFI bulk model (Figure 2).

Scheme 2. Metrics for Assessing Lewis and Bronsted Acid
Strengths on External Sites That Can Form H,0

i i Bronsted Acid Strength
Lewis Acul'l Strength of H,O on Trigonal Al
|
®) © ®
© @ EA H,0 BE NH,BE _ ©
OHOHQ) «~—— OHOHO), @GP
IR R OIOR

W

R
IANRON OIS gl o=csC}

NH; BE @@@
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Figure 2. Relative E, for the protons on all four O atoms for each of
the 12 T-Sites in the bulk MFI model (blue @), the ensemble average
relative E, for all protons on each T-site (blue B; eq 7), and the
relative energy of the deprotonated T-site (blue A), all in kJ mol™".

These H-form stabilities are part of all the acid strength metrics
used in this work—they are the reactant states in DPE, DHE,
and NH; BE calculations—and, therefore, contribute to the
differences in observed acid strength of T-sites in MFL The
most stable proton location across all 26 T-O site ensembles is
on O10 with Al substituted in the T3 position, from which the
relative stabilities of all other configurations are calculated
(Figure 2). The relative stabilities of protons on different O
atoms range up to 29 kJ mol™" across all T-sites in MFI, and
relative energies of protons at distinct O within a given T-site
can vary by up to 20 kJ mol™" with the largest ranges at T4, T7,
and T8 and the narrowest ranges at T1, T9, and TI12.
Ensemble average stabilities (eq 7) tend to be close to the
most stable position for each T-site because proton positions
>5 kJ mol™" less stable than the best at a given T-site
contribute negligibly to the ensemble average at 415 K. This
finding is consistent with previous DFT calculations on MFI
and other zeolites showing that ensemble average stabilities are
extremely close to the stability of the best proton location.***°

The stability of protons in these different locations is
determined both by the local environment of the proton and
by the energy to substitute Al into the associated T-site
location. The relative energies of the anionic MFI framework
with Al substituted at all 12 T-sites are shown in Table 1 and
Figure 2. While T12 is the most thermodynamically favorable
location for Al substitution absent a cation,”” an Al at T3 is
within 10 k] mol™" and forms the most stable H-form structure
(Figure 3b). This discrepancy between proton-form and

Table 1. Accessible Void Environments in MFI at Each T-
Site”

nearby void environment(s)

T-site int. str. sin. AE,- kJ mol™
T1 X X X 12
T2 X X X S
T3 X X X 7
T4 X N
TS X X 15
Té6 X X X 22
T7 X X 13
T8 X X 4
T9 X X X 14
T10 X X 15
T11 X X 6
T12 X X X

“Adapted from Nimlos et al.””
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Figure 3. (a) Deprotonated anion form, (b) most stable H-form, and
(c) most stable NH,-form on T3 of the bulk MFI model. H-bonds in
(b,c) are shown with blue dashed lines, and their lengths are denoted
in pm.

conjugate base stabilities indicates that proton-form stabilities
reflect the ability of a H to favorably interact with the
surrounding framework and do not accurately reflect the
thermodynamic preference to site Al in a particular position. In
other words, even a cation as small as a proton is sensitive to
the local framework topology because each T-site solvates
protons differently depending on where those protons can be
positioned. While the surrounding void environments affect
the dispersive stability provided for larger adsorbates and
cations, protons can sense the surrounding framework
primarily through H-bonding interactions with bridging O at
nearby locations.*® These H-bonds are sometimes overlooked
in DFT studies that do not consider a wide range of OH bond
angles in their assessment of protonated T-sites in zeolites but
are observed in our work because of the systematic
reorientations we perform (Section 2).8’36 Protons oriented
within small 5- and 6-MR where such H-bonds are favorable
were the most stable for all T-sites except TS and T12 (Figures
S1—S3, Supporting Information). Reorienting the protons on
each O atom of TS5 and T12 into a small ring incurs an energy
cost. As a result, these T-sites prefer protons that are not in
small rings despite the presence of such rings. Despite these
costs, the most stable positions are only 5 and 2 kJ mol™" more
stable than the next most stable positions where the proton is
in a small ring on TS5 and T12, respectively. Previous studies
have also found that the stabilities of Al arrangements in
zeolites with their organic and inorganic structure-directing
agents still present in the pores differ in stability from the
proton forms.”” """ These findings further indicate that
proton-form stabilities cannot be used to infer Al positions
in synthesized zeolites (in addition to the kinetic factors that
could influence Al siting during zeolite crystallization). We
calculate DPE and DHE at all T-sites and O atoms in MFI to
capture how these proton solvation effects alter acid strength
irrespective of the relative stability of the location for Al
substitution.

DPE values range from 1638 to 1664 kJ mol™" across all O-
atoms for all 12 T-sites within the MFI bulk (Figure 4). These
values are similar to those calculated for MFI sites in previous
work using periodic DFT (1621—-1668 kJ mol™'; RPBE,
PAW)** but higher than those from cluster models using DFT
(1226 kJ mol™" at T12; ®B97X-D, double-{ 6-31G(d,p) basis
set).”’ The higher DPE values from these calculations on
periodic MFI occur because of spurious interactions across
boundary conditions between anions in charged periodic
calculations,36 which are absent from cluster calculations, and
because the densities of zeolite frameworks differ, which alters
their dielectric constants.* Together, these differences mean
that DPEs in different frameworks and across different
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Figure 4. DPE (kJ mol™}, eq 4) for each individual O atom (blue ®)
and the ensemble averaged value (blue M; eq 8) for all 12 T-Sites in
bulk MFL

methods (periodic vs cluster or embedded cluster) cannot be
directly compared without corrections; however, comparisons
between acid sites within a single framework are reasonable
because the size of the unit cell is invariant in such analyses.

