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ABSTRACT: A systematic molecular level and spectroscopic
investigation is presented to show the cooperative role of Brønsted
acid and Lewis acid sites in zeolites for the conversion of methanol.
Extra-framework alkaline-earth metal containing species and
aluminum species decrease the number of Brønsted acid sites, as
protonated metal clusters are formed. A combined experimental
and theoretical effort shows that postsynthetically modified ZSM-5
zeolites, by incorporation of extra-framework alkaline-earth metals
or by demetalation with dealuminating agents, contain both
mononuclear [MOH]+ and double protonated binuclear metal
clusters [M(μ-OH)2M]2+ (M = Mg, Ca, Sr, Ba, and HOAl). The
metal in the extra-framework clusters has a Lewis acid character,
which is confirmed experimentally and theoretically by IR spectra
of adsorbed pyridine. The strength of the Lewis acid sites (Mg > Ca
> Sr > Ba) was characterized by a blue shift of characteristic IR peaks, thus offering a tool to sample Lewis acidity
experimentally. The incorporation of extra-framework Lewis acid sites has a substantial influence on the reactivity of propene
and benzene methylations. Alkaline-earth Lewis acid sites yield increased benzene methylation barriers and destabilization of
typical aromatic intermediates, whereas propene methylation routes are less affected. The effect on the catalytic function is
especially induced by the double protonated binuclear species. Overall, the extra-framework metal clusters have a dual effect on
the catalytic function. By reducing the number of Brønsted acid sites and suppressing typical catalytic reactions in which
aromatics are involved, an optimal propene selectivity and increased lifetime for methanol conversion over zeolites is obtained.
The combined experimental and theoretical approach gives a unique insight into the nature of the supramolecular zeolite
catalyst for methanol conversion which can be meticulously tuned by subtle interplay of Brønsted and Lewis acid sites.

1. INTRODUCTION

To shift the global energy and chemicals economy from
petroleum-based to more sustainable resources, highly efficient
catalysts are needed. While innovative electro- and photo-
catalysis processes are being developed, there is a major
window of opportunities for the optimization and design of
thermal zeolite-catalyzed processes which are widely applied in
the (petro)chemical industry.1 Zeolites have been widely
studied from an experimental and molecular simulations
viewpoint,2,3 and are a very stable and versatile class of
materials. Many contemporary processes focus on nonconven-
tional feedstocks containing heteroatoms, for which meticulous
design of active sites in zeolites is of primary importance to
ensure selective and efficient conversion.4−7

In this view, methanol-to-olefins (MTO) conversion over
zeolite catalysts received much attention in recent decades, as

it has proven to be a successful technology to bypass crude oil
in the production of highly demanded light olefins, namely
ethene and propene.8−11 The reaction mechanism governing
this process has been up for discussion for many years, and it is
now generally accepted that instead of a direct C−C coupling
between reactant molecules, a hydrocarbon pool (HP)
consisting of aromatic or aliphatic molecules cocatalyzes the
reactions leading to olefin production (Figure 1a).12−14

According to the seminal work of Haw and co-workers15 an
active MTO catalyst should be regarded as a supramolecular
assembly consisting of the zeolite channel system decorated
with Brønsted acidic functions in which organic compounds
need to be present to generate an active catalyst. Furthermore,
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the supramolecular system could be modified with some
inorganic compound to further tune the catalytic function
(Figure 1a). However, this option has to date only been
explored to a more limited extent.16−30

A rational catalyst design to control olefin selectivity and
resistance to coking requires intimate insight into the operating
catalytic cycles. For the MTO process, there is current
consensus that the HP mechanism (depicted in Figure 1b)
consists of two interacting reaction cycles, namely the alkene
and aromatic cycle, which is also referred to as the dual cycle
concept.3,8,10,31,32 In both reaction cycles, methylation
reactions (indicated in blue in Figure 1) are key reactions
and have been widely studied in the framework of MTO
catalysis.33−41

According to the seminal work of Svelle and co-workers32 on
the dual cycle mechanism, the formation of ethene is
mechanistically separated from the formation of propene.
Ethene is supposed to be mainly formed via the aromatic cycle,
whereas propene and higher olefins are formed via the alkene
cycle which consists of alkene cracking reactions and
methylations. This characteristic makes MTO conversion
especially interesting as a propene-on-demand process as a
solution for the increasing disparity between the propene
production and demand.43−46 Based on this knowledge,
various strategies have been tested such as tuning the feed
composition,47 the zeolite topology,8,10 acidity,24,25 and
operating conditions to increase the selectivity to propene by
promoting the alkene cycle over the aromatic cycle. Hereafter

some examples are given which illustrate the wide options that
have been explored so far. Promotion of one of the reaction
cycles can be obtained via cofeeding of the hydrocarbon pool
species aiding in the promoted cycle. Experimental studies over
SAPO-34 and ZSM-5 showed that cofeeding olefins does not
have an influence on the selectivity, while cofeeding aromatics
led to enhanced methane and ethene formation, suggesting
aromatic cycle promotion.12,13,47 A second possibility is to
suppress a reaction cycle by conveniently selecting the catalyst
topology, as was done in the study of the MTO process over
H-ZSM-22 by Teketel et al.,48,49 where they showed that the
aromatic cycle was suppressed via shape selectivity due to the
confined space in the 1D 10-ring channels of the TON
topology. In CHA structured materials on the other hand, the
aromatic cycle dominates product formation due to high
concentrations of aromatics that cannot diffuse through the
narrow windows of CHA cages.36,50 In ZSM-5 (MFI) both
cycles typically operate simultaneously.32 Furthermore, the
aromatic cycle can be suppressed by lowering the acid strength
of the Brønsted acid sites (BASs) as shown for the AFI
structured H-SAPO-5 and H-SSZ-24 materials. Even when
cofeeding benzene, the alkene cycle was found to dominate
under MTO conditions in the weaker acidic H-SAPO-5
material.51−53 Also the reaction conditions may substantially
impact the product selectivity as was shown by the group of
Iglesia where they promoted the alkene cycle in the large pore
zeolite H-BEA, characterized by the aromatic cycle,54−57 by
utilization of low temperatures (453−493 K) and high

Figure 1. (a) Schematic representation of the zeolite supramolecular catalyst according to the view of Haw et al.15 on the MTO process. (b)
Schematic representation of the MTO process as solution for the disparity between propene production and demand using the dual cycle concept,
which consists of the alkene and aromatic cycle. In both mechanisms, the importance of methylation reactions as initiating steps is indicated in blue.
Propene selectivity can be increased by suppressing the aromatic cycle by tuning the feed composition, adapting the zeolite topology, engineering
the active site, or optimizing the process. The focus of this article is on the engineering of the active site.42
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pressures (60−250 kPa).58,59 Another example of adapting the
process conditions to increase propene selectivity can be found
in the Lurgi methanol-to-propylene (MTP) process (around
atmospheric pressure and 733−753 K), where they increase
propene selectivity using high siliceous H-ZSM-5 and
undesired product recycles.10,60

Referring back to the initial supramolecular concept of the
MTO catalyst, an alternative strategy to increase propene
selectivity and catalyst lifetime is active site engineering by
incorporation of extra-framework species in the MTO catalyst.
Inorganic modification of the zeolite was explored using
phosphorus,16−18 boron,19 transition metal,20−23,61,62 and
alkaline earth metals.24−30 Such modifications typically reduce
the Brønsted acid site density, which can also be achieved by
tuning the Si/Al ratio in the zeolite synthesis stage or by
postsynthetic dealumination.25,63−65 As aromatics formation
typically requires vicinal BASs,21 many zeolite modifications
reduce aromatics formation and increase the importance of the
alkene cycle by creating isolated BASs.66−70 Additionally, these
modifications can exhibit catalytic activity themselves, as they
are known to create Lewis acid sites (LASs).24,25,71

In this work, we further build on the concept of inorganic
modification of the zeolite supramolecular MTO catalyst, by
studying the influence of extra-framework metal containing
cationic clusters on the selectivity toward the alkene or
aromatic cycle. Inspired by the recent work of Yarulina et
al.24,25 where a 2-fold increase in propene selectivity and a nine
times longer catalyst lifetime was obtained by Ca modification
of ZSM-5, a set of alkaline-earth metal (Mg, Ca, Sr, and Ba)
clusters are considered. Some earlier studies explored the
beneficial effect of alkaline-earth metal incorporation in ZSM-5
on the methanol-to-olefin process, but did not receive so much
attention at that time since propene was not the product of
interest.26−30,71 Yarulina et al. ascribed the enhanced perform-
ance of Ca-ZSM-5 for MTO to the reduction of the Brønsted
acid site density and introduction of Lewis acid sites.24 Such
modification of the catalyst would suppress the aromatic
cycle.25 Additionally, dealumination of zeolites is known to
lead to formation of both mesopores and extra-framework
aluminum (EFAl) species, which exhibit a Lewis acid
nature.65,72−74 This postsynthetic modification is also known
to increase propene selectivity and catalyst lifetime.69,75,76

For both alkaline-earth metal modifications and EFAl
species, the nature and role of LASs on the zeolite
supramolecular function for the methanol conversion will be
investigated. Although some theoretical insights on the effect
of Lewis acid sites on methanol conversion were already
obtained, a systematic spectroscopic, energetic, and reactivity
study at the molecular level is not available for metal
containing clusters. Therefore, we aim at filling this void by
performing a combined theoretical-experimental screening of
several modified Lewis acid sites in zeolites to get molecular
insights into their specific nature and role under MTO
conditions. The series of extra-framework incorporated metal
clusters are expected to have distinct differences in acidic
strength, which may impact the stability and reactivity pattern
of the supramolecular catalyst. In principle various multi-
nuclear cationic complexes containing bridging O or OH
ligands may be formed. The structure of these species will be
assessed from an energetic and spectroscopic assessment,
including solid state NMR. We aim to unravel the structure of
the extra-framework species in the zeolite pores, the chemical
nature of the modified active site, and how the modified active

site affects the reactivity and relative importance of the alkene
and aromatic cycle in the MTO process. Based on this
systematic screening of Lewis acidity in zeolite pores, better
design rules with complex active sites may be proposed for
next generation MTO catalysts.

