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Introduction

Light olefins are crucial compounds in today’s petrochemical
industry and are traditionally obtained through the refinement
of crude oil. In view of the waning oil reserves, the develop-
ment of new technologies for the production of chemicals and
transportation fuels based on alternative natural sources is
very topical.[1] Of these processes, the zeolite-catalyzed metha-

nol-to-hydrocarbon (MTH) technology is one of the most
promising and several MTH processes have currently been
commercialized.[2, 3] The ability of acid zeolites to convert meth-
anol to hydrocarbons (in the range C2–C10) and water was dis-
covered in 1976.[4] Industrial processes, such as methanol-to-
gasoline and methanol-to-olefin (MTO) conversions, have been
developed since then. Methanol can be obtained from synthe-
sis gas (CO + H2), which can be produced from any gasifiable
carbonaceous species, such as natural gas, coal, biomass, and
waste. The reaction is catalyzed with protonated zeolites or
zeotype materials, and after a kinetic induction period, hydro-
carbons are formed.[2] To date, there is a consensus that the
active site for MTO catalysis consists of a Brønsted acid site to-
gether with an organic reaction center also present in zeolite
pores, which acts as a cocatalyst.[5–7] Thus, the active site has
a hybrid organic–inorganic nature, which leads to an additional
level of complexity in designing the catalyst. Each active site of
the MTO process can be regarded as a well-defined supra-
molecular complex in which an organic component is trapped
in the inorganic host (Scheme 1). This concept was described
in the seminal papers of Haw and co-workers.[5, 6] A thorough
understanding of the interplay between the organic compo-
nent and its host is of utmost importance to obtain molecular

The formation and nature of active sites for methanol conver-
sion over solid acid catalyst materials are studied by using
a unique combined spectroscopic and theoretical approach. A
working catalyst for the methanol-to-olefin conversion has
a hybrid organic–inorganic nature in which a cocatalytic organ-
ic species is trapped in zeolite pores. As a case study, micropo-
rous materials with the chabazite topology, namely, H-SAPO-34
and H-SSZ-13, are considered with trapped (poly)aromatic spe-
cies. First-principle rate calculations on methylation reactions
and in situ UV/Vis spectroscopy measurements are performed.
The theoretical results show that the structure of the organic
compound and zeolite composition determine the methylation
rates: 1) the rate increases by 6 orders of magnitude if more
methyl groups are added on benzenic species, 2) transition
state selectivity occurs for organic species with more than one
aromatic core and bearing more than three methyl groups,

3) methylation rates for H-SSZ-13 are approximately 3 orders of
magnitude higher than on H-SAPO-34 owing to its higher acid-
ity. The formation of (poly)aromatic cationic compounds can
be followed by using in situ UV/Vis spectroscopy because
these species yield characteristic absorption bands in the visi-
ble region of the spectrum. We have monitored the growth of
characteristic peaks and derived activation energies of forma-
tion for various sets of (poly)aromatic compounds trapped in
the zeolite host. The formation–activation barriers deduced by
using UV/Vis microspectroscopy correlate well with the activa-
tion energies for the methylation of the benzenic species and
the lower methylated naphthalenic species. This study shows
that a fundamental insight at the molecular level can be ob-
tained by using a combined in situ spectroscopic and theoreti-
cal approach for a complex catalyst of industrial relevance.
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control on the product distribution.[8] This subtle interplay be-
tween the zeolite cage, Brønsted acid site, and organic reac-
tion center is nowadays referred to as the “hydrocarbon pool
(HP) hypothesis”, which was first proposed by Dahl and
Kolboe[9–11] and later on proved experimentally by Haw and co-
workers.[12]

Dedicated experimental studies have strengthened the con-
cept that the HP species and their activity critically depend on
the composition and topology of the catalyst material.[13–15]

Catalyst and HP species must find an optimal fit to generate
an active material, which is also selective toward the desired
products, such as ethene or propene.[15, 16] To advance in this
field of research, it is essential to gain an insight into the kinet-
ics of individual reactions and to understand how the reactivity
and selectivity depend on the specific HP species. Overall ki-
netic data can easily be measured experimentally; however,
the main challenge consists in relating the obtained informa-
tion with the mechanistic knowledge of elementary reaction
steps as a large number of side reactions occur. Although vari-
ous aspects of the reaction are obtained easily, good compre-
hensive kinetic data on individual reaction steps are
scarce.[17–20]