The ensemble average DPE value is closest to the highest
DPE for each T-site because the highest DPE corresponds to
the most stable proton position, which is also the most
occupied state. Critically, the ensemble average DPE value
most closely reflects the acid strength of each T-site as protons
are expected to be able to rapidly exchange between O atoms
in the presence of proton-shuttling adsorbates. T12 has the
lowest ensemble average DPE (1644 k] mol™')—and therefore
is the strongest acid site in MFI—because it has the most
stable anion form and relatively unstable protons. In contrast,
the ensemble average DPE values for T3 (1664 kJ mol™"), T7
(1664 kJ mol™"), and T10 (1663 k] mol™") are the highest,
indicating that these are the weakest acid sites. These sites
either have very stable protons (T3; Figure 3ab) or form
relatively unstable anions (T7 and T10). This reflects the
importance of the stabilities of both the proton (and any
intrazeolite H-bonds it can form) and anion in determining
DPE. Neither the proton stability nor the anion stability is the
dominant factor governing DPE values in zeolite frameworks.

Importantly, prior studies have shown that increases in DPE
do not produce equal increases in DFT-computed barriers to
form cationic methanol dehydration transition states relative to
the bare proton site on POMs (Hg_, X""W,,0,4, X = S, P, Sj,
Al, and Co).”” For example, an increase in DPE by 1 kJ mol™
leads to an increase in the methanol dehydration barrier of
~0.4 kJ mol™". These findings matched kinetic studies of
turnover rates per H" on these POMs for methanol
dehydration (0.2—20 kPa CH;0H, 433 K). Similar findings
hold based on experimentally measured turnover rates (per
H") of methanol dehydration with different heteroatoms in
MEFI zeolites,”" methylcyclohexane ring contraction and alkene
isomerization on POMs and zeolites within bifunctional
catalysts,"””~'%* and formaldehyde and alkenes in H-SSZ-13
and H-SAPO-34.'" Subsequent studies have indicated that
this is because transition state formation on Brensted acids also
includes protonation of an adsorbate, ion—pair interactions
between the transition state and conjugate base, and charge
rearrangement that alters other covalent bonds in the transition
state and catalyst.l%_108 As such, while ensemble average DPE
values differ by 20 kJ mol™' among T-sites within the bulk of
MFI, such shifts in DPE would only lead to barrier height
differences of 4—8 kJ mol™'. Despite these modest changes,
some reactions have shown significant Al site preference. For
example, DME carbonylation occurs specifically at T3 in
MOR;'” ™" however, this site specificity is caused by the
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local environment around each site (i.e., 12-MR regions vs 8-
MR side pockets). Indeed, we concur with prior studies of
DPE across many zeolite frameworks®* and subsequent kinetic
studies”' that identified confinement as the key factor that
determines turnover rates for aluminosilicate zeolites. The
results of these studies indicated that acid strength can be
considered constant across zeolite frameworks despite slight
differences in DPE between different Al locations. As such, the
20 kJ mol™! difference reported here between ensemble
average DPE values for Al at different T-sites alone is unlikely
to substantially alter reactivities of Al present at those distinct
T-sites.

Another metric for acid strength is DHE, which measures
the energy to homolytically cleave the O—H bond of the H-
form zeolite and thus avoids charged calculations that cause
issues in periodic DFT software. The ensemble averages of
DPE and DHE linearly correlate in the MFI bulk (Figure S).
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Figure 5. Ensemble averaged DHE shown as a function of ensemble
averaged DPE, both in kJ mol™', for all 12 T-sites in bulk MFL

These DPE and DHE values are related by the EAs of the
zeolite conjugate base (EA;) and the gas-phase proton (EAy)

DPE = DHE + EA, — EA, (10)

Of these EAs, only EA; is a property of the zeolite and thus the
Al atom location, while EAy; is a property of H radicals and
protons in vacuum and is constant. Therefore, the slight scatter
and excellent correlation in the trend between DPE and DHE
arise because the EA; values are nearly constant across the 12
T-sites in MFI (—120 to —123 kJ mol™’, Table S1, Supporting
Information). This result indicates that DHE is an excellent
alternative acid strength metric to DPE calculations—which
are complicated by charge artifacts in periodic DFT codes—
when EAs of the conjugate bases are expected to be nearly
invariant.

NH; BE (AEyy, eq 6) is another metric for acid strength,

but one which convolutes both acid strength and confinement
effects. AEyy, values are negative for most O atoms in the MFI

bulk, reflecting the enthalpic benefit of NH; adsorption
(Figure 6). NH; binds most strongly to 023 on T10, with a
binding energy of —167 kJ mol™'. The NH," cation in this
structure is positioned within the sinusoidal channel and forms
two H-bonds to other nearby framework O atoms (Figure S6,
Supporting Information). T4 has the lowest ensemble average
NH; BE. T4 is the only T-site that is not accessible from the
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Figure 6. Individual O site (blue @) and ensemble averaged (blue H)
NH, BE in k] mol™* for all 12 T-sites in the bulk MFI model.