2. MATERIALS AND METHODS
2.1. Computational Details. To unravel the nature of the active

site and its reactivity toward methylations, both static and dynamic
approaches based on the Density Functional Theory (DFT)
methodology are used.

Static periodic DFT calculations have been performed using the
Vienna Ab Initio Simulations Package (VASP 5.4) to analyze the
structure and nature of the active site, the methylation of propene,
benzene, pseudocumene, and durene, and to calculate the protonation
energies of the aromatics.77−80 The unit cell of ZSM-5 used during
these static simulations consists of 96 T atoms with the cell
parameters being: a = 20.02 Å, b = 20.25 Å, c = 13.49 Å, α = 89.87°, β
= 89.69°, and γ = 90.10°. More information on the unit cell and the
performed Al substitutions for charge compensation can be found in
the Supporting Information (SI), Section 1. For the DFT calculations,
the PBE functional with Grimme D3 dispersion corrections are
used.81,82 This functional gives a reasonable compromise between
accuracy and computational cost.83 Other methodologies aiming at
reaching chemical accuracy are far more computational expensive and
beyond reach for the current study.84,85 Nevertheless, a benchmark
study on the influence of the functional and dispersion correction
scheme on the methylation of propene and benzene is performed and
the results are discussed in detail in Section 1.5 of the SI. These
results show that the choice of functional and dispersion scheme
keeps the general trend of features observed when studying
differences of energies. The PBE-D3 functional turns out to follow
the average behavior of the 12 various LOTs which have been
considered. This methodology is further retained in the remainder of
the paper to determine in a qualitative way the effects of
postmodification of the catalyst. Due to the huge amount of
calculations performed within this study, hierarchical cluster
approaches relying on high level wave function based methods are
beyond the scope for the current study.84,86−90 Furthermore, the
projector augmented wave (PAW) method, a plane-wave cutoff of
600 eV, and a self-consistent field (SCF) convergence criterion of
10−5 eV are used.91,92 During the VASP calculations, the Brillouin
zone is restricted to the Γ-point. Transition states are initially
optimized with the improved dimer method of Heyden et al.93 and
then refined with a quasi-Newton algorithm as implemented in
VASP.94 Geometries are slightly displaced along the normal mode
corresponding to the motion that leads the system over the barrier to
generate starting geometries for the optimization of reactant and
product states. For these calculations, a conjugate gradient algorithm
is applied.95

Since partial Hessian vibrational analysis (PHVA) is shown to be
an attractive alternative for computationally demanding full Hessian
calculations (FHVA) for entropy calculations, this scheme is used for
the normal-mode analysis (NMA) in this work using TAMkin.96,97 In
a PHVA calculation, not the entire system, but only a part, namely the
guest molecules and part of the framework around the active site, are
accounted for during the NMA. As the number of active sites per unit
cell may vary depending on the performed simulation, the number of
framework atoms included in the NMA will vary. Therefore, more
information on the accounted atoms and performed PHVA is
presented in Section 1.3 of the Supporting Information. If unwanted
imaginary frequencies could not be removed due to a relatively flat
potential energy surface, they are substituted with an arbitrary value of
50 cm−1 as is frequently done in literature; however, such
substitutions were limited to an absolute minimum.98,99

To construct the theoretical IR spectra of pyridine adsorbed on the
different active sites, the optimized configurations of adsorbed
pyridine are obtained with the same VASP parameters as used for
the structural analysis of the active site (vide supra). Afterward,
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density-functional perturbation theory (DFPT) or linear response
theory (LRT) calculations are performed to be able to calculate the
vibrational intensities from the Born effective charges (BEC).100−104

Finally, the theoretical IR spectra are obtained by fitting Gaussian
resolution functions with a width of 7.5 cm−1. No rescaling of the
obtained wavenumber was performed as IR scaling factors are mostly
calculated for nonperiodic simulations and are shown to be close to 1
for PBE (see also Supporting Information Section 3), certainly for
larger basis sets.105,106 Just as for the NMA, the PHVA scheme is used
(vide supra).
For the calculation of the protonation enthalpy,25 the considered

intermediates X are adsorbed in both protonated and neutral form in
H-ZSM-5, Mg-ZSM-5, Ca-ZSM-5, Sr-ZSM-5, Ba-ZSM-5, and deal-
uminated ZSM-5. Thereafter, the protonation enthalpy is calculated
as

H H X H X( ) ( )prot ads ads= −+

The resulting protonation enthalpies, are depicted in Figure S31
and reported in Table S23 in the Supporting Information).
The theoretical NMR parameters in this work are also calculated

with VASP. For the simulation of the chemical shielding tensors, the
gauge including projector augmented wave (GIPAW) method is
used,107 Again the same VASP settings are used as for the other
simulations, except for the SCF convergence criterion, which is set at
10−8 eV, required for an accurate estimation of the theoretical NMR
parameters. The computed chemical shielding has been converted to
the experimentally observed chemical shift by taking into account a
linear relation between both parameters (see Supporting Information
Section 1.4).
Molecular dynamics simulations have been applied to better

incorporate the effects of mobility and entropy due to finite
temperature in which experiments have been performed. We used
the CP2K software package108,109 and applied the PBE+D3
methodology. The time step is fixed at 0.5 fs, while an equilibration
period of 5 ps is systematically respected, followed by a production
run of at least 25 ps dependent on the type of application.
Two kinds of MD runs have been performed. In the first place, the

dynamic behavior of the adsorbate(s) at operating conditions is
studied through MD simulations at a temperature of 500 °C and a
pressure of 1 atm. Second, MD simulations at 27 °C and 1 atm have
been applied on ZSM-5 structures containing extra-framework
complexes to generate different geometrical configurations from
which average theoretical NMR parameters are determined at
experimental conditions. Further details are given in Section 1.4 of
the SI.
2.2. Experimental Details. 2.2.1. Catalyst Synthesis and

Characterization. The parent material for the preparation of the
alkaline-earth metal modified ZSM-5 samples is based on ZSM-5_80
from Zeolist, with a Si/Al ratio of 40 (CBV8014) and a total pore
volume of 0.26 mL g−1 (see Table 1). Prior to impregnation, the
parent material was dried overnight at 120 °C. For each alkaline-earth
metal modification, 3 g of parent ZSM-5 was impregnated with 0.8
mL of 2.4 M aqueous solution of Mg(NO3)2·6H2O, Ca(NO3)2·4H2O,
and Sr(NO3)2. The Ba-modified sample was prepared by triple
impregnation with a 0.8 M aqueous solution of Ba(NO3)2 with a

drying step at 120 °C for 16 h after each impregnation. The
impregnated powder was placed in a desiccator overnight to achieve
complete wetting of the micropores with the precursor solution. Next,
the modified zeolite was calcined for 5 h at 550 °C with a heating rate
of 3 °C min−1. In this way, modified samples with an alkaline-earth
metal to aluminum ratio of 2 are obtained.

Structural and textural properties of the various materials used in
this work resulting from the experimental characterization techniques
are summarized in Table 1. They show some specific features which
make them unique with respect to each other. Despite having the
same parent ZSM-5, the choice of the metal in the alkaline-earth
metal modified materials has a large impact on the properties. The
catalyst modified with complexes of Ba, being the largest of the
alkaline-earth metals considered in this work, obviously exhibits the
smallest pore volume and surface area SBET but also causes a 10-fold
decrease in BAS concentration with respect to the parent zeolite. At
the same time the concentration of LAS is sufficiently large to
generate the smallest ratio CBAS/CLAS of all materials. Its apparently
different behavior with respect to the other metal variants makes the
Ba-variant extremely interesting to see its impact in the methylation
reactions.

For the preparation of the EFAl species we preferred to take ZSM-
5_26 as parent material since the effect of dealumination is expected
to be more drastic if we start with a zeolite exhibiting a higher acidity
(i.e., more BASs) (Si/Al = 13). 2 g of ZSM-5_26 zeolite was loaded
onto an alumina crucible and placed in the isothermal zone of a
tubular furnace. The furnace was heated at 5 °C/min to 700 °C and
kept at 700 °C for 6 h under 200 mL/min flow of H2O + N2 mixture
(20% H2O, 80% N2).