The formation and activity of various structurally different
organic species trapped in a zeolite environment are assessed
by using a combined experimental and theoretical approach.
We demonstrate for the first that in situ UV/Vis microspectro-
scopy measurements can be used to deduce activation ener-
gies for the formation of organic cationic aromatics, which are
inherently part of the active sites of an MTO catalyst. The stud-
ied organic compounds differ in the number of aromatic units
and hence absorb light at different characteristic wavelengths.
The proposed method relies on measuring the time evolution
of absorption bands in experimental UV/Vis spectra. Within the
area of MTH chemistry, UV/Vis microspectroscopy has princi-
pally been used to study surface adsorption and catalyst deac-
tivation processes.[21, 22] To also deduce mechanistic insight into
individual reaction steps by using the optical absorption data,
first-principle kinetics of elementary reactions of structurally
different HP species have been determined. Recent state-of-
the-art molecular modeling techniques have provided chemical
accuracy for the prediction of reaction barriers and rate con-
stants in zeolite catalysis.[23, 24] The correlation between the the-
oretical reaction rates of individual reactions and the experi-
mental activation energies obtained from UV/Vis spectroscopy
enables the detection of governing reactions for the formation
of cationic intermediates, which are trapped in the zeolite
cage. We show that the correlation between measured data

and individual reaction rates depends strongly on the exact
nature and size of the trapped organic compound.

Active organic compounds within MTO chemistry may be
defined as organic intermediates, which serve as a platform to
which C1 species can bind and from which primary olefins can
dissociate. A range of methylbenzenes and other related cyclic
species were identified as main intermediates for the produc-
tion of olefins in various zeotype catalysts.[5, 6, 25–33] All mechanis-
tic proposals for the production of olefins based on these aro-
matic intermediates start with a series of methylation reactions
at a Brønsted acid site. The mechanism for methylation used
here is the concerted pathway in which a methylating agent
(e.g. , methanol) is protonated and a methyl group is trans-
ferred to a ring carbon atom, which results in the formation of
a cationic HP species (Scheme 2).[34–36] Various experimental ki-

netic data were explained with this proposal.[19, 20, 24, 34–36] How-
ever, some other mechanistic pathways cannot be ruled out
immediately, in particular the stepwise mechanism, in which
surface-bound methoxy groups are formed and for which
some spectroscopic evidence was also found.[34] Yet another
possibility concerns the pathway in which the arene is first
protonated by the Brønsted acid site and then methylated di-
rectly by a neutral methanol molecule.[37] This mechanism is
relevant for the methylation of highly substituted arenes be-
cause these species have high values of proton affinities (PAs).
As the primary interest of this study is to assess qualitative dif-
ferences in the reactivity of various organic substrates, a full
discussion on the prevailing pathway is beyond the scope of
this paper and we refer to the work of Svelle and co-workers
for a complete mechanistic discussion.[34]

After repeated methylations, a gem-methylated Xn + 1
+ spe-

cies starts the so-called “paring” cycle or “side-chain” cycle to
produce olefins.[38, 39] These Xn + 1

+ species give characteristic
peaks in the UV/Vis spectrum, as we will explain later. Some of
them take on an active role in the operation of the supra-
molecular MTO catalyst by providing a platform for olefin elim-
inations, whereas others are rather precursors for coke forma-
tion.[40, 41] As a first criterion to discriminate between active and
passive HP species, the rate of methylation reactions can be
used because these are initiating reaction steps in the olefin-
producing cycles. Various theoretical studies have shown that
methylations are key reaction steps of the process[39, 40, 42, 43] and
that, depending on the topology and organic species to be
methylated, they are also rate determining.[32, 44] In some cases,
other reactions required for olefin formation can also be highly

Scheme 1. View of the hybrid organic–inorganic catalyst for the MTO
process.