intersection (Table 1), so its local environment is overall the
best at stabilizing the cationic NH," via dispersive interactions.
NH; binds most strongly to O12 on T4, where it also forms H-
bonds to two other framework O atoms like the most stable
NH," on 023 of T10. In contrast, the O4 positions around T1
and T4 have positive AEyy, values (+9 and +1 kJ mol™/,

respectively), while others have negative but much weaker
binding energies (020 on T8 and T12 and 024 on T10 and
T11). These structures involve NH," cations in subunits of
MFI for each of these O atoms (all NH,-form structures in the
bulk MFI model are shown in Figures S4—S6 of the
Supporting Information). These O sites are essentially
unoccupied by NH," cations and thus do not significantly
influence ensemble average AEyy values. The ranges of

proton and NH," cation stabilities at different O atoms within
the same T-site suggest that theoretical studies must examine
all O atoms for a given T-site to reach accurate conclusions.
Additionally, these large energy ranges for NH," interacting
with different O atoms indicate the diversity of environments
that are available at different O sites around each T-site.
Ensemble average AEyy, values vary from —160 to —132 kJ

mol ™" across the 12 T-sites in MFL This range of 28 kJ mol ™'
is significantly larger than that observed for DPE (20 kJ mol™")
or DHE (19 kJ mol™) and shows that the diversity of
confinement among different Al locations is greater than the
changes in acid strength. These NH; BEs do not correlate
strongly with DPE or DHE because ammonia adsorption
convolutes acid strength and confinement effects (Figures 7
and S7, Supporting Information). The effect of confining gas-
phase NH; within the zeolite pore causes significant deviations
from the expected correlation at T4, T7, and T10 (Figure 7).
Notably, AEyy, is stronger for these sites than those with
similar DPE values because when NHj; adsorbs to these sites, it
is better solvated than on others. T4, for example, is only
accessible from the sinusoidal channel (Table 1). While it has a
higher ensemble average DPE (1656 k] mol™')—and therefore
forms a weaker acid site—than TS or T9 (both 1652 kJ
mol™"), its ensemble average AEyy, is >8 kJ mol™! stronger on
T4 (—160 kJ mol™") than on TS or T9 (—151 and —148 kJ
mol™!, respectively). Among the remaining sites, AEyy, does
still partly correlate with DPE, indicating that proton stability
does still affect AEyy,. For example, T3 has both the highest
DPE (1664 kJ] mol™') and the weakest ensemble average
AEyy, (—133 kJ mol™"). The relative energy of the most stable
NH,-form on T3 (20 kJ mol™"), which binds to 010 like the
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Figure 7. Ensemble average NH; BEs (AEy,) as a function of the
ensemble average DPE, both in kJ mol™', in bulk MFL

most stable proton (Figure 3c), is near the average among all
T-sites (16 k] mol™"). This provides further evidence that the
stabilities of both the H-form and NH,-form govern these
binding energies, much like the H-form and conjugate base
affect DPE values. However, the confinement effects that affect
NH; adsorption make such measurements unreliable for
quantifying acid strength despite some cases of agreement
between DPE and AEyy,

Together, these data suggest that acid strength depends
weakly on the Al position within MFIL. Ensemble average DPE
and DHE—which most closely reflect the observable acid
strength of sites from Al at specific T-site locations—vary by
20 and 19 kJ mol™!, respectively, consistent with prior studies
of DPE in MFL** DPE and DHE values correlate strongly,
indicating that the EA remains similar across Al locations
within the zeolite. While the NH; BE is the only metric we use
here that can be measured experimentally, it does not reliably
indicate the energy to heterolytically cleave the O—H bond of
the Bronsted acid site. Instead, it simultaneously includes bond
cleavage and confinement effects upon NH; adsorption, which
convolutes the estimates of Bronsted acid strength. This
difference is most obvious for T-sites whose ensemble average
DPE and AEyy, values do not match the linear trend of other

sites (T4, T7, and T10). On these sites, NH," cations are
solvated better than other sites and their AEyy, are lower than

that of others with similar DPE values.

3.2. Deprotonation, Dehydrogenation, and NH;
Binding on Surface Acid Sites. Next, we calculate the
energies of protons at all possible unique locations on the most
stable termination of the MFI structure in the [010] direction
and compare them. The terminated MFI model contains two
types of each T-site: internal and external. An external site is
one that is on the surface of the cut, while an internal site is
completely inside of the zeolite (Figure 8). In Section 2, we
describe the formation of this surface model in more detail and
that the chosen termination places Si—OH groups at T7, T9,
T10, and T12. Substituting an Al at one of these external Si—
OH positions results in an anionic AI-OH site, whose charge
can be compensated by a proton. If the proton prefers to bind
to the existing OH, then an AI-H,O site forms, which can
desorb H,O to produce a trigonal planar, Lewis acidic AlO;. At
the other surface and all internal sites, Al remains tetrahedrally
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Figure 8. Locations of internal (orange) and external (green) T-sites on the (010) surface MFI model, shown (a) along the c-vector and (b) along

the a-vector. (c) The same surface model shown along the b-vector.

coordinated and protons at such sites behave exclusively as
Bronsted acids.

The bulk sites have a smaller range of relative energies than
the sites on the surface model (Figure 9). Among sites on the
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Figure 9. Relative E; in kJ mol™ for (a) anions (A) and (b) protons
on all four individual O atoms (@), the ensemble averaged values (M)
for each of the 12 T-sites in the bulk MFI (blue) and the 12 internal
(orange) and 12 external (green) T-sites in the y-cut MFI model.

surface model, the external sites have a larger range than the
internal sites: both the most and least stable H-forms occur on
external sites. The most stable proton position on the surface
model overall forms on O23 of an external T10 site. When a
proton is on this O, it forms H,O bound to a Lewis acidic AlO;
(Figure 10c). Three other T-sites are also capable of forming
these H,O-bound structures: T7, T9, and T12 (Figures S14
and S1S, Supporting Information). In each case, the H,O-
bound structure is the most stable configuration for a proton
around these external T-sites. The least stable site on the
surface model is formed with a proton on O17 of T7, with a
relative E, of 57 kJ mol™!, which forms an Al site with two
nearby OH groups—one pendant and one bridging two T-
sites. Such configurations are generally much less stable on
these T-sites, as indicated by the relative proton forms for
external T7, T9, T10, and T12 sites in Figure 9. These data
indicate that Al is the most stable when it forms trigonal planar
Lewis acid sites bound to H,O on the external surfaces of MFL.