The dealuminated sample prepared from parent ZSM-5_26 with a
high number of BASs sees a dramatic fall of these Brønsted sites but
maintains its pore volume and surface area.

The impact of the acidic properties on the lifetime of the catalyst
and on the MTO reaction under reaction conditions will be discussed
in the dedicated sections.

2.2.2. Structural and Acidity Characterization. XRD spectra and
N2 adsorption isotherms have been measured for all samples and
taken up in Section 10 of the SI. The XRD spectra confirm that the
single-phase crystalline MFI structure is maintained after modification
with alkaline-earth metals and dealumination. The adsorption
isotherms deliver some textural properties of the various modified
ZSM-5 materials compared with the pristine H-ZSM-5 zeolite (Table
1).

Acidity characterization has been accomplished with transmission
FT-IR spectroscopy using pyridine as a probe molecule and using a
Nicolet 6700 spectrometer equipped with an MCT/B detector. For
the wafer preparation, 50 mg of catalyst were used without any
dilution. The specimen was activated in vacuum at 400 °C for 16 h to
remove adsorbed species. After activation, wafers were saturated with
pyridine vapor and further evacuated at 160 °C for 2 h. Spectra were
obtained in the 1000−4000 cm−1 range at 4 cm−1 resolution and after
coaddition of 128 scans. The amount of Brønsted and Lewis acid sites
was derived from the bands at 1545 and 1456 cm−1 as described
elsewhere using extinction coefficients of 1.67 and 2.22, respec-
tively.110 Assuming that one molecule of pyridine is adsorbed on one

Table 1. Textural and Acidic Properties of the Alkaline Earth Metal Modified ZSM-5 Zeolites and of the EFAl Speciesa

Catalyst % cation Vpore (cm
3/g) Vmicro (cm

3/g) SBET (m2/g) Smeso (m
2/g) Smicro (m

2/g) CBAS (μmol/g) CLAS (μmol/g)

Mg-ZSM-5 1.4 0.22 0.14 417 95 322 76 217
Ca-ZSM-5 2.4 0.24 0.13 392 77 315 40 228
Sr-ZSM-5 5.2 0.20 0.13 379 106 273 85 108
Ba-ZSM-5 8.2 0.18 0.12 316 60 256 19 133
parent ZSM-5_80 Si/Al = 40 0.26 0.15 448 85 363 232 35
DeAl-ZSM-5 − 0.26 − 384 188 196 37 139
Parent ZSM-5_26 Si/Al = 13 0.26 − 403 148 255 631 168

aNote that alkaline-earth metal modified ZSM-5 zeolites have been prepared from the parent ZSM-5_80 zeolite, while the dealuminated EFAl
species is extracted from the parent ZSM-5_26 zeolite.
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acid site, the following expressions were used to calculate CBAS and
CLAS:

C IA B R W1.88 ( ) /BAS
2= · ·

C L R W1.42 IA( ) /LAS
2= · ·

where IA (BAS, LAS) is the integrated absorbance of the BAS or LAS
band (cm−1), R is the radius of the catalyst disk (cm), and W is the
mass of the catalyst sample (mg).
All magic angle spinning (MAS) solid-state NMR was performed

on a 900 MHz Bruker AVANCE IV 21.1 T spectrometer equipped
with 4 mm probes (for Ca) and 3.2 mm probes (for Al and H). 1H,
27Al, and 43Ca shifts were referenced to tetramethylsilane, Al(NO3)3,
and saturated CaCl2 solution in D2O, respectively. Typically recycle
delays of 1 s were used in all cases. The standard Bruker quadrupolar
Carr−Purcell−Meiboom−Gill (QCPMG) pulse sequence was used
without modification in the case of 43Ca NMR. The 27Al 3QMAS
spectra were obtained by utilization of a three-pulse, z-filter sequence.
The rf strengths of the first two hard pulses and the third soft selective
90 deg pulse were individually optimized, and the optimized pulse
lengths were typically 4.2, 1.4 (both at power level = 282 W), and 25
ms (at power level = 0.5W) for the consecutive pulses. Other relevant
acquisition parameters were described in figure captions.
2.2.3. Catalytic Testing. Catalytic experiments were carried out in

a Microactivity Reference unit (PID Eng&Tech) at 500 °C and
ambient pressure. The catalyst (pressed, crushed, and sieved to
particle sizes 250−420 μm) was placed in a fixed bed with an internal
diameter of 9 mm for standard experiments. An ISCO pump was used
to feed methanol to the reactor system. A w8 hly space velocity
(WHSV) of 8 gMeOH gcat

−1 h−1, a N2/MeOH = 1:1 molar feed
composition, and atmospheric pressure were utilized. Conversion,
selectivities, and yields were calculated on a molar carbon basis. Thus,
conversion was defined as the carbon-based fraction of light
oxygenates (methanol and dimethyl ether) consumed during the
reaction:

X
n n n

n

2
100%

C,MeOH C,MeOH C,DME

C,MeOH

in out out

in

=
− − ·

·

The selectivity toward hydrocarbon products was calculated based
on the carbon number. For example, ethene and propene selectivity
was calculated as follows:

S
n

n n

2
100%

y
ethene

C H

C,MeOH C,ox

2 4

in out

=
·

−
·

S
n

n n

3
100%propene

C H

C,MeOH C,oxy

3 6

in out

=
·

−
·

and the yield of a component i was defined from its selectivity and
methanol conversion:

Y
S X
100

%i
i=
·

The performance results are presented in graphs as a function of
the methanol mass throughput per amount of catalyst used (gMeOH
gcat

−1), and defined as the overall amount MeOH fed through the
catalytic bed before the conversion of oxygenates drops below 80%.
Presented selectivities are integral values.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis of the Active Site. Depending

on the nature of the metal incorporation, the extra-framework
species might be present in the zeolite pores as metal cations
or charged metal oxide clusters.2,111 In earlier work of some of
us, these extra-framework LASs were systematically assumed to
be composed of binuclear species bridged by O and OH
ligands. In this sense both [Ca(μ-O)(μ-OH)Ca]+ and [Ca(μ-
OH)2Ca]

2+ moieties were proposed as possible modified active
sites in Ca-ZSM-5.24,25 This suggestion was based on findings
in literature that, next to alkaline-earth metals, many other
metals such as Fe, Ga, Zn, Cu, and Al have the tendency to
self-organize into multinuclear clusters within the confined
space of a zeolite.65,111−116

In this work we aim to achieve a deeper understanding of the
structure of active sites after incorporation of alkaline-earth
metals Mg, Ca, Sr, or Ba in ZSM-5 in a combined theoretical-
experimental effort. Theoretically, DFT calculations were
carried out to compare the stability of different types of
multinuclear complexes. A similar methodology was followed
by Liu et al.65 in exploring the different nature of extra-
framework aluminum in faujasite zeolite. In the present work

Figure 2. Schematic representation of the structures considered for the relative stability of mono- (left), bi- (center), and trinuclear (right)
structures (a) and snapshots of the three considered structures for the Ca case (b).
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the occurrence of mono-, bi-, and trinuclear alkaline-earth
metal complexes and EFAls was also explored experimentally
by means of a structural analysis on the samples with Ca
modified ZSM-5 materials with 43Ca solid-state solid state
NMR. To facilitate the interpretation of the NMR spectra also
theoretical calculations were performed to predict the chemical
shifts and quadrupole coupling constants of various metal
containing species.
3.1.1. Theoretical Study of the Relative Stability of Mono-,

Bi-, and Trinuclear Structures. Extra-framework metal clusters
within the zeolite could be represented by multinuclear species
such as monomeric, dimeric, or trinuclear species with bridging
O or OH ligands. It is realistic to assume that apart from
binuclear complexes also monomeric and trinuclear species
may be formed in the channels of ZSM-5. In each case, the
introduction of metal containing species leads to the
deprotonation of neighboring BASs, decreasing the BAS
density of the material. For binuclear species, it is explicitly
shown in Section 2 of the SI that doubly protonated species,
i.e. [M(μ-OH)2M]2+, are more stable than lower protonated
species.
As a first criterion for the possible occurrence of various

multinuclear species, the relative stability of monomeric,
dimeric, and trimeric LAS species was investigated. To this
end, we construct three structures displayed in Figure 2a with
respect to full mass balance in order to enable a straightforward
energetic comparison.
To keep charge neutrality, we consider three Al substitutions

per unit cell. In principle, their positions are arbitrary, but it is
commonly assumed that some positions are more favorable
than others as discussed in ref 117. In Section 1.2 of the SI a
plausible configuration is suggested and visualized in Figure
S1a, and with respect to these three Al substitutions, optimized
structures of mono-, bi-, and trinuclear species are constructed
and visualized in Figure 2b in the case of a Ca-modified ZSM-5
material. The free energies and enthalpies resulting from
periodic DFT calculations are summarized in Table 2 and
indicate that the formation of mononuclear alkaline-earth
metal species is energetically disfavored with respect to
binuclear complexes, except for one of the EFAl species
which is discussed further. The self-organization of isolated
mononuclear cations into binuclear [M(μ-OH)2M]2+ is a
highly exothermic process. Multinuclear structures are even
more stabilized as far as they can be fitted into the pores of the
ZSM-5 zeolite. This result follows the general trend that larger
clusters better stabilize the system, as they are submitted to a
higher number of coordination interactions with the zeolite
framework. However, due to confinement the size of the

cluster is obviously limited and we therefore discard the
possibility that larger clusters than trinuclear alkaline-earth
metal complexes will be formed in the ZSM-5 channels, which
may play an essential role in the methanol conversion.
The same procedure was applied for the EFAl complexes.