Scheme 2. Initiating methylation step for the formation of olefins from Xn, in
which X stands for benzenic, naphthalenic, or phenanthrenic species and n
is the number of methyl substitutions. Z is the zeolite.
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activated; however, methylations remain essential steps in the
overall reaction cycle.[38, 39] For H-SAPO-34, Wang et al. studied
the side-chain mechanism by using periodic DFT calculations
and found that other reaction steps after methylations can be
equally highly activated.[45, 46]

As a case study for the formation and activity of organic spe-
cies trapped in a confined zeolite, we selected the archetypal
MTO catalyst the silicoaluminophosphate H-SAPO-34 and its
aluminosilicate counterpart H-SSZ-13. These materials both
have the chabazite (CHA) topology that features cages that are
interconnected by much smaller windows. The opening of the
cage windows is 3.8 � 3.8 � and spacious elliptic cages of 6.7 �
10.9 � are present (Figure 1 a). Consequently, the cages can ac-
commodate fairly large molecules; however, these cannot mi-
grate from one cage to another and thus the molecules exiting
the catalyst bed are primary MTO products with one to four
carbon atoms.[47, 48] H-SAPO-34 and H-ZSM-5 are currently the
only two zeolite materials used in industrial MTH
processes.[47, 49–51]

The active HP species in CHA topologies have been estab-
lished to be methylated aromatics with a varying number of
methyl groups and with one or two aromatic rings.[25–28, 52] In
this respect, UV/Vis microspectroscopy is an ideally suited
spectroscopic technique because it is highly sensitive to the
presence of charged aromatic compounds and gives rise to

characteristic absorption bands in the visible range. There is
clear experimental evidence from earlier MTO studies that
a cage containing polymethylbenzenes with a higher degree
of methyl substitution becomes more active.[28, 53] Methylnaph-
thalene compounds were found to be three times less
active;[28] however, the effect of the number and precise loca-
tion of methyl groups on their activity is still unclear. HP spe-
cies with yet a higher number of aromatic rings are also
formed but are no longer active and contribute to the aging
of the catalyst.[52] Overall, this process occurs faster in H-SSZ-13
than in H-SAPO-34 owing to its higher acidity.[48, 54] This was
shown in the recent work of Bleken et al. , in which only one
parameter of the catalyst was varied at a time.[48] For the CHA
framework, only the acid strength was varied by studying H-
SAPO-34 and H-SSZ-13 samples with the same density of acid
sites and the same crystal size. The two catalysts behave very
similarly for MTO conversion, with faster deactivation and
lower optimum reaction temperature for H-SSZ-13, which is ex-
pected owing to its higher acid strength. Direct kinetic meas-
urements on such (poly)aromatic species are not possible, be-
cause they cannot be pulsed on CHA-type catalyst beds owing
to diffusion limitations. To date, mechanistic insight into MTO
on H-SAPO-34 has been obtained from isotopic labeling ex-
periments,[11, 26] solid-state NMR studies,[29, 55] and thermal
quenching of the reaction followed by a dissolution/extraction
method to identify the organics trapped in zeolite pores.[25] Li
and co-workers recently succeeded in observing the heptame-
thylbenzium cation in DNL-6, a newly synthesized SAPO-type
molecular sieve with large cavities, under real MTO conversion
conditions.[56] However, owing to the complexity of the mecha-
nism, it remains a great challenge to achieve profound mecha-
nistic insight and to identify governing reaction steps for the
overall process.

Herein, a broad set of structurally different (poly)aromatic
compounds is considered (Figure 1 b). The time evolution of
absorption bands in the UV/Vis spectra is followed in situ
during the exposure of H-SAPO-34 and H-SSZ-13 to a stream
of methanol. For each compound, first-principles kinetic meth-
ylation rates are determined, which enables the correlation of
experimentally determined activation energies with individual
reaction rates for organic species trapped in the confined zeo-
lite environment.

Results and Discussion

First-principles methylation rates

For the broad set of (poly)aromatic compounds introduced in
Figure 1 b, first-principles methylation rates of H-SSZ-13 and H-
SAPO-34 are determined to study the subtle interplay between
the structure of the trapped organic species and the confining
zeolite environment and its effect on the activity toward meth-
ylation. Every catalyst cage containing a trapped organic spe-
cies should thus be regarded as an organic–inorganic catalyst
with its own characteristics.[28, 29] The notation {Xn} is adopted
to emphasize this concept, in which the catalyst is composed
of the organic reaction center Xn—with n methyl substitu-

