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Abstract:

Microporous acid catalysts are extensively used in the chemical industry because of
their high activity and unique shape-selectivity induced by frameworks with molecular-sized
voids. However, it remains a challenge to tailor catalytic activity by choice of pore structure
and acid strength. In this theoretical work we aim at extracting trends in how
zeotype-catalyzed reactions are influenced by reactivity of Brgnsted acid sites and
framework topology. Using olefin-methanol reactions as an example, we consider a number
of elementary steps across 21 zeotype materials of three different topologies. Density
Functional theory was employed to calculate the enthalpies of transition states (TSs) and
establish scaling relations across catalyst acid strength and framework topology, using the
ammonia heat of adsorption as a descriptor of acid-site reactivity. The results indicate that
when cation-like TSs are increasingly stabilized by dispersion interactions with the
framework, they become less sensitive to changes in the reactivity of acid sites. It is crucial to
further investigate this finding to ultimately be able to tailor the activity of zeotype acid

catalysts, appreciating the influence of both framework topology and acid strength.

Keywords: zeolite catalysis, aluminophosphates, density functional theory, scaling relations,

acid strength, framework topology, olefin methylation
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Introduction

Zeolites and zeotypes with well-defined microporous crystalline structures are widely
used in the chemical industry where they catalyze a variety of important reactions, such as
fluid catalytic cracking (FCC), toluene disproportionation, aromatic alkylation, or methanol
to hydrocarbons (MTH) conversions.!* In solid acid catalysis involving zeolites, catalytic
activity and selectivity are determined by acid strength as well as framework topology.5-°
Several experimental and theoretical works have investigated how intermediates and
transition states (TSs) are stabilized by interaction with the acid site and confinement by the
surrounding framework.8-13 The reaction rates generally increase with acid strength and
confinement, but it remains unclear how to specifically tailor framework and acidity of
zeolites to improve catalytic activity. In this theoretical work we consider a large number of
materials, to extract trends in how the topology and properties of the acid site affect

zeotype-catalyzed reactions between olefins and methanol.

In catalysis involving metal (oxide) surfaces, new catalysts have successfully been
designed by identifying key descriptors determining catalytic activity and selectivity.14-19
Similar structure-activity relationships have been investigated in zeolite catalysis.20-23 When
using zeolites and other solid Brgnsted acids as catalysts it is a central challenge to quantify
the acidity of the material.24 The deprotonation energy (DPE) represents a rigorous measure
of intrinsic acid strength.71121.232526 However, recent works indicate that DPE is an
incomplete descriptor of the acid-site reactivity that determines catalytic activity of solid
acids,z327 Experimentally, zeolite acid strength is often quantified through the adsorption
enthalpy of bases, typically ammonia or organic amines.2829 In a computational investigation,
Borges et al. observed a linear relationship between the adsorption enthalpy of ammonia
(AHnu3) and the activation energy of alkane cracking at models of zeolite acid sites.20 We
employed AHnn3in a descriptor-based approach to elucidate how the reactivity of Brgnsted
acid sites affects the rate of olefin-methanol reactions in zeotype catalysts.27.30 AHnuz was
used as a quantitative descriptor of acid-site reactivity, as it was found to capture the
interactions of reaction intermediates and TSs with the acid site of the catalyst.27.30 Linear

enthalpy scaling relations with AHnus were established for each species in the reaction

2

Page 2 of 15



Page 3 of 15

Catalysis Science & Technology

network and the scaling relations were used in micro-kinetic modeling of reaction rates,

establishing a quantitative relation between catalytic activity and acid-site reactivity.

Our previous work hence provides a protocol for screening zeotype catalysts of the
CHA/AIPO-34 framework topology.?7.30 However, as our ultimate aim is to extract general
trends in zeotype acid catalysis, it is crucial to investigate how our descriptor-based
approach can be employed across multiple framework topologies. In this work we
established scaling relations of TS enthalpies in zeotype acid catalysts of three different
topologies, again using olefin methylation as a case study. Together with previous work,27:30
the results indicate that the scaling relations with acid-site reactivity hold for
zeolite-catalyzed olefin-methanol reactions in CHA, AEI, and AFI frameworks. In addition, the
results suggest that cation-like molecular species are less sensitive to acid-site reactivity the

more they are stabilized by the surrounding framework.