However, our study shows that the position of the aluminum
substitutions in the framework may have a large effect on the
stability of some EFAl species. For the binuclear EFAl species,
two configurations were considered, EFAl/I with respect to the
same Al substitutions as used for the alkaline-earth metals,
whereas EFAl/II is based on a different position of the third Al
substitution as visualized in Figure S1b. In the case of EFAl/I,
the binuclear complex is less stabilized relative to the monomer
(see Table 2), whereas EFAl/II yields binuclear species which
are more stable than the monomeric ones, as was found for the
alkaline-earth metals. In the remainder of the paper, we will
consider both EFAl species to illustrate their noticeable
differences in acidic and catalytic properties.
At this point it is interesting to compare our findings with

the work of Liu et al.65 These authors studied the structure and
stability of a wide range of mono-, bi-, tri-, and tetranuclear
EFAl complexes at different locations in faujasite. They found
similar results as ours and also the reaction energies in the self-
organization process are of the same order. The formation of a
tri- or tetranuclear cluster was found to be strongly dependent
on their location in the zeolite. The preferred position of these
multinuclear (cationic) EFAls was found to be localized in the
smaller inaccessible sodalite cages of faujasite due to the
multiple interactions with the framework. Such locations are
expected to interact less with active reacting species due to
restricted space available. This is also an indication that not the
largest multinuclear moieties but the smaller mono- and
binuclear cations will probably have the largest impact on the
methylation reaction.
The structures displayed in Figure 2 with three monomers in

a unit cell were only used for the computation of stabilization
energies. In the following we only regard a single extra-
framework complex in a unit cell. In the case of a monomer, its
structure was optimized with respect to the first Al substitution
Al1. Dimeric species are positioned with respect to Al1 and Al2
(Figure S1). Optimized structures of mono-, bi-, and trinuclear
species are visualized in Figure 3 in the case of a Ca-modified
ZSM-5 material.

3.1.2. Solid-State NMR on Ca-Modified ZSM-5 Zeolites.
To further structurally characterize the nature of the metal
containing clusters, a solid state NMR characterization has
been performed on Ca-modified ZSM-5 zeolites from both an
experimental and theoretical point of view. For the NMR
simulations, the mono-, bi-, and trinuclear extra-framework Ca
species, as discussed in the previous section, are considered.
Note that in this case only one mono-, bi-, or trinuclear species
have been considered per unit cell, which is charge
compensated by one, two, or three aluminum atoms. Periodic
DFT calculations of NMR parameters in large zeolite systems,
such as ZSM-5, have become feasible lately, as is demonstrated
by the works of Dib et al.118 and Holzinger et al.119 In the first
instance, the NMR parameters of the geometrically optimized
structures, visualized in Figure 3, will be discussed. The
resulting NMR chemical shifts of the 43Ca isotope are listed in
Table 3.
The Ca atom in the mononuclear structure has the lowest

chemical shift, which indicates that it is shielded most
efficiently. This may seem initially unexpected, as it has only

Table 2. Free Energies (ΔG) and Enthalpies (ΔH) Relative
to the Mononuclear Case for All Structures Indicated in
Figure 2 (in kJ/mol) and Calculated at 500 °C

(1)
mononuclear

(2) bi- and
mononuclear (3) Trinuclear

ΔH ΔG ΔH ΔG ΔH ΔG
EFAl/I 0 0 +55 +114 +5 +101
EFAl/II 0 0 −94 −79 +20 +66
Mg 0 0 −102 −48 −186 −104
Ca 0 0 −153 −120 −237 −194
Sr 0 0 −111 −71 −198 −158
Ba 0 0 −94 −73 −156 −112
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one covalent bond, in contrast to multinuclear species.
However, a clear correlation between the chemical shifts and
the distances between Ca and the neighboring oxygens may be
established. Hereby a distinction is made between framework
oxygens and extra-framework oxygens, labeled as OF and OEF,
respectively as schematically shown in Figure 3. The distances
for each of the structures are given in Table 3. The distances
from the Ca-atom of the monomer to the framework and extra-
framework oxygens are shorter than in the case of binuclear or
trinuclear species. Furthermore, clearly an asymmetry in the
CaOEF bond distances is observed for the binuclear structure,
which gives a lower chemical shift for one of the two Ca atoms.
The trinuclear structure has clearly the highest chemical shift
indicating the lowest shielding, which is related to the longer
average distance from each Ca atom to the nearest framework
oxygens.
Previous analysis shows that the chemical shift is very

sensitive to the geometrical configuration and in particular the

CaO distances. In this sense, we opted to also calculate NMR
properties at finite temperature taking snapshots from MD
simulations (see Supporting Information Section 1 for more
details), as the NMR experiments were performed at 300 K
(vide infra). The results are presented in Table 3.
At 0 K, the monomer exhibits a chemical shift of −0.32 ppm,

but taking into account the framework flexibility and mobility
of this structure at finite temperature it is observed that the
chemical shift becomes more negative with an average of −23
ppm. In the static case, the monomer is only 4-fold
coordinated (left panel in Figure 3); however, at finite
temperatures the Ca-atom centers itself between multiple
framework oxygens, hence increasing the chemical shielding.
Note that this structure resembles the ZO−Ca−OH site, as
suggested by Zhang et al.27 More information can be found in
the SI (Section 2.2.1 and Figure S14). For the binuclear
complex, two Ca-atoms contribute to the NMR spectrum,
which yields an average chemical shift of 6.73 ppm. However,

Figure 3. Schematic representation and snapshots of the optimized structures of the isolated extra-framework Ca species in ZSM-5, namely
mononuclear (left), binuclear (center), and trinuclear (right).

Table 3. Computed Chemical Shifts of the 43Ca Isotope in Extra-Framework Species and Geometry Optimized Distances
between the Ca Atom and the O Atoms in ZSM-5 Containing Extra-Framework Species

δiso (ppm) CaOEF,1 (Å) CaOEF,2 (Å) CaOF,1 (Å) CaOF,2 (Å) CaOF,3 (Å)

after geometry optimization
mononuclear −0.32 1.99 − 2.40 2.43 2.71
binuclear 5.06 2.17 2.18 2.52 2.59 2.86

21.05 2.23 2.24 2.42 2.43 2.76
trinuclear 37.34 2.23 2.24 2.39 2.49 3.27

26.86 2.19 2.21 2.45 2.59 2.88
23.63 2.26 2.27 2.47 2.50 2.64

MD snapshots (300 K)
mononuclear (average) −22.86
mononuclear (min) −32.23
mononuclear (max) −6.79
binuclear (average) 6.73
binuclear (min) −11.45
binuclear (max) 23.85
trinuclear (average) 13.63
trinuclear (min) −21.55
trinuclear (max) 36.22
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the 43Ca chemical shifts can cover a broad range of 35 ppm
(−11−24 ppm).
The trinuclear moiety is less mobile, the third substituted Al

atom lies at the next intersection of the straight and zigzag
channel (see Al3 in Figure S 1 of the SI), and its configuration
is more or less anchored in the channels. Its structure during
the MD simulation at 300 K does not vary too much from its 0
K structure, yielding an average chemical shift around 13 ppm
compared to the static value of 30 ppm (Table 3). They are
expected to mainly contribute to the positive range of the
NMR spectrum.
In order to complement the theoretical investigation, several

high-field solid-state NMR spectroscopic experiments on 43Ca-
enriched ZSM5 have been performed. 43Ca solid state NMR is
intrinsically challenging because 43Ca is a quadrupolar nucleus
(spin = 7/2) with relatively low gyromagnetic ratios as well as
with a very low natural abundance (only 0.135%). Until now,
the scientific community only measured simple Ca-salts (e.g.,
CaCO3 or hydroxyapatites), which are characteristically
homogeneous in nature.120−122 However, no real efforts have
been made to investigate more complex and heterogeneous
materials (particularly entrapped/embedded/grafted into a
porous material), and thus, our attempt constitute a challenge
by itself.
The solid-state Hahn Echo NMR spectrum (Figure 4) of

43Ca-enriched ZSM5 displays a relatively broader response
(than usual Ca-salts), the peak with the highest intensity
centered around 0.6 ppm, which inevitably advocates for the
heterogeneity within the sample. Next, to derive more
structural information about the residual Ca-species and
enhance the sensitivity, quadrupolar Carr−Purcell−Mei-
boom−Gill (QCPMG) measurement has been performed
(Figure 4). Interestingly, the observed nonsymmetric nature of
the QCPMG spectrum reveals the existence of more than one
nonidentical Ca-species. If we compare the experimental peak
positions with our simulated chemical shift values at 300 K
(δiso values in MD snapshots) as well as after the geometry
optimizations, it is safe to conclude that binuclear species
definitely exist in the Ca-ZSM5 sample. As no substantial
contribution in the positive range of the Ca chemical shift
spectrum is observed, it is reasonable to assume that trinuclear
species will only be present to a minor extent. In addition,
1H−1H two-dimensional double-quantum (DQ) NMR experi-
ments clearly reveal the existence of a new peak around 3.50
ppm (indicated in red in Figure 5) in addition to the usual
1.4−1.6 ppm peak due to the BAS of zeolite (Figure 5), which
could be attributed to the hydroxy group attached to the
multinuclear Ca-species.