Figure 1. a) Illustration of the CHA pore with some geometrical characteris-
tics. b) Selected HP species Xn with geometrical characteristics. The green
(filled) and red (empty) circles indicate the methylation positions considered
in this study, that is, methylation at an already- and nonsubstituted aromatic
carbon atom.
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ents—in an inorganic cage with a Brønsted acid site. The activ-
ity of this complex catalyst is dictated by framework topology,
framework composition, acid site strength, size, shape, and
even orientation of the trapped organic compound.[57] Theoret-
ical calculations are clearly advantageous in providing detailed
insight into the effect of each of these factors on the overall
activity toward methylation. The product of the methylation
reaction (Scheme 2) is a cationic (poly)aromatic species, which
gives characteristic peaks in the visible region of the measured
UV/Vis spectra (vide infra). A schematic representation of the
transition state is given in Figure 2. The methyl group is trans-

ferred in a typical SN2 fashion through an umbrella-like inver-
sion, and as a result a cationic Xn + 1

+ compound is formed.[58]

As mentioned in the Introduction, some other mechanistic pro-
posals for the methylation exist. Although a detailed study of
these is beyond the scope of this article, the work of Svelle
et al. provides a complete mechanistic discussion.[34]

The methylation rates at 555 K, activation barriers, and pre-
exponential factors obtained between 500 and 630 K for the
selected HP species are given in Table 1 for both H-SAPO-34
and H-SSZ-13 catalysts. For the series of (poly)methylbenzenes,
methylations at both an unsubstituted and a substituted
carbon atom are considered. The notation Xn,g is used to indi-
cate ipso-methylations leading to a gem-methylated species.

Even without going into detail, it is immediately clear that
the reaction rates vary considerably—by 6 orders of magni-
tude—depending on the specific organic compound in the
zeolite cage. To thoroughly understand the impact of the vari-
ous factors contributing to these overall kinetic results, a series
of additional simulations were undertaken, which allow one to
discriminate between the number of aromatic rings and the
number of methyl substitutions on the organic compound,
zeolite composition, and cage restrictions.

The intrinsic effect of the number of aromatic rings on the
methylation rates was assessed by calculating the Gibbs free

energies for the methylation reactions in the gas phase in
which a protonated methanol was used as the reactant. In the
gas phase, the unscreened CH3OH+ methylating agent is so re-
active that every other effect induced by the (poly)aromatic
substrate is masked. To mimic the electrostatic stabilization
provided by the zeolite catalyst, the system was embedded in
a continuum characterized by a specific dielectric constant by
using an implicit solvent model (in this case water). The free
energies of activation and reaction free energies are shown in
Figure 3 a (results indicated by “without zeolite cage”). During
methylation, the aromaticity is broken and a carbenium ion is
formed. Gibbs free energies of the reaction amount to 0, �30,
and �35 kJ mol�1 for benzene, naphthalene, and phenan-
threne (Ph0b), respectively, and are determined by the degree
to which the positive charge can be delocalized. Without con-
sideration of the zeolite confinement effect, the following reac-
tivity trend is predicted: Ph0b>N0>B0 and Ph0a less reactive
than Ph0b (results indicated with “without zeolite cage” in Fig-
ure 3 a). This sequence is in line with Clar’s p-electron sextet
stability model, which states that the reactivity of polycyclic ar-
omatic hydrocarbons can be deduced by the maximum
number of aromatic sextets that can be drawn for a given
structure.[59]

If the zeolite environment is taken into account, benzene re-
mains the less reactive species, followed by Ph0b and Ph0a and
finally N0 has the lowest free energy of activation (Figure 3 a,
results indicated with “H-SSZ-13”). This set of simulations ena-
bles the assessment of the reactivity of the {X0}H-SSZ-13 supra-
molecular cage toward methylation. Maximum variations in ac-
tivation barriers amount to 30 kJ mol�1, and reaction rates vary
with 2 orders of magnitude (Table 1, rows B0, N0, Ph0a, and
Ph0b).

A second set of simulations is designed to assess the effect
of the number and position of methyl groups on the reactivity
sequence within the {Bn} series. The reaction barriers and reac-

Figure 2. Transition state geometries for the methylation of {B6} and {N4a}
species in H-SAPO-34.

