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Influence of Confinement on Barriers for Alkoxide

Formation in Acidic Zeolites

Michal Fe¢ik,” Philipp N. Plessow,*® and Felix Studt*® "’

The influence of the confinement imposed by eight different
zeotypes on the formation of the alkoxides of 13 primary
alcohols is studied using dispersion corrected density functional
theory calculations with the PBE-D3 functional. Adsorption
energies of the alcohols are computed along with barriers for
formation of the alkoxides, which is the first step of the
stepwise dehydration mechanism. We find that variations in the
adsorption and transition state energies are largely governed

Introduction

Motivated by the performance of enzymes in highly selective
bio-catalytic conversions that is associated to their specific
steric environment, there is vivid interest in advancing our
understanding of the effects of confinement in homo- and
heterogeneous catalysis."? Perhaps the best example in the
field of heterogeneous catalysis is given by zeolites, that
provide a microscopic pore structure within which the reaction
occurs. Due to this specific chemical environment, the catalyzed
reactions are often highly selective. Catalysis by zeolites is
experiencing renewed interest and growth as zeolites are
thought to become the catalysts of choice for future processes
such as the methanol-to-hydrocarbon or olefins processes®™
and the tailored conversion of biomass derived feedstocks.”®
The high potential of zeolites is attributed to their perform-
ance for important acid-catalyzed reactions, such as the
conversion of fructose to 5-HMF®'® and glycerol to
acrolein.""™™ A detailed understanding of how the effect of
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by van der Waals interactions between substrates and the
zeolite framework. Trends between different reactants, on the
other hand, are largely due to the size of the molecules, which
can be described quantitatively by the number of atoms
constituting them. We find that the stabilization of adsorbates
is largest for frameworks that are neither too small, leading to
repulsive interaction, nor too spacious leading only to weak
interaction.

confinement influences the activity and selectivity of dehydra-
tion reactions related to these conversions is therefore highly
desirable. Density functional theory (DFT) calculations offer a
useful tool to investigate the reaction mechanisms and the
intrinsic effect of the confinement in great detail’®?? and to
deduct trends from one material to another.

DFT calculations also help understanding, how electronic
and steric effects influence reaction barriers and adsorption
energies within zeolite pores. Taking the dehydration of a range
of alcohols in H-ZSM-5 (MFI framework) as an example, we
recently showed how reaction barriers relate to the interaction
between the adsorbate and the zeolite through dispersion
forces." Furthermore, we were able to invoke a simple scheme
based on a straightforward measure of dispersion forces that
allowed to predict transition state energies of dehydration
reactions quite accurately. Herein, we investigate how the acid
catalyzed dehydration of alcohols within a variety of micro-
porous zeotypes depends on the confinement imposed by the
porous framework. In the present study, we investigate the
primary alcohols shown in Scheme 1b and the according first
step of their dehydration (Scheme 1a) over 6 different zeolite
frameworks, where we focus on one T-site for Al-substitution in
each case. We note that the reactivity of T-sites differ to some
extent, e.g. when probing the 12 different T-sites using the
ammonia heat of adsorption, reactivity was found to vary by 29
to 39 kJ/mol.*”

Herein, we focus on alkoxide formation as the first step of
the stepwise dehydration as it was shown to be typically the
rate-determining step,?*** while the second step, leading either
to ether or olefin formation typically requires a lower
barrier."***=% We note that dehydration can also occur via the
concerted mechanism, which is typically favored at lower
temperatures.”®** The studied frameworks, already including
the Brensted acid site, with their corresponding pore diameters
(and diameters of pore openings when present) are shown in
Figure 1.