Previous analysis gives indirect evidence that both mono-
and binuclear species may be present in the alkaline-earth
metal modified ZSM-5 catalysts. In the remainder of this
paper, we have systematically performed the acidity character-
ization simulations and methylation reactions with both mono-
and binuclear species. However, as will become clear (vide
infra), mononuclear species impact the catalytic activity to a
lesser extent, advocating our earlier assumptions on the nature
of extra-framework binuclear species in postsynthetically
modified samples.

3.2. Acidity Characterization: BAS/LAS Nature of the
Active Site. From the previous analysis, it was shown that
metal oxide clusters reduce the number of vicinal BASs,
yielding new Lewis acid sites associated with the metal oxide
clusters. Furthermore also EFAl species have Lewis acid
properties.24,25,72−74 The nature and strength of acid sites can
be characterized experimentally by various techniques.123−127

Herein we characterized the acidic properties using IR
spectroscopy with pyridine as a probe molecule from both
an experimental and theoretical point of view. Pyridine
adsorption is able to discriminate between Brønsted and
Lewis acid sites as distinct peaks in the region from 1700 cm−1

until 1400 cm−1 appear in the spectra. Pyridine is protonated
upon adsorption on a BAS forming a pyridinium ion and only
coordinatively bonds toward an LAS.128,129 This difference
leads to a characteristic peak in the IR spectrum around 1545
and 1450 cm−1 for a BAS and LAS, respectively.24,45,128,130−134

Furthermore, the vibrational mode in the region of 1580−1630
cm−1 is indicative for the global acidic strength as was shown
by Velthoen et al.129

To characterize the BASs and LASs theoretically, pyridine
adsorption is studied on both mono- and binuclear alkaline-
earth metal modified ZSM-5, on EFAls, and on pristine H-
ZSM-5 with a specific number of BASs as reference. The
resulting optimized structures together with the adsorption
enthalpy are depicted in Figure 6 confirming the distinct
adsorption on a BAS and LAS. On a BAS, pyridine is
immediately protonated, whereas on the metal complexes
both mono- and binuclearpyridine makes a coordination
with the alkaline earth metal or Al in the EFAl species,

Figure 4. 43Ca magic angle spinning (MAS) solid-state hahnecho
(blue) and QCPMG (red) NMR spectra of ca. 1.5% Ca-ZSM-5 [900
MHz, 10 kHz MAS, recycle delays = 1 s, Number of scans = 14k].

Figure 5. 1H−1H Two-dimensional DQ MAS NMR spectra of zeolite
(a) ZSM-5, (b) 6% Ca-ZSM-5, (c) dealuminated ZSM-5, and (d)
simplified pictorial representation of responsible proton containing
entities.
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confirming the presence of Lewis acid sites. Special attention is
given to the two embedded [HOAl(μ-OH)2AlOH]

2+ struc-
tures (EFAl/I and EFAl/II) to illustrate the impact their
position in the channels of the zeolite has on acidic and
catalytic properties, as shown by the adsorption distance and
adsorption enthalpy in Figure 6.
A further characterization of the LAS and BAS is performed

by comparing simulated and experimental IR spectra. The
experimental spectra of all samples are collected in Figure 7.
They are compared with the theoretical spectra obtained after
adsorption of pyridine on binuclear modified ZSM-5 materials.
There is a very good agreement between theory and
experiment.

First, the peak corresponding to the BAS, around 1545 cm−1,
can be recognized in both the theoretical (Δ) and
experimental spectrum of pristine H-ZSM-5. On the other
hand, this peak is also found in the experimental spectrum for
modified ZSM-5, albeit with a lower intensity, and it does not
appear in the theoretical spectrum. This difference could be
because a fraction of isolated BASs is still present in the actual
modified catalyst, while this is not considered in the unit cell in
the theoretical calculations where the number of Al
substitutions is restricted to a minimum to impose charge
neutrality. Second, the LAS peak, around 1450 cm−1, is
encountered in the theoretical (□) and experimental spectra
of dealuminated, Mg-, Ca-, Sr-, and Ba-ZSM-5. This band is
also found in the experimental pristine H-ZSM-5 spectrum, but
not in the corresponding theoretical spectrum. This peak is
experimentally assigned to extra-framework Al species,24,135

which are again not accounted for in the unit cell used during
the theoretical simulations of pristine H-ZSM-5, thus explain-
ing the difference. Furthermore, the assignment of this peak to
EFAl species is confirmed by the simulations of an isolated
EFAl structure, as its IR spectrum shows this Lewis acid site
peak.
Finally, a peak not ascribed to either the BAS or the LAS

appears in both the theoretical (◊) and experimental spectra
for all considered structures around 1475 cm−1, which can be
related to some specific molecular surface vibrations as
described in detail in Section 3 of the Supporting Information.
Our theoretical and experimental spectra confirm that Lewis

acid sites are introduced in the modified catalyst, which goes

Figure 6. Pyridine adsorption to a mononuclear LAS (a) and a
binuclear LAS (b). Also given are the adsorption enthalpies in kJ/mol
belonging to the optimized structures at 0 K of pyridine adsorbed in
pristine H-ZSM-5, extra-framework aluminum in ZSM-5 and Mg, Ca,
Sr or Ba-ZSM-5. To keep the charge in balance frameworks with only
one Al substitution are considered in case of monomers, and with two
Al substitutions in case of the binuclear species. In the pristine H-
ZSM-5 only one single BAS and thus one Al substitution is taken into
account. For the snapshots, the following color code is used: white is
H, light gray is C, blue is N, red is O, gray is Al, beige is Si, and green
is the alkaline earth metal.

Figure 7. FTIR spectra of various zeolitic materials using pyridine as a
probe molecule. (a) Theoretical spectrum of pyridine adsorbed on
modified ZSM-5 materials with binuclear species, (b) experimental
spectrum.
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hand in hand with the elimination of Brønsted acid sites. The
correspondence between theoretical and experimental spectra
gives strong evidence that the [M(μ-OH)2M]2+ representation
of the active site on a molecular level is realistic, although the
monomeric [M(μ-OH)]+ alkaline-earth metal complexes yield
a similar behavior.
Depending on the nature of the metal incorporated cationic

cluster, subtle shifts are found in the peak at 1450 cm−1

assigned to Lewis acidity. Furthermore blue-shifted vibrational
modes in the region (1580−1630 cm−1) are also characteristic
for the global acidic strength of the complex as shown in the
work of Velthoen et al.129 It is now interesting to investigate
whether a correlation can be found between these blue shifts
and the strength of the incorporated LASs in the zeolite
framework. To this end we calculated the adsorption enthalpy
of pyridine on the mono- and binuclear metal oxide clusters.
The results are shown in Figure 6 together with the distance
between the nitrogen of pyridine and the metal of the cluster.
The absolute values may be compared to some other
adsorption enthalpies in zeotype materials.136 As can be
expected, the results for the alkaline earth metals show that a
more negative adsorption enthalpy leads to a shortened
nitrogen−metal distance and thus a stronger Lewis acidity (Mg
> Ca > Sr > Ba). More interestingly, for the alkaline earth
metals, the adsorption enthalpies can be correlated to the
information on the IR peak that is characteristic for the LAS
(around 1450 cm−1) and peak characteristic for the global
acidic strength (1580−1630 cm−1), as a stronger adsorption
enthalpy yields an increased wavenumber and thus blue-shifted
peaks. This correlation is close to linear for both peaks as can
be seen on the plots depicted in Figure 8. This correlation

might serve as a very insightful catalyst design guideline, as it
directly yields information on the strength of incorporated
LASs in zeolites.
For both mono- and binuclear alkali-earth metals we observe

a very good agreement between theory and experiment. Both
experimental and theoretical data points clearly show a linear
relationship. The slope of the linear regression is even perfectly
reproduced. We need only a rescaling of the theoretical
estimates for an exact reproduction.
A special note should be made to the binuclear EFAl species,

as their acidic properties are very much dependent on the used
Al substitutions (EFAl/I vs EFAl/II). More information is
given in Section 3.2 of the SI. While the data points of the
EFAl/I complexes have a tendency to lie on the linear
regression, those belonging to EFAl/II do not show any
relationship with the alkaline-earth metals. A further
investigation on the nature of all possible EFAl species is
beyond the scope of this work, but our results clearly show that
the exact nature of EFAl species should be further investigated
in future studies.