Table 1. Rate constants at 555 K (k), pre-exponential factors (A), and acti-
vation barriers (Ea) for methylation reactions.[a,b]

H-SAPO-34 H-SSZ-13
k555 K

[s�1]
A
[s�1]

Ea

[kJ mol�1]
k555 K

[s�1]
A
[s�1]

Ea

[kJ mol�1]

B0 2.0 � 10�3 2.9 � 1011 150.5 2.5 � 10�1 6.9 � 1012 142.8
B4 1.3 � 100 1.6 � 1012 128.2 6.0 � 102 1.3 � 1012 99.4
B4,g 1.4 � 100 3.6 � 1012 131.8 1.1 � 103 4.2 � 1012 101.6
B5 3.8 � 101 5.4 � 1012 118.5 7.3 � 103 4.9 � 1012 93.8
B5,g 8.3 � 100 1.7 � 1013 130.8 1.9 � 105 1.5 � 1013 84.1
B6,g 8.3 � 102 5.7 � 1012 104.5 6.5 � 105 1.1 � 1013 77.3
N0 3.0 � 10�1 5.3 � 1012 140.8 1.5 � 102 4.3 � 1012 111.0
N3 2.3 � 102 7.3 � 1012 111.6 3.5 � 105 2.5 � 1013 83.5
N4a 1.2 � 100 5.1 � 1012 134.2 3.4 � 103 5.0 � 1012 97.4
N4b – – – 3.9 � 102 1.6 � 1013 112.7
Ph0a 1.8 � 10�1 1.3 � 1013 147.3 7.9 � 101 2.5 � 1013 122.3
Ph0b 9.4 � 10�2 4.3 � 1012 145.1 3.2 � 100 3.3 � 1012 127.5
Ph1 1.9 � 10�1 5.0 � 1012 142.5 9.7 � 100 1.6 � 1012 119.9

[a] The notation Xn,g is used to indicate ipso-methylations leading to
a gem-methylated species; [b] For N4b, no meaningful results could be ob-
tained because methanol was pushed out of the H-SAPO-34 cage during
optimization.
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tion energies at 0 K for all studied Bn species both in H-SSZ-13
(c) and H-SAPO-34 (c) are shown in Figure 3 b, and the
kinetic data are reported in Table 1. The transition state for the
methylation of {B6} is shown in Figure 2 a. Within the {Bn} series,
the barrier decreases systematically with an increasing number
of methyl substitutions and the rate constant increases by ap-
proximately 5 orders of magnitude with highest values for
penta- and hexamethylbenzene in accordance with earlier ex-
perimental results, which designated these species as the most
active HP species within the CHA topology.[28, 53] The HP species

within the {Bn} series are not subject to any transition state se-
lectivity for the studied methylation reactions.[29, 53, 60–62] Current
results within the CHA topology are in stark contrast with the
detected transition state selectivity in the other industrially im-
portant catalyst for MTO, that is, ZSM-5, in which the reaction
barrier increases from four methyl groups owing to limited
space available at the intersections of the straight and sinusoi-
dal channels in the medium-pore MFI topology.[19, 63] We have
also calculated the ipso-methylation rates for some species and
found that ipso-methylations on the higher methylated ben-

Figure 3. a) Free energies of activation DG� and reaction free energies DGr at 298 K for various polyaromatic hydrocarbons with no methyl substituents and
calculated with and without the inclusion of the zeolite molecular environment. b–c) Barrier heights DE0

� and reaction energies DEr including zero-point vi-
brational corrections for the {Bn}, {Nn}, and {Phn} series with varying number of methyl groups. d) Intrinsic reaction rate coefficients k555 K calculated at 555 K for
various methylation reactions. All values are calculated by using B3LYP/DGTZVP-D energies.
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zene species were not faster than normal methylations (cf.
rows B4 and B4,g with rows B5 and B5,g), despite possible addi-
tional stabilization due to hyperconjugation. If the rates of
ipso- and normal methylations are compared, one needs to
compare transition states and corresponding prereactive com-
plexes with similar orientations in the cage. We illustrate this
concept for reactions B4 and B4,g and for B5 and B5,g. For these
reactions, several transition states could be located, which
differ merely by the orientation of the prereactive complex in
the zeolite cage. The results listed in Table 1 refer to the reac-
tion path with similar prereactive complexes of reactions B4