Figure 1. Optimized structures of (a) Si-AlP0O-34, (b) Si-AIPO-18, and (c) Si-AIPO-5

exhibiting the framework structures of AIPO-34/CHA, AIPO-18/AE], and AIPO-5/AFI.

Results and Discussion

Three different zeotype topologies (AIPO-34/CHA, AIPO-18/AEl, and AlPO-5/AFI)
exhibiting different channel and cavity structures were investigated (see Figure 1).3! Similar
to our earlier studies,?7:30 we modulate the acid strength by isomorphic substitution of one Si
atom by Me(III) atoms (Al, Ga) in the silicate zeolites investigated here. Analogously, the P
and Al atoms of aluminophosphates were substituted by Me(IV) and Me(Il) atoms,

respectively. We chose Si, Ge, and Ti for the Me(IV) and Mg and Zn for the Me(1I) substitution.
3
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We use the same nomenclature as in previous works,273% and Al-CHA, Al-AEI and Al-AFI are
hence the well-known zeolites H-SSZ-13, H-SSZ-39, and H-SSZ-24. As in earlier work we used
periodic density functional theory (DFT) calculations employing the Bayesian Error
Estimation Functional with van der Waals (vdW) correlation (BEEF-vdW).32 This functional
has been shown to quantitatively capture the vdW interactions of alkane adsorption and
olefin methylation kinetics in the Al-TON zeolite.3334 The computational setup is identical to

the one described previously and briefly outlined in the methods section.27.30
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Figure 2. Calculated adsorption enthalpies of ammonia in isomorphically substituted

zeolites and zeotype materials. The values in Me-AlP0O-34/CHA are taken from Reference?’.

Figure 2 shows the calculated AHnus3 of different metal-substituted zeotypes (the values
are listed in Table S3). For the zeotypes investigated here, we find that the reactivity as
measured by AHnuz decreases in the order Mg, Zn (Me(ll) substitution), Al, Ga (Me(III)
substitution), Si, Ge, Ti (Me(IV) substitution). The reactivity spans up to 60 kJ/mol of
calculated AHnuz between the most reactive and least reactive zeotypes. When substituting
the same element in the different frameworks investigated here, the differences are up to 20
k]/mol. The acid-site reactivity hence depends on the framework topology, although
substitution can change reactivity even more. A similar picture emerges when considering
acid strength: in Al-zeolites of MFI, MOR, CHA, and FAU topologies calculated DPE values
span 30 kJ/mol,2> while in zeolites of the same topology (Me-MFI, Me=Al, Ga, Fe, B) the

calculated DPE values span 80 kJ/mol.13 The calculated AHnu3 of HSSZ-13 (-118 kJ/mol)
4
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compares quite well with the experimentally determined value of -131 k]J/mol,3> considering
that the accuracy of DFT is usually about +/- 20k]/mol. Even considering this error, we note
that recent work has shown that trends across different materials are usually well
preserved.3¢ Moreover, the BEEF-vdW functional is able to capture the relative trends

observed experimentally with AHnu3 increasing from Si-AlPO-5 to Si-AlP0-34.37

AlPO-34/CHA and AIPO-18/AEI have cavities interconnected by eight-membered ring
pores with similar size (3.8 A X 3.8 A).31 Their acid-site reactivities, as measured by AHyxs,
are therefore similar when substituted by the same atom. AIPO-5/AF]I, on the other hand,
possesses one-dimensional twelve-membered channels (7.3 A x 7.3 A, see Figure1)3! The
reactivities of the acid sites within Me-AIPO-5/AFI are therefore apparently different from

those found for the other two topologies.

R H,0
CH4OH + ZH HC o~ + ZH
\\ CHyZ
H,O 8
g

Scheme 1. Reaction between methanol and olefins catalyzed by zeolites through the

concerted (blue) or stepwise (black) pathway.