3.3. Reactivity Properties of the Active Site. From the
previous analysis a decreased Lewis acid strength was observed
in the following series Mg, Ca, Sr, and Ba. To assess the
influence of these intrinsic acidic properties on the catalytic
behavior, we studied methylation reactions of propene and
benzene and some other methylated aromatic species, which
are typically present in the hydrocarbon pool, with methanol.
Both reactions are initiating steps in the aromatics and alkene
cycle of the MTO process (Figure 1) and are identified as key
reaction steps for carbon incorporation.33−41 Furthermore the
influence of LAS incorporation on the formation of the

Figure 8. Shifts in the LAS (a and c) and global acidity (b and d) peaks in the IR spectrum with respect to changes in the strength of the
incorporated mono- (a and b) or binuclear (c and d) LASs.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b07484
J. Am. Chem. Soc. 2019, 141, 14823−14842

14832

http://dx.doi.org/10.1021/jacs.9b07484


protonated, and thus activated,25,35,137 form of some HP
intermediates (depicted in Figure 1) is also investigated. In our
earlier work we found evidence that incorporation of LASs
selectively destabilizes crucial cyclic carbocationic HP com-
pounds.25

We first assess the impact of the presence of binuclear [M(μ-
OH)2M]2+ moieties in the catalyst on the methylation kinetics.
The reactions are studied at three distinct active sites as shown
in Figure 9. We distinguish an isolated BAS, a BAS in the
vicinity of a LAS, and an isolated LAS, since methylation is also
known to occur over Lewis acid sites.138,139 Furthermore the
experimental IR spectra in Figure 7 suggest that both BAS and
LAS are encountered in every considered catalyst. On an
isolated LAS, methanol is activated by adsorption on the LAS
of the [M(μ-OH)2M]2+ moiety, rather than being adsorbed on
the weak bridging Brønsted acidic OH site of the metal species.
But in the case of a combined LAS/BAS catalyst, the reactants
can freely adsorb on the two acid sites. Therefore we
considered two cases, namely the BAS/[M(μ-OH)2M]2+

where the methanol is first adsorbed on the BAS and the
M(μ-OH)2M]2+/BAS where methanol is first adsorbed on the
LAS.
The corresponding free energy diagrams at 500 °C for all

cases are shown in Figure 10, and the detailed free energies
along the reaction profile are tabulated in Table S13 and Table
S14. The corresponding results for the EFAl species are
discussed in Section 7 of the SI. Furthermore, the results of the
mononuclear [CaOH]+ species are discussed in Section 6 of
the SI and further in this section.
The empty zeolite and methanol and the hydrocarbon

(propene or benzene) in the gas phase are chosen as the
reference state. Methanol adsorbs first on the BAS or isolated
LAS, after which the hydrocarbon coadsorbs, which is the
standard procedure to construct methylation reaction
profiles.140,141 Overall our adsorption data on H-ZSM-5
agree well with literature data; only the coadsorption of
benzene is slightly underestimated, as indicated by the
enthalpy data in Section 5 of the Supporting Informa-
tion.140−143

The adsorption of methanol shows two clear trends. First,
adsorption of methanol on a BAS is barely influenced by a
nearby [M(μ-OH)2M]2+ moiety, since the reaction profiles
practically coincide in the first step of Figure 10a and Figure
10b. Second, the adsorption enthalpies listed in Table S15 and
Table S16 of the Supporting Information show that methanol
is slightly weaker adsorbed on an isolated alkaline earth metal
cluster than on a BAS. This trend is in perfect agreement with
the pyridine adsorption data and the Lewis acidity scale
proposed in Figure 8 with the following Lewis acidity order Mg
> Ca > Sr > Ba. In any case, the adsorption is assumed to be

strong enough in all cases to activate the methanol, to ensure
sufficient methanol coverage on the active site and to allow us
to model the methylation reaction in the same manner on both
active sites. A more detailed discussion on the difference
between adsorption on a LAS and BAS can be found in Section
4 of the Supporting Information.83,143,144

For the coadsorption of benzene or propene, a higher
stability for the coadsorbed methanol and benzene/propene is
observed for the BAS/[M(μ-OH)2M]2+ active sites. This effect
can be ascribed to the availability of both a BAS and LAS,
enabling the possibility for methanol to adsorb on the BAS,
whereas the hydrocarbon is coordinatively bound to the LAS
via orientation of the π-electrons toward the metal of the
[M(μ-OH)2M]2+ moieties. A snapshot is presented in Figure
11. The cooperative role of the LAS and BAS yields in this case
an extra stabilization as the reactants can freely adsorb on the
two acid sites. In principle we could interchange the adsorption
on the BAS and the LAS. To this end, all adsorption and
reaction steps of the methylation profile are recalculated but
now with methanol first adsorbing on the LAS and the
hydrocarbon on the BAS (notation [M(μ-OH)2M]2+/BAS).
The resulting profile is displayed in Figure 10e and f and
compared with the previous results (BAS/[M(μ-OH)2M]2+

and isolated [M(μ-OH)2M]2+). The interchange of the order
of the active sites has a significant influence on the
coadsorption and kinetics of the methylation reaction. The
state in which both methanol and benzene are coadsorbed
shows a significant destabilization in the [M(μ-OH)2M]2+/
BAS case compared to the BAS/[M(μ-OH)2M]2+ case.
Furthermore, the overall free energy barriers are at least 100
kJ/mol higher in [M(μ-OH)2M]2+/BAS than in BAS/[M(μ-
OH)2M]2+, implying that methanol will preferentially adsorb
on the BAS and the hydrocarbon on the LAS. Those results are
in agreement with the stronger adsorption energies of pyridine
on a pristine BAS site compared to the various LAS sites
(Figure 6). We also observe that the results on the transition
state region of [M(μ-OH)2M]2+/BAS are quite similar to the
isolated LAS moiety.
A double adsorption site is not available for the isolated BAS

and isolated [M(μ-OH)2M]2+ systems, where benzene or
propene are coadsorbed in the zeolites without any specific
interactions with an active site, as indicated in the snapshots
shown in Figure 11.
The presence of [M(μ-OH)2M]2+ moieties also significantly

affects the intrinsic free energy barriers for methylation of
benzene, as can be seen in Table S13 in the Supporting
Information. The resulting free energy barriers may be
compared with available data in literature and are of the
same order of magnitude.25,84,85,140,141,145 For LASs there is
only limited literature data available from the work of Vos et
al.146 on electrophilic aromatic substitution, which were
obtained at a rather low level of theory.
Our data summarized in Table S12 show that in all cases the

intrinsic free energy barrier for methylation reactions taking
place on a BAS near an LAS or on an LAS are substantially
higher than on a pristine BAS site. When considering the
alkaline earth metals, the observed increase is higher for
methylations of benzene compared to those of propene. For
the methylations, a [M(μ-OH)2M]2+ moiety in the neighbor-
hood of the BAS leads to an increase of the intrinsic free
energy barrier of 42 to 107 kJ/mol for benzene and an increase
of 14 to 40 kJ/mol for propene, depending on the considered
metal oxide cluster. On the other hand, the methylation over

Figure 9. Schematic representation of the three active sites considered
for the methylation reactions, namely an isolated BAS, a BAS near a
[M(μ-OH)2M]2+ moiety, and an isolated [M(μ-OH)2M]2+ moiety.
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an isolated [M(μ-OH)2M]2+ moiety leads to an increase of the
intrinsic free energy barrier of 70 to 165 kJ/mol and 29 to 85
kJ/mol compared to an isolated BAS for benzene and propene,
respectively. The behavior of the isolated EFAl species deviates
from those of the alkaline-earth metal species. We therefore
opt to separate their results from the other metals and to

discuss their reaction kinetics in a separate energy profile
(Figure S30 in Section 7 of the SI).
The overall increase of the reaction barrier noticed in the

alkaline-earth metal complexes can be linked to a deformation
of the transition states over a BAS near an LAS or an isolated
LAS. In the snapshots depicted in Figure 12 for benzene
methylation over an isolated BAS and an isolated [Ca(μ-
OH)2Ca]

2+, a deviation of the planarity of the transferred

Figure 10. Free energy profiles at 500 °C for the methylation of benzene and propene over several active sites, namely an isolated BAS (full black
line), a BAS near an [M(μ-OH)2M]2+ where the methanol is adsorbed on the BAS (a and b), an isolated [M(μ-OH)2M]2 (c and d) and a [M(μ-
OH)2M]2+ moiety near a BAS, indicated by [M(μ-OH)2M]2+/BAS, where the methanol is adsorbed on the LAS (e and f). M is one of the
considered alkaline earth metals (Mg, Ca, Sr, or Ba).

Figure 11. Snapshots of the prereactive complex for the methylation
of benzene in Ca-ZSM-5 as representative for the other considered
metal substituted clusters (M= AlOH, Mg, Ca, Sr, and Ba), showing
the two available adsorption sites (indicated in blue) in the BAS/
[M(μOH)2M]2+ case (b) in contrast to the isolated BAS (a) and
isolated LAS (c).