and B4,g as well as reactions B5 and B5,g. Only in this case a com-
parison between normal and ipso-methylations is justified as
we calculate intrinsic reaction rate coefficients. In an alternative
reaction path, the prereactive complexes of normal and ipso-
methylations differ by a rotation of the aromatic compound of
1208 over the axis perpendicular to the aromatic plane. Owing
to this rotation, the prereactive complexes of the studied ipso-
methylations are systematically less stable than those of
normal methylations. An energy diagram for B4 and B4,g in H-
SAPO-34 is depicted in Figure S4 of the Supporting Informa-
tion. The rotated prereactive complex (referred as B4,g’) is
111 kJ mol�1 less stable than the originally considered complex,
and as a result the intrinsic kinetics is slightly less activated
(120.8 kJ mol�1). These results show that aromatic HP species
cannot rotate freely inside the CHA cage and that a careful
analysis of prereactive complexes together with the intrinsic
reaction rates is indispensable to assess the relative impor-
tance of competing reactions. For the {Bn} series for which tran-
sition state selectivity is not important, the reactivity trend is
dictated by the stability of the formed carbenium ions within
the zeolite.[46] A possible method to rationalize these stabilities
is based on gas phase basicities.[33, 64] The calculated PAs of the
formed carbenium ions are given in Table S1. Although a clear
correlation between the PA values and activation barriers is
present, no linear relation can be established because the
degree of confinement within the cage needs to be taken into
account. The reaction energies and activation barriers are sys-
tematically lower within H-SSZ-13 because this material is
more acidic than H-SAPO-34.[41] The difference in acidity was
quantified both experimentally and theoretically by measuring
the shift in OH stretching frequency upon adsorption of
CO.[63, 65] The difference in acidity of both materials is also re-
flected in the calculated deprotonation energies of H-SAPO-34
and H-SSZ-13, which differ by approximately 20 kJ mol�1

(Table S2). The previous set of simulations enables the evalua-
tion of the reactivity of the {Bn}H-SSZ-13/H-SAPO-34 cage toward
methylation. The variations in activation barriers induced by
additional methyl groups positioned on the ring are substan-
tial and amounts to approximately 60 kJ mol�1. These structural
modifications on the organic species outweigh the effect in-
duced by altering the number of aromatic rings. As a result,
the methylation rates vary with at least 6 orders of magnitude
(rows B0, B4, B4,g, B5, B5,g, and B6,g).

A last set of simulations is designed to assess the activity
toward methylation for a supramolecular cage {Xn}, in which
X = N or Ph and the number n of methyl substitutions can vary

from 1 to 4. Thus, the combined effect of multiple aromatic
rings, various methyl substitutions, and the confined environ-
ment on the activity of the organic compound is assessed. The
cage with hexamethylbenzene is the most active and therefore
all new kinetic data are referred to the {B6,g} cage. The results
are plotted in Figure 3 c and d and listed in Table 1. The zeolite
cage {N0} with an unsubstituted naphthalenic species has a rela-
tively high barrier (107 and 137 kJ mol�1 in H-SSZ-13 and H-
SAPO-34, respectively), and this value remains rather stable up
to three methyl substitutions.[40, 41] Interestingly, for a cage with
a naphthalenic compound bearing three methyl substitutions
{N3}, the barrier drops to 79 kJ mol�1 in H-SSZ-13 and
107 kJ mol�1 in H-SAPO-34, which is only slightly higher than
the values for the most reactive HP compound {B6,g}. If four,
five, or six methyl substituents are present, the reaction barri-
ers increase successively, the reactions become more endother-
mic, and the reaction rates decrease, which gives clear evi-
dence for transition state selectivity for the more substituted
naphthalenic species. The steric constraints imposed by the
CHA cage are also visible from the 3 D figure of the optimized
transition state for compound N4 a (Figure 2 b). The reaction
rates show similar trends and vary with approximately 5 orders
of magnitude (Figure 3 d). The variations in the pre-exponential
factors are rather modest and the reactivity sequence is dictat-
ed by activation barriers. From acid digestion experiments on
an H-SAPO-34 catalyst, it was observed that naphthalene rings
never contain more than four methyl groups; it was however
impossible to deduce the activity in terms of the precise loca-
tion of methyl groups.[5, 6, 28] Our results show that a cage with
an N4 species with all four methyl groups on one ring is less re-
active and subject to severe steric constraints and does not
behave as a confined tetramethylbenzyl species. However, the
trapped N3 species with the methyl groups equally distributed
among two rings is as reactive as the trapped B6 species. Phen-
anthrene-type species have methylation rates at least 1 order
of magnitude smaller (Figure 3 d). These species do not oper-
ate as active centers for the MTO process. This was confirmed
by 13C scrambling experiments, in which labeled methanol was
fed. Labeled carbon atoms scrambled substantially into di-, tri-,
and tetra-methylnaphthalene rings, whereas phenanthrene
and pyrene did not scramble at all.[28] This set of simulations
point clearly toward the transition state selectivity of some
substituted naphthalenic compounds, although the lower me-
thylated naphthalenic compounds can be as reactive as the
most active organic species, that is, hexamethylbenzene.