We will now move on to consider a catalytic reaction across the different frameworks
and acid sites. As in previous studies we will use the methanol-ethene and
methanol-propene reactions as examples. Both methylation reactions are important steps in
the methanol-to-olefins (MTO) process.384% The MTO process has been shown to proceed
through the dual-cycle hydrocarbon pool mechanism, in which the methylation of aromatics
or olefins contributes to the growth of (side) chains, which is then followed by elimination or

cracking steps to form products.39455051 There is broad agreement in the field that
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methylation can proceed through either the concerted or stepwise mechanisms, as shown in
Scheme 1.3452-56 [n the concerted pathway, the adsorbed methanol reacts directly with the
olefin in a single step, whereas in the stepwise pathway a surface-bound methyl group is first
formed and then reacts with the olefin. The preferred pathway depends on the reaction
conditions, olefin sizes and catalyst material.3452-56 [t has been predicted that in H-SSZ-13 the
stepwise mechanism dominates for smaller olefins.2730 In this work we consider both
pathways for the methylation of propene. For ethene methylation we only address the
reaction proceeding through the concerted pathway, in order to limit the already massive
demand on computational resources of this work. We emphasize that this work uses
olefin-methanol reactions to illustrate our descriptor-based approach, not aiming to predict

Kinetic parameters of the reactions.
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Figure 3. Linear scaling relations between the calculated transition-state enthalpies (relative
to the gas-phase reactants) and the calculated ammonia heat of adsorption, AHnus, for (A)
the first step of the stepwise pathway in the reaction between methanol and propene, (B) the

second step of the stepwise pathway in the reaction between methanol and propene, (C) the
6
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concerted pathway in the reaction between methanol and propene, and (D) the concerted
pathway in the reaction between methanol and ethene. Blue circles represent scaling in the
AlPO-34/CHA framework, red circles in the AIPO-18/AEI framework, and green circles in the

AlPO-5/AFI framework. Data for AIPO-34/CHA is taken from Reference?’.

As previously reported for AIPO-34/CHA,27:30 we were able to establish scaling relations
between the TS enthalpies of the stepwise and concerted pathways and the ammonia heat of
adsorption for AIPO-18/AEI and AIPO-5/AFI (see Figure 3). The TS enthalpy is shown
relative to methanol and the olefins in the gas phase (see Scheme S1). We have used the same
reference state in previous works,27.30 as it allows to compare stabilities of intermediates and
TSs on the same footing. We note that the correlation in the scaling relations is remarkably
strong. Note in particular that for a given species both zeotypes and zeolites fall on the same
scaling line. As suggested previously, this strongly indicates that the sum of the interactions
between a given species and the framework is virtually identical in both aluminophosphates
and zeolites.27.30 Interestingly, the relative enthalpies of TSs in the concerted pathway for
propene and ethene methylation can be predicted using a simple formula which is linearly
fitted using two variables (AHnuz and number of C atoms in olefins) from the calculated
results as shown in Figure 4. The enthalpies of TSs involving ethene are about 30 - 40 k]/mol
higher than those involving propene, as found in previous work.30 This qualitatively agrees
with experimental findings that the rate of propene methylation is systematically higher than
ethene methylation across a range of frameworks.*14249 A number of computational works
derived rate constants for the reaction between adsorbed methanol and gas phase olefins in
a series of zeolite frameworks. 404457 The authors arrived at activation energies for ethene
that were 20 - 30 kJ/mol higher than for propene, agreeing well with the relative TS

enthalpies found in the present work.
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Figure 4. Estimated transition state enthalpies plotted against the calculated values for
propene (circles) and ethene (squares) methylation through the concerted pathway in
AlPO-34/CHA (blue), AIPO-18/AEI (red), and AIPO-5/AFI (green) frameworks. Estimated
values are derived using AHTS = 1.07AHnu3 - 33n + 195 (AIPO-34/CHA), AHTS = 1.25AHNn3 -
38n + 248 (AIPO-18/AEI), and AH™S = 1.36AHnus3 — 35n + 231 (AIPO-5/AFI), where n is the
number of C atoms in the corresponding olefin. The mean absolute error resulting from
these predictions are 1.5, 2.5, and 2.4 KkJmol!, for AIPO-34/CHA, AIPO-18/AEl, and

AlPO-5/AF], respectively.