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Scheme 1. (a) Studied reaction mechanism with R standing for an alcohol (H-MOR and H-ZSM-22, see Table 1) in good agreement with

group. IS, TS and FS are initial, transition and final states respectively. . . . .
(b) Investigated reactants. The dehydrated hydroxy group is shown in red earlier theoretical studies (see Table 54 for an in-depth compar-
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mesomeric effects are highlighted in blue. adsorbed MeOH with the acid site forming an SMS and water is
computed to have reaction barriers ranging from 126 kJ/mol
(H-SAPO-34) to 150 kJ/mol (H-BEA) when referenced to the
adsorbed MeOH.
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Figure 1. The pore structures of the studied zeolites where the shortest Si-Si distance(s) is shown together with the highlighted pore structure (dashed
circle/ellipse). The shown diameters do not include van der Waals radii. In case of H-SSZ-13, the diameter of the pore opening (black) is shown together with
effective cavity diameter (orange). H-SAPO-34 has the same framework as H-S5Z-13, and thus is not explicitly shown. Tetrahedra atoms chosen for Al
substitution (T,) and ring sizes highlighted by the black dashed line are shown in the legend - the ring sizes are given in number of members constituting
the according rings (x MR =x-membered ring). Atoms at the active site are colored as Si=yellow, O =red, Al=blue, H=black, while the remaining framework
atoms are shown in gray.
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Table 1. Overview of the computed initial state (IS), transition state (TS) and intrinsic activation (TS-IS) energies for all studied reactants and all considered
zeolite frameworks. All energies are in kJ/mol, ZPVE corrected and referenced to the empty zeotype and corresponding oxygenate in the gas-phase.
energies [kJ/mol]
zeolite 1 2 3 4 5 6 7 8 9 10 11 12 13
IS
H-SSZ-24 —101 —-113 —-127 —137 —142 —122 —147 —164 —167 —104 —-126 —126 —-121
H-BEA —107 —113 —136 —143 —145 —129 —154 —157 —166 —101 —122 —141 —-119
H-SSZ-13 —113 —132 —139 —154 —137 —132 —173 —173 —155 —109 —129 —139 —138
H-FER —116 —131 —147 —152 —158 —145 —156 —183 —179 —120 —141 —145 —134
H-ZSM-5% —115 —132 —145 —159 —152 —125 —156 —164 —188 —114 —-131 —147 —-129
H-MOR —119 —115 —143 —139 —139 —121 —142 —178 —164 —94 —114 —130 —124
H-SAPO-34 —91 —120 —128 —144 —128 —123 —157 —166 —149 —103 —122 —131 —-133
H-ZSM-22 —119 —139 —150 —153 —141 —134 —169 —180 —183 —117 —141 —136 —134
TS
H-SSZ-24 47 25 4 —6 4 14 —6 —58 —34 40 —12 17 39
H-BEA 43 16 8 —6 19 20 —14 —62 —-30 44 -10 9 45
H-SSZ-13 21 2 —12 —-29 -2 23 —12 —51 —43 25 -19 ) 27
H-FER 31 9 2 -1 14 21 —6 -13 —-20 26 -20 41 47
H-ZSM-5% 25 12 —13 —29 ;] 2 -23 —84 —49 27 —20 3 31
H-MOR 22 9 -2 —6 -5 7 —6 —57 -25 32 -10 27 34
H-SAPO-34 35 19 5 -9 13 32 5 —54 —-30 36 0 6 37
H-ZSM-22 27 1 —-17 -35 —6 6 —22 —88 —-25 22 —31 4 30
TS-IS
H-SSZ-24 148 138 131 131 146 136 141 106 133 144 114 143 160
H-BEA 150 129 144 137 164 149 140 95 136 145 112 150 164
H-SSZ-13 134 134 127 125 135 155 161 122 112 134 110 134 165
H-FER 147 140 149 151 172 166 150 170 159 146 121 186 181
H-ZSM-5 141 145 132 130 144 127 133 80 139 141 111 150 160
H-MOR 141 124 141 133 134 128 136 121 139 126 104 157 158
H-SAPO-34 126 139 133 135 141 155 162 112 119 139 122 137 170
H-ZSM-22 146 140 133 118 135 140 147 92 158 139 110 140 164
[a] Taken from Ref. [19].