Meanwhile, the internal sites have relative energies of 17—51
kJ mol™", which is a similar range (34 kJ mol™") to those of the
bulk sites (29 k] mol™"). Their stabilities follow similar trends
because the internal sites have a similar local structure to bulk
sites but differ slightly because of the internal site proximity to
the zeolite surface. In both cases, the most stable proton
position is O10 on T3 and the least stable is O15 of T6. Such
similarities in stability trends for internal and bulk sites indicate
that their catalytic behaviors should be similar absent other
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Figure 10. Structures for the external T10 site (a) after deprotonating the H,O, (b) after adsorbing NHj to the H,0—Al, (c) with H,O bound to
the Al, (d) after removing H,O to form trigonal planar Al, (e) with an additional electron (which forms a trigonal pyramidal Al), and (f) with NH,
bound directly to the Lewis acidic Al Blue dashed lines show H-bonds in (a—c,f) with their distances labeled in pm. O—Al—O bond angles are
shown in green for Lewis acidic Al in (d,e). Acid strength metrics are shown in k] mol™" below each relevant structure for the external T10 site—
ensemble average DPE ((DPE), see Figure 11), ensemble average NH; BE ((AEyy,)), Lewis acidic H,O BE (AEy ), EA, and Lewis acidic NH,

BE (AEny,.)-
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structural differences arising from the proximity to the zeolite
surface.

DPE values on surface MFI models with 10 A of vacuum
space are 1477—1543 kJ mol™" (Figure 11), which are 108—
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Figure 11. Ensemble average DPE values in k] mol™ for the internal
T-sites (orange) and external T-sites (green) in the MFI surface
model.

170 kJ mol™" lower than those of equivalent sites of the bulk
model. Theoretical studies of acid strength have indicated that
DPE values can vary across zeolite frameworks according to
their density (and therefore relative permittivity).”*> Our
prior work also showed that the density of charge in periodic
DFT calculations altered the calculated DPE values in CHA
without signiﬁcantly altering the dielectric constant of the
underlying zeolite,” indicating that the distance between ionic
centers in periodic DFT calculations can also alter DPE values.
In other words, the size of the unit cell affects DPE values and
adding 10 A of vacuum space creates an artifact, preventing
direct comparisons between our surface and bulk models. The
similarity in structure and relative energy between the internal
sites on the cleaved model and the bulk sites discussed earlier
indicates that internal sites should have similar (if not
identical) acid strength to bulk sites. The differences in the
computed DPE values between internal sites on the cleaved
model and bulk sites arises primarily because of differences in
unit cell sizes and relative permittivity. As such, we compare
the DPE values of internal and external sites to determine how
Al proximity to the surface of the zeolite affects acid strength.

The four sites that form trigonal planar Lewis acidic Al with
bound H,0 also have the highest ensemble average DPE
values (1533—1543 kJ mol™"). These DPE values are at least
19 kJ mol™" higher than all external sites that do not form
Lewis acids (1486—1513 kJ mol™") (Figure 12), a similar range
to that of internal sites (1477—1506 kJ mol™"). This similarity
in DPE indicates that surface sites have similar Bronsted acid
strength to internal sites unless they form a Lewis acid Al site
with bound H,O. Purely Bronsted acid sites that cannot form
trigonal planar Al also tend to form much more stable anions
than Al locations that form Lewis acid sites (Figure 9a). The
three least stable anion positions are the external sites at T9
(62 k] mol™), T7 (46 kJ mol™'), and T12 (44 kJ mol™").
While T10 also forms a Lewis acid, its anion is slightly more
stable (21 kJ mol™'; shown in Figure 10a) than the anions of
external T4 and T2 and internal T6 (25, 21, and 23 kJ mol™,
respectively). Notably, only these sites that form trigonal
planar Al on the outer surface have DPE values that deviate by
>15 kJ mol™' in the surface model from their internal
counterparts, with most differing by <10 kJ mol™" (Figure 12).

Next, we assess DHE for sites on the surface model and
compare them to the bulk model. DHE does not suffer from
the same spurious charge—charge interactions in periodic
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calculations that DPE does.’® Ensemble average DHE and
DPE correlate linearly for bulk, external, and internal sites;
however, the slope of the trendlines for the internal sites is
0.78, while that of the external sites is 0.33 (Figure 13). This
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Figure 13. Ensemble average DHE as a function of ensemble average
DPE (both in kJ mol™) of internal surface (orange) and external
surface (green) T-sites. T-sites that form trigonal planar Lewis acidic
Al at the surface are individually labeled (T7, T9, T10, and T12).

trend indicates that the DHE for bulk and internal sites behave
similarly and that their acid strengths remain nearly identical.
Meanwhile, the external Lewis sites have DHE values that are
much closer (471—495 k] mol™") to those of the bulk (457—
476 kJ mol™'), internal (457—481 k] mol™'), and other
external (460—483 kJ mol™") sites. These data indicate that the
strength of the O—H bonds of the H,O bound to Lewis acidic
Al sites is similar to those of other Bronsted acid sites but that
the EA of these Lewis sites is much lower when there is a
lingering OH group on the Al. This lower EA produces a much
less stable conjugate base upon heterolytic cleavage of the O—
H bonds than other Bronsted acid sites. As such, the ensemble
average DPE values for these sites are much higher than those
of all other sites.
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Together, these data suggest that DPE and DHE remain
very similar regardless of Al proximity to the outer surfaces of
the zeolite. One exception arises when Al is substituted into
Si—OH groups at the edges of zeolite crystals, where it
ultimately forms a trigonal planar Lewis acid site. As such,
differences in reactivity between external and internal sites are
likely caused by (1) diffusion constraints, (2) changes in
confinement, or (3) the formation of Lewis acid sites. Next, we
assess binding energies for NH; on these sites, which partly
measures confinement at these different locations in addition
to acid strength.