Figure 12. Snapshots of the transition state of the methylation of
benzene over an isolated BAS (a) and an isolated [Ca(μ-OH)2Ca]

2+

cluster showing the planarity deviation of the methyl group near the
LAS. More snapshots can be found in Figure S26 of the SI.
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methyl group can be distinguished compared to the transition
state over an isolated BAS. Snapshots for other methylation
reactions can be found in Figure S26 in the SI. The
deformation is quantified by calculating the dihedral angle of
the methyl group for the different transition states which is
tabulated in Table S11 of the Supporting Information. The
values confirm the deviation for all alkaline earth metals and
show that it is more significant for benzene than for propene.
Furthermore the observed effects can be corroborated with the
statement of Iglesia and co-workers that transition states with
more localized charges are less influenced by the Brønsted acid
strength than those exhibiting more diffuse charges.147 Since
the positive charge is more diffuse on benzene due to its
conjugated π-system, the increase of the intrinsic barrier is
more significant than for propene. The combined effects
explain the more significant effect of LAS incorporation on the
intrinsic free energy barrier of benzene methylation compared
to propene methylation. Additionally, free energy profiles
shown in Figure 10 indicate a destabilization of the product
state, for all metal oxide incorporated zeolites. The
destabilization can be ascribed to the formation of a
carbocation, which is unfavorable near the positively charged
alkaline-earth metal cluster as depicted in the reaction schemes
in Figure S25 of the SI.
As stated earlier, also mononuclear species can act as a

possible LAS after alkaline-earth metal impregnation. In order
to be able to compare with their binuclear analogs we
investigated the kinetics of the methylation of benzene and
propene over the mononuclear [CaOH]+ species. Free energy
profiles are shown in Figure S29 of the SI. The isolated LAS
predicts a significantly higher barrier for both the benzene and
propene methylation, suggesting a significantly lower reactivity
of these species. Second, the BAS near LAS results for both
benzene and propene indicate that the indirect effect of the
LAS is less pronounced for the mononuclear case, as the global
barrier is closer to the isolated BAS case. We conclude that the
influence of mononuclear species on the methylation reactions
is less significant than the impact of binuclear species. These
conclusions allow us to mainly focus on the binuclear results in
this manuscript.
The methylation profiles thus suggest a significant influence

of the presence of binuclear Lewis acid sites on the reactivity.
To quantify the relative rate of methylation in the
neighborhood of a Lewis acid site to the methylation over
an isolated BAS, the difference in overall free energy at 500 °C
between the modified active site and an isolated BAS (ΔΔG) is

studied. We opt to use the overall free energy barrier rather
than the apparent free energy barrier. This would assume that
methanol coverage is one, as typically done in kinetic studies
on methylation reactions,40,41,141 which is not necessarily true
at the high temperatures applied in this work (500 °C) as
suggested by the positive free energies of adsorption for
methanol on the various active sites (vide supra). Correlation
plots between the differences in overall free energies and the
Lewis acidity characterized by the adsorption enthalpy of
pyridine are shown in Figure 13. Furthermore, to enable us to
further generalize the conclusions, we also included the results
belonging to durene and pseudocumene as an HP reactant
representing the aromatic cycle over the alkaline earth metals.
Lastly, to finalize all conclusions, the results for the
methylation of propene and benzene over the two considered
binuclear EFAl species are also included in Figure 13.
The following trends can be deduced from the correlation

plots. The methylation of all hydrocarbons is found to be more
activated over an isolated alkaline earth metal [M(μ-
OH)2M]2+ moiety, leading to relatively high reaction barriers
over isolated cationic alkaline-earth metal clusters. An almost
linear relation is found between the acidity strength of the LAS
and the overall free energy barrier. The EFAl/I species have a
much stronger Lewis acidity and may even accelerate the
methylation reactions, as is the case for propene. A decrease of
76 kJ/mol is observed for the EFAl/I species compared to
methylation on a pristine BAS. As discussed in Section 7 of the
SI, this can mainly be attributed to the poor stabilization of the
EFAl/I species by the framework. Most interesting for catalytic
purposes is the distinct difference the LAS has on the
methylation of benzene compared to propene, except for
EFAl/II. LASs clearly slow down methylation reactions of
benzene, which is manifestly confirmed by the methylation of
the two other HP species: durene and pseudocumene over
alkaline earth metals. Translated to the various catalytic cycles
operative in the methanol to olefin process; this means that the
aromatic cycle would be suppressed in the LAS incorporated
zeolites.
Secondly, it is interesting to study the effect on methylation

free energy barriers taking place on a BAS but with proximity
of a LAS. The effects on the methylation reactions are much
less pronounced for a BAS nearby an LAS. Methylation
barriers over a BAS near an [M(μ-OH)2M]2+ moiety (□)
converge to the rate over an isolated BAS with decreased Lewis
acid strength of the alkaline earth metaloxide, as the difference
in free energy barrier with an isolated BAS becomes smaller

Figure 13. Change in the overall free energy barrier at 500 °C of the methylation of benzene (red), propene (green), pseudocumene (orange), and
durene (purple) over an BAS near a [M(μ-OH)2M]2+ moiety (left and □) and an isolated [M(μ-OH)2M]2+ moiety (right and Δ) relative to the
methylation rate over an isolated BAS (black circle) is plotted in function of the pyridine adsorption enthalpy. For the dealuminated species both
EFAl/I and EFAl/II variants are considered.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b07484
J. Am. Chem. Soc. 2019, 141, 14823−14842

14835

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07484/suppl_file/ja9b07484_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07484/suppl_file/ja9b07484_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07484/suppl_file/ja9b07484_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07484/suppl_file/ja9b07484_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07484/suppl_file/ja9b07484_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b07484


than 10−20 kJ/mol, which is the typical accuracy of our DFT
simulations.3,85 Therefore, these differences are assumed to be
insignificant. The EFAl species do not follow this trend. Only
for BAS/EFAl/I, BAS/EFAl/II, BAS/[Mg(μ-OH)2Mg]2+, and
BAS/[Ca(μ-OH)2Ca]

2+ a significant increase in the free
energy methylation barriers is observed. Furthermore, the
increase is more pronounced for methylation of benzene
compared to propene in the case of EFAl/II, Ca, and Mg
incorporated LASs. While benzene and propene methylation
rates only exhibit minor differences on an isolated BAS in H-
ZSM-5 (overall free energy barriers of 187 and 197 kJ/mol),
the results depicted in Figure 13 suggest that LASs induce an
increase in the difference between benzene and propene
methylation kinetics over the neighboring BAS. Based on the
calculated difference in overall barrier, Mg and Ca most
selectively decrease benzene methylation rates over a BAS near
a [M(μ-OH)2M]2+ moiety, while propene methylation is
barely affected on this active site. Methylation of the two other
HP species even reinforces these differences. The introduction
of Sr and Ba seems to have a limited influence on the
neighboring BAS, probably due to their weaker Lewis acidity.
Relative free energy differences ΔΔG with respect to the
isolated BAS even become negative for durene and
pseudocumene. When EFAl species are present, methylation
on nearby BASs are substantially more activated, but based on
the methylation kinetics on the EFAl/I species itself, it can be
concluded that in this case the reactions will preferably occur
on the EFAl/I species and also in this case methylations of
aromatic species are disfavored.
Previous results suggest that incorporation of LAS sites

selectively slow down benzene, durene and pseudocumene
methylations, both on isolated LASs as on BASs with
proximate LASs. The effect is more pronounced for LASs
with stronger acidity. In the latter case the reaction might
preferably take place on a pristine LAS rather than on a BAS.
Previous findings suggest that incorporation of LAS sites might
selectively suppress the aromatic cycle; however, when the
Lewis acidity becomes too strong, the BASs might not be the
most active sites and reactions might take place on LASs.
As the formation of a carbocation could explain the

increased methylation barriers and thus suppression of the
aromatic cycle, the stability of some carbocation typical for the
aromatic and alkene cycle (see Figure 1b) is assessed using
their protonation enthalpy.25 Figure 1b shows that the
aromatic cycle is characterized by cationic six and five ring
species, while the alkenes make up the cocatalysts in the alkene

cycle. The selection of the aromatic MTO intermediates
considered in this paragraph is inspired by the work of Fang
and co-workers148 in which the most stable carbenium ions in
H-ZSM-5 are theoretically predicted extended with other
intermediates of both the paring and side-chain mechanism.149

To represent the alkene cycle, propene, hexene, and isobutene
are selected. For these intermediates, the protonation enthalpy
is calculated as defined in our earlier work25 and the
Computational details. This protonation enthalpy is used as
a measure for the stability of the protonated form of the
intermediates relative to the neutral species. The more negative
this enthalpic value becomes, the more stable the protonated
structure becomes. The protonation enthalpy is calculated for
each intermediate for both an isolated BAS and on a BAS near
a [M(μ-OH)2M]2+ moiety of the considered cationic clusters.
As the resulting protonation enthalpies are in line with the
results discussed in earlier work,25 the interested reader is
referred to Section 8 of the Supporting Information for the in-
depth discussion. The results show a destabilization of the
cyclic carbenium ions, while the influence on the alkenes is far
less pronounced, suggesting a suppression of the aromatic
cycle.25 Dealuminated zeolites that follow the trends attributed
to Lewis acid strength indicate an improved performance.72,73