We calculated the analogous reaction of ethanol (EtOH)
with the acid site producing a surface ethoxy species (SES) for
the eight acidic zeotypes considered herein as shown in
Figure 2. In each case, we focus on the reactivity of one specific
choice of T-site, where we choose positions that have been
investigated previously.'®**" Similar to the MeOH case, we
obtain adsorption energies of EtOH ranging from —113 kJ/mol
(H-SSZ-24 and H-BEA) to —139 kJ/mol (H-ZSM-22) (see also
Table 1). Compared to the SMS formation from methanol, the
SES formation is on average about 14 kJ/mol lower in energy
which is in good agreement with an earlier study for H-ZSM-
5.9 Likewise, the transition state (TS) for SES formation has
been calculated to range from 124 kJ/mol (H-MOR) to 144 kJ/
mol (H-FER), when referenced to adsorbed EtOH. The final state
(FS) is also lower by 14 kJ/mol on average. Note, that the final
state energy is given for the alkoxide and desorbed water in the
gas phase. We use this reference rather than co-adsorbed water
in the final state, because water desorption becomes favorable
at higher temperatures due to entropic effects. In earlier work
employing H-ZSM-5, we identified a difference between MeOH
and EtOH of 17, 13, and 18 ki/mol for the IS, TS and FS,
respectively."® Similar differences are also observed for the
other seven zeotypes as shown in Figure 3, where the transition
states of SMS and SES formation are compared. On average SES
formation has 20 kJ/mol lower barriers compared to SMS
formation, when referenced to the corresponding gas-phase

ChemCatChem 2021, 13,1-9 www.chemcatchem.org
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oxygenate, as shown in Figure 3. Our earlier study explained
these differences, e.g. observed between MeOH and EtOH, as
being due to differences in dispersion interactions of the
substrates with the pore of H-ZSM-5, rather than to changes in
the interaction between the acid site and the substrates."
Given that this trend is observed across all eight zeotypes
investigated here, this seems to be a general observation, that
we will explore in the following.

Figure 3 shows a comparison between the transition state
energy of the SMS and SES formation for all 8 zeotypes
considered herein relative to methanol and ethanol in the gas-
phase, respectively.

Apart from methanol and ethanol, we considered 11 other
alcohols (shown in Scheme 1b) with relevance to biomass
conversion. We calculated the transition state energy for the
formation of the corresponding alkoxides and a comparison,
analogous to that performed in Figure 3, is given in the
supporting information, see Section S5 of the SI. Generally, we
find a similar behavior to that shown in Figure 3, namely that
there is a correlation between the transition state energies of
the various alcohols considered herein.

In our earlier work,"” we showed that this difference in
transition state energies is mainly due to differences in the
dispersion forces between the zeolite (in this case H-ZSM-5) and
the corresponding alcohol, as long as the alcohol is not subject
to strong repulsive interaction with the zeolite pore or

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 2. Energy diagrams of the formation of SES from ethanol (EtOH) for all the studied zeolite frameworks (left) together with shown corresponding
transition state geometries in each of these cases. All energies are referenced to gas phase ethanol and the empty zeolite. All energies are given in kJ/mol and
are corrected for zero-point vibrational energy (ZPVE) contributions. The initial states are EtOH adsorbed on the acid site, while the final state is the SES with

desorbed water in the gas-phase.

stabilized due to mesomeric effects. We therefore computed
the dispersion forces (the D3 part of the values obtained with
the PBE-D3 functional) of the transition state energies for the
various alcohol - zeotype configurations (see Figure 4).

Figure 4 shows that the van der Waals (vdW) contributions
scale linearly with the total number of atoms of reactants inside
zeolite pores with inclusion of the Brgnsted proton. It is easily
observed that each single zeolite framework scales with a
different slope which is to be expected due to different sizes of
the corresponding pores. Numerical values of these respective
slopes are shown in Table S3 in the S| together with their
correlations to the accessible volume of each zeolite framework
and the maximum diameter of a sphere that can be included
within them. It becomes also clear that there are two reactants
that tend to be systematically more stable than the trend would
suggest. These two reactants are benzyl alcohol (N=17) and
phenyl ethanol (N=20) (represented by squares in Figure 4),
i.e. the only aromatic reactants considered herein. We also find
in some cases significant difference in between the vdW

ChemCatChem 2021, 13,1-9 www.chemcatchem.org

These are not the final page numbers! 7'7'

contribution between IS and TS. This may to some extent be
due to the different orientation of the alcohols, as shown in
Figure 518.