Ensemble average AEyy, values are similar for bulk and

internal sites, remaining within 6 kJ mol™" for all T-sites
(Figures 14 and 15). These internal sites on the surface model
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bulk ensemble average AEyy,. T-sites that form trigonal planar Lewis

acidic Al at the surface are individually labeled (T7, T9, T10, and
T12).

retain similar local environments around each T-site to the
bulk equivalent, and therefore, binding energies for NH;
remain indistinguishable from those of the bulk model. On
the other hand, NH; binding on equivalent external T-sites is
much stronger than the bulk counterpart (T3), significantly
weaker (T4, T7, T10, and T12), slightly weaker (T1, T2, TS,
T9), or nearly identical (T6, T8, T11). No single factor
disproportionately affects AEyy, and the expectation that all

external sites would weakly bind NH; because of a relative lack
of confinement is not supported by these data.
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NH; binds weakly to H,O—Al structures that form at
external T-sites that can form Lewis acid sites (T7, T9, T10,
and T12; an example structure for T10 is shown in Figure
10b), resulting in AEyy, values that are 7 to 40 kJ mol ™

weaker than their internal purely Bronsted acid counterparts.
These shifts in AEyy, reflect a combination of weaker

Bronsted acid strength and less confinement of the NH,"
cation. NHj also binds 15 kJ mol™ more weakly to the external
site than to the internal T4 site exclusively because the NH," is
less confined on the external site. Thus, there is a significantly
weaker binding of NH; when the T-site is placed at an external
position than an internal position for less than half of these T-
sites (S of 12). These weaker binding energies are caused by
less confined NH," cations and (for four T-sites) a weaker
Bronsted acid.

The remaining seven external T-sites (T1, T2, T3, TS, T6,
T8, and T11) are located at the pore mouths of the straight
channels, and the bound NH," on these sites are solvated in
the straight pore. As such, the solvation of these cations is
similar to the solvation at corresponding internal sites. At
external T1, T2, and TS sites, the NH," cation is only slightly
less confined than when bound to their internal analogues,
resulting in weaker NH; adsorption by 4 to 6 kJ mol™'. NH,
adsorption energies for T6, T8, and T11 are nearly identical
for the external and internal positions in the cleaved surface
models (AEyy, vary by less than 2 k] mol™"). The remaining

external site (T3) is the only site where NH; binds more
strongly (by 17 kJ mol™") than its internal counterpart. NH," is
the most stable on the same O10 atom as that on the bulk site,
which can access the entrance to the straight pore of the zeolite
(Figure S20, Supporting Information), similar to T6, T8, and
T11 external sites. In contrast, the most stable proton position
for the external T-site is on O9, where the proton resides in a
5-MR on the outer edge of the zeolite in a cup formed by the
cleaved sinusoidal channel (Figure S12c, Supporting Informa-
tion). This position is less stable than the preferential site for
protons at internal or bulk T3 sites (O10), on which the
proton is in a different S-MR (Figure Slc, Supporting
Information). This destabilizes the proton relative to the
bound NH," cation, resulting in a more negative AEyy value.

Because these seven external T-sites (T1, T2, T3, TS, T6, TS,
and T11) can still stabilize cations through Coulombic and H-
bonding interactions, we cannot define external T-sites without
nuance because the location of the Al may be a secondary
factor to the location of the cations it stabilizes.

These DPE, DHE, and AEyy, metrics indicate that

heterolytic O—H cleavage generally occurs much less favorably
than homolytic cleavage on external sites when the cleaved
bond is part of a H,O—Al complex (T7, T9, T10, and T12 in
this surface model). In other words, Al that can form a Lewis
acidic site and bind H,O can behave as a Bronsted acid with
higher DPE and higher AEyy;, values than other surface sites.

Despite the higher energies for heterolytic O—H bond
cleavage, H,0 on Lewis acidic Al has similar DHE values to
other external sites. These Lewis acidic sites behave distinctly
from Brensted acid sites at the surface and must be evaluated
using other metrics, which we address next. These data also
indicate that other external sites (i.e., those that do not form at
Si—OH species created by surface cleavage) have similar
Bronsted acid strength to sites within the internal regions of
surface or bulk MFI models. Furthermore, seven of these
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external sites (T1, T2, T3, TS, T6, T8, and T11) can stabilize
cations by fully or nearly fully solvating them in adjacent pores.
As such, these sites behave nearly identically to their internal
counterparts by all metrics studied here.

3.3. Measuring Lewis Acid Strength with NH;
Binding, H,O Binding, and EA at Surface Sites. Like
Bronsted acid strength, Lewis acid strength can be measured
and quantified using binding energies of basic molecules (e.g.,
H,0 or NH;). While generating the structures of Bronsted
acid sites on the MFI surface model, we computed the energies
of these Lewis acidic, trigonal planar Al species with a bound
H,O. One of the O—H bonds can be cleaved heterolytically or
homolytically, or NH; can bind to this H,O to form a NH,"—
OH™ pair to measure Bronsted acid strength, as described in
Section 3.2. Additionally, the H,O can desorb or be replaced
by NH; on the Al, both of which putatively measure the Lewis
acid strength of the trigonal planar Al. While Bronsted or Lewis
acid strength can be quantified using binding energies of bases,
these binding energies also measure confinement, H-bonding,
and other effects of the local environment. As such, binding
energies alone do not purely measure acid strength like DPE,
as we have shown in this work and our prior work.***’" A
similar, adsorbate-free metric must also be used for the trigonal
planar Lewis acid sites that we study in this work. Because
Lewis acid sites accept electrons, EA should reflect the strength
of these trigonal planar Al sites.