Activation energies of formation from in situ spectroscopy

To correlate the theoretical observations on the activity toward
methylation with experimental data, we used in situ UV/Vis mi-
crospectroscopy under realistic working conditions for the cat-
alyst materials under study. A new analysis method is pro-
posed here to deduce activation energies of the formation of
the crucial cationic HP intermediates (Xn + 1

+ species), which
give rise to characteristic absorption bands in the optical spec-
tra. H-SAPO-34 (58 � 58 � 58 mm) and H-SSZ-13 (40 � 40 � 40 mm)
zeolite crystals are placed on the heating stage of an in situ
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Figure 4. a–b) Optical microphotographs taken at a 2 mm spot in the center of the crystals, c–d) selection of time-resolved in situ UV/Vis spectra, e–f) time de-
velopment of the Gaussian functions taken during the MTO reaction at 553 K. g–h) Arrhenius plots derived from the temporal evolution of various absorption
bands in the temperature range 500–600 K with indication of the slope.
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cell and exposed to a stream of methanol vapor in the reaction
temperature range of 500–600 K. Optical microphotographs
taken during the MTO reaction at 553 K on H-SAPO-34 and H-
SSZ-13 are shown in Figure 4 a and b. For H-SAPO-34, a strong
yellow coloration is observed along the edges of the crystal,
with maximal color intensity around 500 s. Subsequently, the
sample becomes more translucent, an effect that depends on
the reaction temperature.[21] Some authors have reported pre-
viously that for H-SAPO-34, no blackening is observed in the
analysis of optical microphotographs, which indicates that the
coke is formed predominantly inside zeolite pores.[21] For H-
SSZ-13, the growth of absorption bands proceeds substantially
faster, as indicated by the time intervals in Figure 4 b. At 553 K,
the growth of a strong absorption band at 400 nm is visible
clearly, which indicates the presence of highly methylated ben-
zenium cations (Figure 4 c and d).[21, 22, 66] With time on stream,
a second absorption band appears at 480 nm, and later,
a weak and broad absorption band grows at higher wave-
lengths around 580 nm, which is evident in the case of the
more acidic H-SSZ-13 material at particular temperatures. In
Figure S2, the in situ UV/Vis profiles are given for methanol re-
action at 553 K with longer reaction time, whereas in Figure S3,
the results of methanol reaction at 528 K are shown. Both tem-
perature and catalyst composition affect the behavior of the
spectra in a subtle manner. These subtle balances have also
been studied by Bleken et al. at slightly different conditions.[48]

Also, Mores et al. found a subtle effect of temperature on the
absorbance spectra for H-ZSM-5 crystals with different Brønst-
ed acidities.[22] The detailed effect on the process temperatures
clearly needs further investigation. The large variety of carbo-
naceous species during the MTO reaction is reflected by over-
lapping absorption bands, and more quantitative insight can
be obtained from the deconvolution of these optical spectra.
Four Gaussian bands—with band maxima approximately at
400, 450, 505, and 580 nm—are necessary to reconstruct the
experimental UV/Vis spectra, whereas a wide absorption band
with a maximum at 700 nm is used to correct the baseline and
a band at 670 nm has a very small contribution to the overall
shape of the spectra. The band position and width of the
Gaussian functions are summarized in Table 2. A representative
set of deconvoluted spectra is shown in Figure 5, and the
same set of Gaussian bands was chosen for all H-SAPO-34 and
H-SSZ-13 spectra to guarantee a systematic analysis. Notably,
some spectra were rather challenging to fit and a maximum
shift of 4 nm was allowed, which is similar to previous work in-
volving H-ZSM-5.[22]

For each band, the evolution of the maximal absorbance as
a function of time was monitored at different temperatures.
The rapidly increasing regions in the absorbance (A) versus
time (t) curves (see Figure 4 e and f) that follow first-order ki-
netics were selected and fitted to the equation ln (Amax�A) =

ln Amax�kt. We thus corrected for an induction period at the
beginning and for the occurrence of secondary reactions near
the end of the process; the regions between 0.2 Amax and
0.5 Amax for H-SAPO-34 and between 0.3 Amax and 0.7 Amax for H-
SSZ-13 were used. The time interval (Dt) of the first-order reac-
tion region is then used to determine an absorption rate con-

stant kabs (kabs = 5/Dt, in which the time interval is expressed in
units of 5 s), and ln (kabs) as a function of 1/T is depicted in Fig-
ure 4 g and h. The slope of these Arrhenius curves is denoted
as the activation energy of formation of the charged (poly)aro-
matic species responsible for the increase of the absorption
band in the UV/Vis spectra. By using this method, the activa-
tion energy for the growth of the 400 nm band was deter-
mined to be 98 and 81 kJ mol�1 for H-SAPO-34 and H-SSZ-13,
respectively (Figure 4 g and h). The obtained accuracy of the