The computed initial and transition state energies are also
illustrated in Figure 5. One can clearly observe trends in terms
of the substrate, for example the mentioned aromatic reactants
(8 and 9) have particularly low initial and transition state
energies. As in previous work,"® we find that the transition state
energy decreases systematically when going from MeOH, over
EtOH and propanol to butanol. This can be attributed to the
increase in vdW interaction as shown in Figure 4. We find
relatively high transition state energies for the glyceraldehyde,
glycolaldehyde and methyl glycolate molecules, which we
attribute to unfavorable, electron withdrawing mesomeric
effects.

For the trends of the different investigated catalysts, the
main observation is that H-SAPO-34 typically leads to high
transition state energies. This can be, at least partially, explained
by the lower acidity of H-SAPO-34 compared to the other

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 3. Comparison of the transition state energies (AE;) for the
conversion of EtOH to SES and MeOH to SMS for the eight studied zeotypes.
All energies are relative to the corresponding alcohol in the gas-phase and
the acid site without adsorbants. The dashed line has a slope of 1 and the
offset (AE=21 kJ/mol) corresponds to energy of the transition state of
MeOH for H-SSZ-13) has been fitted through the data point for H-SSZ-13. All
energies are in kJ/mol and ZPVE corrected. The mean absolute error (MAE)
with respect to the dashed line is 4.3 kJ/mol.

zeotypes. Similarly, the strongest adsorption of the studied
alcohols can be identified mainly for H-S5Z-13, H-FER, H-ZSM-5
and H-ZSM-22. The same tends to be true also for the lowest TS
energies with the exception of H-FER. In terms of the confine-
ment effect imposed by the zeotypes, the most obvious effect

is the destabilization of the transition state involving the bulky
aromatic molecules 8 and 9 in the small pore zeolite ferrierite.
The zeolites H-BEA and H-SSZ-24 generally lead to weak vdW
interaction (Figure 4) and the overall transition state and initial
state energies shown in Figure 5 are also generally among the
weakest. This is also apparent in Brgnsted-Evans-Polanyi (BEP)
relations shown in Figure S34a, where E; is shown as a function
of E. Intrinsic activation barriers (E;--E;) are analyzed in Table 1
and Figure S32. We find that the variation in intrinsic barriers is
typically smaller than in the initial state and transition state
energies and no clear trend is found in BEP relations shown in
Figure S34b. This is because variations of initial state and
transition state energies between the zeolites are similar in
nature such that these trends partially cancel out. In terms of
intrinsic activation barriers, most reactants are in a similar range
of 125 to 150 kJ/mol. The main exceptions are phenyl alcohol
(8) and allyl alcohol (11), with on average lower barriers, which
can be attributed to mesomeric effects (+M). Similarly, methyl
glycolate leads to higher barriers, which can be attributed to an
—M mesomeric effect.

Conclusion

We investigated the first step of the stepwise dehydration of 13
alcohols within 8 different zeotypes using DFT calculations.
Comparing the various initial and transition state energies, we
found that differences in adsorption energies and barrier
heights result mainly from differences in dispersive interactions
between the alcohol and the zeotype, with larger alcohols also
showing substantial repulsive interactions. These differences in
dispersion interactions follow scaling rules such that the
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Figure 4. Dependence of the D3 (vdW) contribution to the energy of initial states (full symbols) and transition states (empty symbols) for all the studied
zeolites and all the reactants from Scheme 1b. Reactants containing benzene are distinguished by squares. Energies are in kJ/mol, N stands for the total
number of atoms of reactants including the Brgnsted proton. The color code is the same as in Figure 2.
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Figure 5. Reaction energies for initial states E;s (top) and transition states E;s (bottom) for all studied reactants and all studied zeolite frameworks. The
numbering of the reactants is according to Scheme 1b and the molecules are additionally shown schematically at the bottom. The dehydrated OH groups are
highlighted in red, where more than one option exists. The color scheme of the bar diagram is the same as in Figure 2. All energies are in kJ/mol and ZPVE

corrected.

dispersion can in principle be estimated from the number of
atoms of the adsorbate or transition state. Importantly, this
scaling is different for the different frameworks investigated
herein, with smaller pores having a steeper slope, that is, a
stronger increase in dispersion interactions with the number of
atoms in the corresponding alcohol. Our work shows that the
interaction between a reactant and a zeotype is highly depend-
ent on the nature of both, the reactant and zeotype, but can
often be understood from a simple analysis of the chemical
nature of the reactant. Our investigation is thus a first step
towards the development of predictive rules to estimate
adsorption energies and transition states within zeotypes with-
out the need of costly computations.