The EA of these Lewis acid sites can be measured by
calculating the energy to add one electron to the site

EA=E,- - E, (12)
where E; is the energy of the bare Lewis acid site and E,- is the
energy of the anionic site. These EA values are 128—146 kJ
mol™}, a similar range to that of the ensemble average DPE
values of bulk MFI sites (1644—1664 kJ mol™'). H,O BEs to
Lewis acidic Al (AEyo;) and NH; BEs to Lewis sites

(AEyy,1) can be compared to EA values like our comparisons
of DPE and AEyy, in Sections 3.1 and 3.2. Such a comparison
indicates that AEyy,; and AEy o) do not correlate strongly
with EA in this small data set (Figure 16), although AEgn,1
and AEy o correlate with one another (Figure 17). AEy o1

values are much weaker (—129 to —158 kJ mol™) than
AEyy,, (=171 to —190 kJ mol™") on these external sites.

These stronger NH; BEs reflect the strength of NH; as a base
relative to H,O. The strong correlation between these binding
energies indicates that these base molecules bind similarly in
these environments and that either one could be appropriate
for studying the Lewis acid strength of these external Al
species. This strong agreement between the adsorption
energies of probe molecules matches the behavior of
dissociative adsorption ener%ies in CHA with metals of
different Lewis acid strength. !> However, the absence of a
strong correlation between binding energies and EA indicates
that other adsorbate-free metrics that rigorously quantify Lewis
acid strength may be necessary when studying these sites.
Instead, these adsorption energies measure both the Lewis acid
strength of the active site and the interaction of the adsorbate
with the surrounding environment. Notably, when an electron
is added or a base adsorbs to trigonal planar Al, it becomes
trigonal pyramidal (Figure 10c—f). This geometric change
indicates that each of these changes the hybridization of the Al
similarly.
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These H,O and NH; BEs do not correlate strongly to DPE
values calculated for Lewis acid Al with bound H,O (Figure
18a). Instead, they correlate better with DHE and NH; BE
where the NH; binds as a Bronsted base to the hydrated Lewis
acid Al (Figure 18b,c). Ostensibly, these Lewis acid strength
metrics should behave similarly for both DPE and AEyy,. Both

DPE and NH; binding heterolytically cleave the O—H bond of
the Lewis acid-bound H,O and should correlate in the absence
of strong confinement effects that strengthen NH; binding.
However, among assessments of the Bronsted acid strength of
the Lewis acid-bound H,0, DHE appears to best predict the
strength of Lewis base binding energies based on this limited
data set. Notably, NH; binds much more strongly to Lewis
acidic trigonal planar Al than it does to Brensted acid sites
within the bulk. NH; BEs to these Lewis sites are —190 to
—171 kJ mol ™, while no bulk Brensted acid sites have AEyy,
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stronger than —160 kJ mol™". Finally, Lewis base binding
energies negatively correlate with DHE and AEyy, (Figure

18b,c). Such a trend indicates that the more strongly bound
H,O has stronger O—H bonds. This contrasts with traditional
bond order conservation models, which propose that stronger
binding withdraws electrons from other bonds within an
adsorbed molecule.

These data suggest that acid strength varies between external
Lewis Al sites in similar magnitude to Brensted acid strength
between sites within the bulk of MFI, which should not
produce substantial changes in turnover rates. Additionally,
these external Lewis acid sites behave distinctly from other Al
positions on the outer surfaces of MFI. This combination of
EA—a possible adsorbate-free measurement of Lewis acid
strength—with common adsorption metrics should fully
characterize these external Lewis acidic Al sites. Such a
combined approach that studies both the Brensted acid
strength of H,O on Lewis acidic Al and the Lewis acid strength
of the trigonal planar Al provides a comprehensive analysis of
these unique external sites.

3.4. Contributions of External Sites to Observed
Reaction Rates. Recent advances in zeolite synthesis have
produced pillared,”®**~>° finned,” and other mesoporous or
2D zeolites.”**”*'~>3 These materials have larger external
surface area to volume ratios of the crystal (A,/V) and,
therefore, a higher fraction of external Brensted acid sites.
Here, we showed that these external sites have the same
Bronsted acid strength as that of internal sites; however, such
external sites confine surface intermediates and transition
states less than internal sites and, therefore, tend to have higher
reaction barriers and lower rate constants than internal sites.
For example, the first-order rate constant for propene
dimerization is ~30X higher on TON than on a mesoporous
aluminosilicate (SiAl) (10—400 kPa propene, 503 K), materials
that our work shows should have similar Bronsted acid
strengths.”’ This enhancement should approximately reflect
the stability conferred by confinement and thus the ratio of k
values on internal and external sites (k;,./k..) absent changes
in Brensted acid strength. Similar enhancements are observed
when comparing acetone condensation on MCM-41 (a
mesoporous SiAl material) and MFI (k;,/k.. =~ 85; 473 K,
0.1—-4 kPa acetone).'"” For methanol dehydration, rates
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between MFI and FAU have also been contrasted (one
would expect FAU to offer minimal confinement), and the
ratio of first-order rate constants is 8.5 (433 K, 0.1-20 kPa
CH,0H).”" The relative ratios of these k values indicate a
decrease in AGT values of 8—18 kJ mol™! from external to
internal sites and suggest that confinement effects can
influence rate constants, though up to a factor of 107,
depending on the reaction of interest. Crucially, these
measured effects of confinement (k-ratios) do not reflect
changes in acid strength, as indicated by our DPE calculations
in this work.