We note that the slopes of the scaling relations depend on the type of framework. For
the TSs investigated the slope of the scaling decreases in the order: AIPO-5/AFI >
AlPO-18/AEI > AlP0O-34/CHA, except in the second step of the stepwise pathway. For the
latter TS, the slope is less sensitive to the type of framework and the linear correlation is not
as good as the other TSs. This could indicate that the TS of stepwise methylation resembles
an ion-pair to a lesser extent than the TS for concerted methylation does, as discussed
previously.30 We further note that this TS might present a limiting case for the use of
ammonia as a probe; one might have to choose other molecules representing the interaction

between the zeotype and the TS more accurately.

We now focus on the TSs for concerted methylation and methoxy formation, respectively.
8
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In a simple picture, these species are ion-pairs embedded in a polarizable medium
constituted by the framework. It has been shown that ion-pair interactions are weakened
when two charges of opposite sign are situated in a polarizable lattice.58 This leads us to
suggest that dispersion interactions with the zeotype framework weaken the interactions
between cation-like species and the deprotonated acid site. This hypothesis is addressed in

the following.

Table 1. Slopes of scaling relations for olefin methylation and adsorption energies of
propene, ethene, and fitted CH; group in three framework topologies.

Me-AIPO-34/CHA  Me-AIPO-18/AEI  Me-AlPO-5/AFI
C3 methylation: Concerted 1.06 + 0.05 1.20 £ 0.05 1.32+0.07
C3 methylation: Stepwise 1% step 0.83 £ 0.04 0.96 + 0.05 1.12 + 0.05
Slope
C3 methylation: Stepwise 2" step 0.78 £ 0.06 0.70 £ 0.08 0.87 £ 0.06
C2 methylation: Concerted 1.07 £ 0.03 1.30+0.10 1.40 £ 0.07
Fitted CH, group™ -13.9+0.5 -10.8 £0.2 7.5+ 0.4
Adsorption
Propene!” 49 +2 42+3 -39+1
energy®
Ethene!? 36+ 1 -29+3 27+1

[a] All energies are in k] /mol. [b] Data estimated from a linear fit of physisorption energies of methane to
butane in the corresponding AIPO frameworks (see Figure S1). [c] Adsorption energies of ethene or propene
were averaged over each framework with different isomorphic substitution (see Table S4 and S5) in which

methanol is adsorbed at the Brgnsted acid site.

Recent work demonstrated that dispersion interactions, quantified using DME as a
probe, stabilize TSs in condensation of methanol to dimethyl ether (DME) in a series of
zeolite frameworks.1! In this work we quantify dispersion interactions in two ways. First,
through physisorption enthalpies of linear alkanes, that scale linearly with the number of
carbon atoms in the molecule.335960 We have calculated physisorption energies of linear
alkanes in AIPO-34, AIPO-18, and AIPO-5, finding that the energy decreases by 14, 11, and 8
k] /mol per carbon atom, respectively (see Figures 1 and S1). Second, we quantify dispersion
interactions through the co-adsorption energies of propene and ethene, respectively, with

methanol (see Table 1). These adsorption energies compare well with the values of -37 and
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-53 kJ/mol calculated for ethene and propene, respectively, using PBE-D in periodic Al-MFI
model.40 In silicalite-1, the siliceous analogue to Al-MFI, heats of physisorption were
measured to -24 ~ -31 and -40 kJ/mol for ethene and propene, respectively.t! As
summarized in Table 1, S3 and S4, the co-adsorption energies decrease by framework in the
same order as the alkane physisorption energies. Hence, the two measures agree that
dispersion stabilization by the framework decreases in the order AIPO-34/CHA >

AIPO-18/AEI > AIPO-5/AFL.