3.4. Relation between Experimental and Theoretical
Findings. Our theoretical results predict incorporation of Mg
or Ca as the most efficient candidates to suppress the aromatic
HP mechanism. Furthermore, our theoretical structural
analysis showed that all [M(μ-OH)2M]2+ with M = Mg, Ca,
Sr, Ba, or HOAl are formed at the expense of reducing the
number of vicinal BASs. To correlate these findings with
experimental observations, catalytic tests were performed on a
series of modified ZSM-5 catalysts. The results for the activity
and selectivity experiments as performed in earlier work of the
current authors25 over the parent and the alkaline-earth metal
modified ZSM-5 are depicted in Figure 14. New catalytic tests
have been performed on the dealuminated sample extracted
from the parent ZSM-5_26. The results for 8.2% Ba-ZSM-5
are not added to the graphs, as conversion over this catalyst
was below 5%, which might be due to blockage of the catalyst
pores by the large barium oxide clusters or due to the low
Lewis acid strength of this oxide leading to increased reaction
barriers (see Figure 13). Furthermore, for the different
materials under study, Figure S37 in the SI visualizes the
various conversion and yield plots.
The experimental results show two clear trends upon

incorporation of LASs. First, Figure 14a shows an increased

Figure 14. Experimental results obtained at 500 °C for the throughput (a), selectivity to ethene (b), and selectivity to propene (c) for the MTO
reaction over dealuminated ZSM-5 (green), 1.4% Mg-ZSM-5 (red), 2.4% Ca-ZSM-5 (blue), and 5.2% Sr-ZSM-5 (orange) relative to the parent
ZSM-5 as a function of the adsorption enthalpy of pyridine.25 Results for 8.2% Ba-ZSM-5 are not reported, as this sample showed a conversion
below 5%.
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catalyst lifetime upon modification, though the influence seems
to depend on the strength of the incorporated Lewis acid sites.
These results thus confirm the importance of Lewis acidic
characteristics for increased catalyst lifetimes. Second, LAS
incorporation leads to an increased selectivity toward propene
and decreased selectivity toward ethene. The dealuminated
species does not have an increased propene selectivity, but
instead an increase in the C4 selectivity is found. Nevertheless,
it should be noted that both propene and higher alkenes
production are linked to the alkene cycle. This is not surprising
since the increased selectivity toward C3 and C4 alkenes is
supposed to be ascribed to isolation of BASs by incorporation
of LASs. Indeed the incorporation of alkali-earth metal or EFAl
species gives rise to a reduction of the number of vicinal BASs,
as was discussed in the structural analysis of the metal oxide
clusters in Section 2 of the SI.25 The lowered BAS density was
ascribed to prevent the successive reactions leading to
aromatization and coking.25

Based on the conversion and yield plots given in Figure S37
of the SI, the role of the LAS additive on the catalyst activity,
stability, and selectivity for making propene versus ethene can
now easily be derived. The lifetime of the catalyst is drastically
increased when the material is doped with Ca and Mg. The
selectivity for propene has increased in the alkaline earth metal
modified catalysts compared with their parent ZSM-5_80
zeolite. The selectivity for propene remains constant during the
whole active lifecycle (∼100 h) of the modified Ca-catalyst and
differs substantially from the parent ZSM-5_80 zeolite which
only at the end shows a propene yield of 35%. The other
alkaline-earth metals (Mg and Sr) show a similar behavior to
that of their parent material but shifted to higher values of the
yields of ethene, propene and butene. Based on these data a
clear volcano plot dependency of the catalyst lifetime versus
ratio between BAS and LAS is observed (see Figure S36).
The results presented in this work give evidence that LASs

suppress the reactivity of methylations of HP species, as
demonstrated for benzene, durene, and pseudocumene.
Furthermore, intermediates of the aromatic cycle seem to be
less stabilized in the LAS modified zeolites. This follows from
the protonation enthalpies shown in Figure S31 in the
Supporting Information. A significant destabilization of
carbocationic, cyclic HP species due to the interaction with
any of the neighboring Lewis acid sites is observed, whereas
alkene intermediates are less severely affected. Both the
increase in methylation barriers of the HP species and
decreased stabilization of cyclic carbocations of the aromatic
cycle in the LAS modified zeolites give evidence that the
aromatic cycle is suppressed with the presence of LASs. Svelle
et al.32 showed that ethene formation is mechanistically
separated from the propene formation. The aromatic cycle is
believed to be responsible for ethene formation whereas the
alkene cycle yields propene (Figure 1b). Our theoretical data
are thus in line with the experimental findings on increased
propene selectivity.
The LAS modified zeolites also show an increased lifetime

with respect to their parent material. To date the mechanisms
leading to aromatic growth and coke formation are not fully
unraveled yet. Various coke mechanisms might be active
during methanol conversion.150 Our findings here suggest that
cyclic carbocations of the aromatic cycle are less stable. The
stabilization of the protonated cyclic intermediates will also
decrease their reactivity in further coke formation
routes.25,35,137 Also methylated aromatics are considered as

coke precursors,151,152 which are less easily formed on LAS
modified zeolites due to the increase in methylation barriers of
the aromatics. However, to obtain more mechanistic insight
into the increased lifetime a comprehensive study including all
possible coke aromatics formation routes would have to be
conducted, which is beyond the scope of this work.

4. CONCLUSION
Understanding the influence of catalyst modification on
product selectivity and catalyst lifetime in the methanol-to-
olefins process is of utmost importance in the optimization of
the process toward a flexible propene-on-demand production.
Therefore, we investigated the effect of metal containing
cations in the zeolites on the nature of the active site,
adsorption, and reactivity properties. Both alkaline-earth metal
containing oxides as EFAl species were considered. The latter
are obtained after dealumination.
The structural analysis of the cationic metal oxide clusters in

the zeolite pores showed that introduction of metal oxides
enables a reduction of original BASs, since protonation of the
bridging free oxygen led to a significant stabilization for all
metal oxide species. These extra-framework moieties may be
present as mono-, bi-, and/or trinuclear metal complexes.
From a theoretical point of view, we find that binuclear [M(μ-
OH)2M]2+ species are more stable than mononuclear species.
A structural characterization comprising solid state NMR gave
indirect evidence for the presence of both monomeric and
binuclear species. The acidity characterization of the zeolite
modified structures was systematically performed for both
mono- and binuclear species and led to consistent results for
both types of metal clusters. The newly proposed active sites
were shown to possess well-defined Lewis acid sites. This was
shown via experimental and theoretical IR spectra for the
adsorption of pyridine. An excellent agreement was obtained
between theoretical and experimental IR spectra, which gives
evidence that our model of the modified active site captures
the most important properties and can confidently be used for
further kinetic studies. Furthermore, a blue shift in the IR peak
characteristic for the LAS was found to correlate linearly with
the adsorption enthalpy of pyridine and thus with the Lewis
acid strength of the modified active site. This agreement allows
the position of the LAS IR peak to be related to the strength of
the Lewis acid site, thus creating an experimental tool to check
the Lewis acid strength. For the alkaline-earth metal
modifications studied, the following acidity scale was found:
Mg > Ca > Sr > Ba.
Subsequently, the combined experimental and theoretical

analysis of the reactivity properties of modified active sites
confirmed the importance of Brønsted acid site isolation and
the suppression of the aromatic cycle by the LAS.
Experimentally a higher propene selectivity was observed
which was most pronounced for the alkaline-earth metal
modified zeolites. Furthermore, all LAS modified zeolites show
an increased catalyst lifetime with respect to their parent
material confirming the conclusions made in earlier work.25 All
our findings point toward a suppression of the aromatic cycle,
as methylation barriers of aromatic HP species are substantially
higher on LAS modified zeolites and typical cyclic carbocations
are less well stabilized in the presence of additional LASs. The
influence on the alkene cycle was rather limited. An optimal
combination of catalyst lifetime and propene selectivity was
found for the Mg and Ca modified zeolites. This could be
assigned to a subtle interplay between the influence of the LAS
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on the neighboring BAS and the strength of the LAS itself, as
for Sr and Ba the weaker LAS is not strong enough to influence
the BAS, while for the EFAl species, the strong acidity might
make the LAS too reactive on its own. However, the behavior
of EFAl species might be strongly dependent on the aluminum
positions in the framework. Further investigations are
necessary to elucidate the behavior of EFAl species on the
catalysis. Our theoretical results show that the impact of
mononuclear species is less pronounced on the governing
catalytic reactions of the methanol conversion.
Our findings further support the supramolecular concept of

the MTO catalyst, which may be tailored at the molecular
level. The overall catalyst performance cannot simply be
explained using the properties of the BAS but is rather the
result of an interplay of the intrinsic zeolite properties, organic
compounds, and its proximity to additional LASs. Two
opposing effects should be considered when modifying zeolite
catalysts with Lewis acid sites. Increased acidic strength of the
LAS yields a more pronounced effect on the reactivity of the
neighboring BAS, but the LAS itself may become active for
catalysis too.
Such modifications together with all other options for

tunability such as variability of hydrocarbons, the zeolite
channel’s dimensions, composition, and acidity support the
idea of supramolecular design of the catalyst. It must be
emphasized that previous options for modifications may not be
regarded independently from each other but introduce an
entangled effect on the overall catalyst performance. Design of
such a catalyst toward the desired properties may seem
extremely challenging; however, more advanced spectroscopic
and analysis tools have become available to characterize to a
deeper extent the properties of the catalyst. Specifically, for this
study pyridine adsorption offered an experimental tool to
sample the Lewis acidic strength. The principles of supra-
molecular catalyst design suggested here may be an inspiration
for tuning zeolite catalysts within other application processes.
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