As the A/V and crystal habit change, the contribution of
external and internal sites to the overall rate also changes. The
ratio of rates on external to internal Bronsted sites (ro/r:y) is
derived in Section S6 of the Supporting Information as

Text _ [kext] pT,ex’( [ AlB ](AS}’]_I

Tint kit P int Al \V (13)
assuming that the Si/Al ratio does not change between the
surface and bulk of the zeolite, where k../ki, is the ratio of
effective first-order rate constants for external sites and internal
Bronsted acid sites, Alg/Al,, is the fraction of external Al that
forms exclusively Bronsted acid sites (and not trivalent Lewis
acidic Al), 7 is the effectiveness factor, and pr . and prj,, are
the densities of T-sites on the outer surface and within the
bulk, respectively, and have values of 0.0894 A~ for the surface
model used in this work and 0.0180 A™3 for bulk MFI,
respectively. From this work, we estimate an Alg/Al,, of 0.75
and a P e/ Prne of 4.967 A, based on the studied model. The
values of A;/V and 7 depend on the shape of the catalyst
particles. We compare two models for spherical and slab
catalyst models, where A,/V expressions are

(As) _ 4nR* 3
= 4— = —
v sphere gﬂR3 R

DR
V)yw 2Lab 2L (15)

(14)

where R is the radius of a spherical particle, L is half the
thickness of the slab (in the direction along which reactants
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can diffuse), and a and b are the width and height of a slab,

respectively. The 5 values are

3
= —(® hd -1
rlsphere CI)2 ( cot ) (16)
Maab = tanh ®/® (17)
which depend on the Thiele modulus, o'
Si -

Kint pT,int(l + (H)in)

d=1
D (18)

for a first-order or pseudo-first-order reaction, which depends
on the particle size, acid site density, and temperature, each of
which influences effective diftusivities and rate constants within
the catalyst particle. The ki prine (1 + (Si/Al),) 7" term is
defined to have units of s~

Finned, pillared, or hierarchical zeolites have been modified
to decrease diffusion path lengths and have larger A,/V ratios,
while non-hierarchical materials can have large ranges of A,/V
depending on their overall crystal size, which can vary from
<100 nm to ~20 um.°”'">''° Prior reports allow us to
estimate a range of possible A,/V values to parameterize the
above model to estimate the relative influence of external
Bronsted acid sites on observed reaction rates. For example,
MFI crystals with an approximately spherical shage have been
synthesized with an average diameter of ~17 um.*’ If modeled
as spheres, these materials have A/V of 3.5 X 107° A7}
providing an approximate lower bound for A,/V. MFI
nanocrystals can also be synthesized with approximately
spherical shapes and diameters of ~200 um.*>"'*""” In such
cases, the A;/V would approach 3 X 107> A™' for
approximately spherical shapes. Adding fins to FER zeolites
increased A,/V by relatively modest amounts (up to a factor of
2—3 by a combination of theoretical estimates and surface area
measurements),”’ and finning in MFI zeolites increased surface
areas by ~40%.”” Mesopores introduced to MFI crystals
during synthesis have been reported to increase A;/V by a
factor of ~5, with a large templating agent increasing per gram
external surface areas (S.y) from 46.8 to 97 m*> g~ (A,/V =
0.009—0.018 A™") in MFI crystals of commercial provenance
to 262—392 m* g”! (A,/V = 0.048—0.072 A™").>" Pillared
materials are estimated to have an A,/V of around 0.1—0.2 A™*
based on reported site characterization data.’” These higher
A,/V values lead to higher ratios of external to internal
Bronsted acid sites, with such ratios increasing from 107*on a
17 pum MFI crystal to 0.033 on a 200 nm MFI crystal and to
0.16 for mesoporous MFI and reaching a maximum of 0.78 for
self-pillared MFL®° Together, these results indicate that A,/V
varies from 1075 to 0.2 A~ in MFI samples.

While these geometries significantly vary from idealized slab
and spherical geometries, effectiveness factors are not very
sensitive to geometry. Therefore, we compute the ratio of the
external and internal rates (using slab and spherical geo-
metries) across A,/V ratios of 107> to 0.5 A™" and for ® values
of 107! to 103, which reflect mass transport limitations for
bulkier molecules that limit the effectiveness of internal sites
(Figure 19). Even for reactions with a relatively weak
confinement effect (k../k,; ~ 107!, such as methanol
dehydration), the ratio of rates at external to internal sites
barely exceeds 0.1 at the maximum reasonable A,/V value (0.2
A™") when transport is not a factor (® < 1; 7 > 0.93 for both
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Figure 19. Ratio of rates on external sites to those on internal sites
(Fext g ") on (a) a slab model and (b) a spherical particle model as a
function of the surface-area-to-volume ratio (A, V') for Thiele
moduli (®) of 107!, 10% 10, 10% and 10° The horizontal dashed
gray line indicates where the external rate contribution eclipses that of
the internal rate contribution.

slab and sphere models; Figure 19). This finding suggests that
external sites would contribute only slightly to measured rates
in regimes that are not transport-limited because confinement
effects diminish the role of external sites even as the ratio of
external to internal sites starts to reach parity. As the sizes of
key transition states approach the void sizes within the zeolite,
confinement effects will increase (decreasing k../ki,), also
diminishing the role of external sites. However, the larger
molecules involved in these transition states would have lower
effective diffusivities, increasing @ and the role of external sites.
As reactants and transition states become larger than the void
sites in MFI, external sites become more important because
low diffusivities prevent reactive species from entering the bulk
of the crystal. In extreme cases, reactions will only occur at
external sites because of effective diffusivities approaching zero
(causing ® — oo and # — 0). For example, mesitylene
alkylation with benzyl alcohol has turnover rates that are
invariant with external Bronsted acid site counts, and rates thus
increase with A,/V.***

We believe that this analysis enables a more direct
assessment of confinement effects in zeolites that accounts
for the influence of external sites on turnover rates. In
principle, by performing kinetic measurements for a reaction
on mesoporous materials without micropores (e.g, MCM-41)
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and in zeolite samples with identical frameworks but varying
crystal sizes or habits (and therefore A,/V), confinement and
ky/kip ratios can be estimated. Analogously, DFT calculations
for reactions on 2D zeolite models and on similar external
surface models and bulk models could be used for similar
investigations. Ultimately, such data could be used to
parameterize continuum-based kinetic models or kinetic
Monte Carlo (KMC)"'®'" models that rigorously predict
the effects of changing crystal habits on observed rate.