Returning to the TSs for the concerted methylation and methoxy formation, Table 1
supports our hypothesis: when species are more stabilized by the framework (stronger CH>
adsorption) they are less sensitive to changes in the acid-site reactivity (lower scaling slope).
This can influence the relative rates of parallel reactions in a catalytic process; if reaction A
involves (large) species that are heavily stabilized by the framework and reaction B does not,
a change in acid-site reactivity will influence the rate of reaction B more than that of A. It is
an intriguing thought to exploit this phenomenon in the design of catalytic materials, to favor

the target reaction over unwanted parallel reactions by tuning acid strength.

Conclusion

This work aimed at extracting trends in how framework topology and acid-site
properties affect zeotype-catalyzed reactions, taking olefin-methanol reactions as an
example. Together with previous work, we have established enthalpy-scaling relations for
transition states in propene and ethene methylation with AHnus as a descriptor of acid-site
reactivity in 21 zeotype catalysts, comprising 7 acid sites and three different framework
topologies. The results promise that our descriptor-based approach has potential as a
general way of extracting trends in zeolite acid catalysis, as it has now been shown to work
across multiple reactions, acid sites and zeotype frameworks.

The results of this work qualitatively indicate that when cation-like species are more
stabilized by the framework, they are less sensitive to changes in acid-site reactivity. This
raises the interesting question of whether it is possible to change the relative rates of two

reactions enhanced to different extents by the framework, by exploiting that a change in
10
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acid-site reactivity would influence one reaction more than the other.

Methods

The computational setup is identical to that used in previous work.27:30 Briefly, all
density functional theory (DFT) calculations were carried out using the GPAW package, a
real-space grid implementation of the projector augmented-wave method.**® A grid spacing
of 0.204 in real-space was used. The Brillouin zone was sampled only with the I' point. The
Bayesian error estimation functional with van der Waals correlation (BEEF-vdW) was
employed.32 The climbing image nudged elastic band (CI-NEB) method was used to locate all
the transition states.6* A force threshold of 0.03 eV/A for transition states and 0.01 eV/A for
other states like intermediates was used in these calculations. The vibrational frequency
calculations employing a partial Hessian approach (H atom of acidic site, and involved
organic species). In each of the three considered topologies a frequency calculation was
performed for each species in the Si-AIPO structure, in order to correct zero-point energies
(ZPE) and calculate enthalpies. The correction energies were then reused for other materials
of the same topology, assuming that the corrections do not depend on framework
composition. This approximation has been shown to result in enthalpy deviations of only 1

kJ/mol at 623 K.27

Three zeotype topologies exhibiting different channel and cavity structures were
studied.3! The AlIPO-34/CHA frameworks having eight-membered pores and large cavities
were represented by periodic 36T hexagonal cell. The AIPO-18/AEI frameworks were
represented by periodic 48T cell, having a different cavity structure connected by
eight-membered pores. The AIPO-5/AFI has straight twelve-membered pore channel, and it
was represented by 48T sites in a super cell constructed by repeating the unit cell twice in
direction of the channel. The optimized unit cell constants of the three frameworks are listed
in Table S1. Subsitutions of P (by Si, Ge, or Ti) or Al (by Mg, or Zn) in AIPO zeotypes or Si (by
Al, or Ga) in zeolites generate one Brgnsted acid site per unit cell. The Brgnsted acid site is
located at the 02 position in AIPO-34/CHA framework based on previous works,” between

T2 and T1 sites in AIPO-18/AEI framework as it is the most stable site (see Table S2), and at
11
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O atoms linking two 4-membered rings in AIPO-5/AFI as it is the site most accessible to
methanol, respectively. The positions of all atoms were allowed to relax in the calculations

while the lattice constants were fixed at the optimized values.
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dispersion

A 4

influence of acid site

Transition-state enthalpies in olefin-methanol reactions scale linearly with ammonia
adsorption enthalpy as descriptor of acid site reactivity in zeolite catalysis. The slopes of

these scaling relations vary with dispersion interaction with the framework.
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