ChemCatChem 2021, 13,1-9 www.chemcatchem.org

Experimental Section

The computational setup is identical to that used in previous
work." Briefly, all DFT calculations were carried out using the
Vienna Ab-initio Simulation Package (VASP)®**¥ in version 5.4.1
using the Atomic Simulation Environment (ASE).®¥ The projector-
augmented wave method (PAW) and the PBE functional®*® with
D3 dispersion correction (zero damping),*” PBE-D3, was used. All
structures were fully optimized using a kinetic energy cut-off of
400 eV (800 eV for the optimization of lattice constants). Conver-
gence criteria of 10 eV and 107 eV/A were used for SCF cycles
and geometry optimization, respectively. The optimized lattice
constants are AFl (a=13.886 A, b=13.886 A, c=8.606 A), BEA (a=
12700 A, b=12700A, c=26600A), CHA (@=13625A, b=
13.625 A, c=15.067 A), FER (a=19.110 A, b=14.309 A, c=7.557 A),
MOR (a=18256A, b=20.534A, c=7542A), and TON (a=
14127 A, b=17.901 A, c=5.265 A). In the case of AFI, FER, MOR
and TON, we used a supercell consisting of two (AFI, FER, MOR) or
three (TON) unit cells along their shortest lattice parameter to avoid

6 © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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mutual interaction of acid sites. The acid site is modelled by
substituting one Si with one Al (one P with a Si in the case of AIPO-
34), introducing Brensted acidity through a charge compensating
proton. This way, the following zeolites were formed - H-SSZ-24
(AFl framework), H-BEA (BEA framework), H-S5Z-13 (CHA frame-
work), H-FER (FER framework), H-MOR (MOR framework), H-SAPO-34
(CHA framework) and H-ZSM-22 (TON framework). The Si/Al ratios
were thus 47/1 (H-SSZ-24 supercell), 63/1 (H-BEA), 35/1 (H-SSZ-13),
71/1 (H-FER supercell), 95/1 (H-MOR supercell), 71/1 (H-ZSM-22
supercell). For BEA, FER, MOR and TON frameworks, there are
several places - tetrahedra sites (T-sites) — where the aluminium
substitution can occur. For H-SSZ-13, H-SAPO-34 and H-BEA, we
chose the same T-sites as in previous work of our group.*™* For
other frameworks with multiple T-site, we used those found in
literature. The T2 site for H-FER was used in earlier work of Sauer
and co-workers,”>" the T4 site for H-MOR that is frequently used
in calculations,”®*” and the T1 site for H-ZSM-22 was used by
Brogaard et al.*" For each T-site, the proton can be located at each
of the four connecting oxygen atoms - these together with further
details and structures are given in Sl. In case of H-ZSM-5 (MFI
framework), the lattice parameters and chosen T- and O-site are the
same as in previous works."** In the case of H-55Z-13 and H-ZSM-
5, the investigated O-sites were chosen based on the most stable
site for the transition state of SMS-formation. For the other zeolites,
the choice was based on the most stable site for adsorption of
MeOH (see Table S2 in SI).

Transition states were located using the Automated Relaxed
Potential Energy Surface Scans (ARPESS)*® method and verified to
have only one imaginary harmonic frequency corresponding to the
transition vector of the reaction connecting initial and final states.
Only part of the zeolites (the involved oxygen atom with the
Brgnsted proton and adjacent Si and Al atoms) together with the
adsorbate were considered for the vibrational analysis. The vibra-
tional frequencies were calculated using the harmonic oscillator
approximation using a central finite-difference scheme with
displacements of +0.01 A. Out of different conformers for the same
initial or transition state, only the most stable structures were
considered in further analysis.

While the PBE-D3 functional employed herein has shown deficien-
cies concerning an accurate description of adsorption and
transition state energies for zeolite catalysis,"” we note that the
trends from one zeolite material to the other, which is the key
interest of this contribution, are well reproduced at this level of
theory.”
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