4. CONCLUSIONS

We use a combination of metrics—DPE, DHE, and NH; BE
(AENHE)—to compare the acid strength of all T-sites in the

bulk and on the external (010) surface of MFL Ensemble
average DPE (1644—1664 k] mol™") and DHE (457—476 kJ
mol™") values linearly correlate and have ranges of 20 kJ mol™"
across all T-sites within the MFI bulk. This range of 20 kJ
mol™! is similar to that observed, in a prior work, among T-
sites across a range of zeolite frameworks.** The similar
behavior between DPE and DHE for these sites indicates that
both metrics reflect EAs that do not change with different Al
positions within the MFI framework. Unlike DHE, AEyy,

values do not correlate well with DPE because this metric
convolutes confinement effects in addition to the energy to
heterolytically cleave the O—H bond of the Bronsted acid site.
Confinement differs between Al locations depending on the
local environment each T-site can access. As such, we caution
against using AEyy, or the adsorption of any other base, to

determine Bronsted acid strength.

We identify two classes of T-sites on the MFI surface model
based on their distance from the vacuum slab: internal and
external sites. Internal sites retain a similar local environment
to sites within the MFI bulk and are farther from the vacuum
slab. External sites, on the other hand, comprise the closest
layer of T-sites to the vacuum space. All dangling Si and O
bonds on the surface were terminated as silanol (Si—OH)
groups when cleaving the surface; as such, substituting Al into
these positions (T7, T9, T10, and T12) and adding a proton to
the terminal OH group yields H,O bound to a Lewis acidic Al
We substitute Al into all 12 internal and 12 external T-site
positions and use the same acid strength metrics to compare
the surface model of MFI to the bulk model.

Ensemble average DPE values are much lower on the (010)
surface model with 10 A of vacuum (1477—1543 kJ mol™")
than they are in the MFI bulk (1644—1664 k] mol™). The T-
site locations that produce Lewis acidic H,O—Al complexes are
the weakest acid sites, with ensemble average DPE values of
1533—1543 kJ mol™". Other external sites have similar DPE
values (1486—1513 k] mol™") to internal sites on the surface
model (1477—1506 kJ mol™), which behave nearly identically
to the bulk sites. This result indicates that Brensted acid
strength is not affected by the proximity of the Al to the MFI
surface absent Al substitution at Si—OH sites that form Lewis
acids.

Ensemble average DHE and AEyy, values are similar on the

surface model and the bulk model. These methods do not
produce any charged species in our periodic calculations and,
therefore, are unhindered by the artifacts that charged
calculations produce. Ensemble average DHE values for
surface sites that do not form Lewis acids (457—483 kJ
mol™") are very similar to their bulk counterparts (457—476 kJ
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mol™"). Sites that form Lewis acids have DHE values that are
similar to those of other surface sites (471—495 kJ mol™").
These similar DHE values between exclusively Bronsted acidic
Al sites and H,O bound to Lewis acidic Al sites on the surface
model show that differences in acid strength between these
two site types do not necessarily arise because of strict
differences in O—H bond strength. Instead, Lewis acidic Al
sites stabilize anionic charge less effectively than Brensted sites
upon deprotonation of a bound H,O molecule.

Finally, we also study the Lewis acid strength of trigonal
planar Al that form in the T7, T9, T10, and T12 positions on
the MFI surface. When H,O is bound to these sites, we can
calculate DPE, DHE, and NH; BEs similar to that of other
Bronsted acid sites; however, if H,O desorbs, NH; can bind
directly to the Al as a Lewis base (AEyy,;). These AEny,1,

values suggest that NH; binds more strongly to Lewis sites
(=190 to —171 kJ mol™") than all Brensted acid sites in the
bulk (ensemble average AEyy, of —160 to —133 kJ mol ™),

where adsorbates are most confined.

We estimate the effect that these external sites can have on
observed reaction rates in zeolites by computing the ratio of
rates at external sites to those at internal sites (r../fi,). We
develop a model that describes this ratio as a function of the
ratio of external and internal rate constants—which only
depend on confinement, based on the DPE values computed in
this work—the surface-area-to-volume ratio (A,/V), the ratio
of T-site densities on the surface and in the bulk (P ex/P7int))
the fraction of Al positions on the surface that form only
Bronsted acid sites (Alg/Al,,), and the effectiveness factor, 7.
This model indicates that external sites can contribute
significantly to rates despite their reduced confinement. Net
rates at external sites can reach up to 12% those of internal
sites even with very low @ (and high #) when A,/V values are
sufficiently high (>0.2 A™").

Taken together, these data show that acid strength for most
sites at the surfaces of zeolites are similar to those within the
zeolite crystal unless they form trigonal planar Lewis acidic
sites on the outside of zeolite crystals. The similarity of
Bronsted acid strength between surface and internal sites in the
MFI zeolite suggests that reactivity differences between such
sites can be solely attributed to confinement effects. Reactions
with bulky intermediates such as diphenylmethane formation®’
and Friedel—Crafts alkylation of benzene®®” occur at external
sites only because such sites have sufficient volume for
intermediates to form and not because of differences in
reactivity. As such, this study provides valuable insights into
contemporary reactivity studies on high-surface-area zeolites or
on zeolites with zoned Al distributions to increase or decrease
the prevalence of external sites.
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