Table 2. Summary of the Gaussian functions used for deconvolution of
the in situ UV/Vis spectra of H-SAPO-34 and H-SSZ-13 crystals.

Gaussian bands[a] [nm]

H-SAPO-34 403 (31) 448 (42) 505 (46) 580 (50) 670 (65) 700 (800)
H-SSZ-13 400 (31) 448 (45) 505 (48) 575 (60) 665 (65) 700 (800)

[a] Band positions (widths in parentheses).

Figure 5. Illustration of the deconvolution method applied to the UV/Vis
spectra after a) 450 (for H-SAPO-34) and b) 225 (for H-SSZ-13) s of the MTO
reaction at 553 K.
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derived formation activation energies is validated for the
400 nm band of H-SAPO-34 (see the Supporting Information)
and approximates 10 kJ mol�1, which is similar to the accuracy
of the theoretical predictions.

These values cannot straightforwardly be assigned to activa-
tion energies of one particular reaction because of the com-
plexity of the methanol conversion mechanism. However, if
methylation reactions are rate-determining steps for the forma-
tion of (poly)aromatic cations, a strong correlation is expected
between the theoretical rates of methylation and the experi-
mentally derived activation barriers for the growth of absorp-
tion bands.

To explore such a correlation, it is important to assess which
structurally different HP species contribute to various UV/Vis
absorption bands. By using time-dependent DFT calculations,
we determined for each cationic HP species (Xn + 1

+) the vertical
electronic excitation energy, which enabled the construction of
the assignment scale given in Figure 6 (Table S3). Thus, higher
methylated benzenium ions, such as B6

+ and B7
+ species, con-

tribute to the 400 nm absorption band. There is a good corre-
lation between the theoretical methylation activation energies
of {B6} (e.g. , 105 and 77 kJ mol�1 in H-SAPO-34 and H-SSZ-13,
respectively, in Table 1) and the experimental formation activa-
tion energies of the 400 nm absorption band. Furthermore,
both theoretical and experimental activation energies predict
a difference of approximately 20–30 kJ mol�1 between H-SAPO-
34 and H-SSZ-13. This confirms that methylation reactions are
the governing reaction steps in the formation process of the
cationic highly methylated benzenic compounds, which
absorb around 400 nm. The formation activation energies of
the 450 nm band were experimentally determined to be 99
and 77 kJ mol�1 for H-SAPO-34 and H-SSZ-13, respectively, and
are quite similar to the values for the 400 nm absorption band
(Figure 4 g and h). According to the theoretically determined
assignment scale, cationic naphthalenic compounds containing

up to four methyl groups contribute to this absorption band
(computed excitation energies around 470 nm) whereas the
higher methylated ones predominantly absorb light at sub-
stantially higher wavelengths around 550 nm. Theoretically,
some of the lower methylated naphthalenic species (Table 1,
reaction N3) are as reactive as the benzenic ones, whereas
higher methylated species demonstrate higher activation ener-
gies for methylations. For the higher absorption bands (i.e. ,
505 and 580 nm), the temporal evolution of the bands is hard
to monitor because their growth is limited. Therefore, no relia-
ble formation–activation barriers can be derived for these
bands and the link with the theoretical methylation barriers
cannot be made. Methylation reactions are thus not rate-deter-
mining steps for the growth of larger coke precursors.

Conclusions

We have applied a combined spectroscopic and theoretical ap-
proach to obtain insight into the formation and nature of
active sites and related intermediates for the conversion of
methanol over solid acid catalyst materials. The catalyst at
hand has a hybrid organic–inorganic nature in which confined
organic compounds, Brønsted acid site, and the inorganic zeo-
lite cage are entangled in a subtle manner. The formation and
activity of structurally different organic compounds have been
monitored by using a unique approach relying on first-princi-
ple calculations on elementary reactions, which are rate deter-
mining in the overall reaction cycle on one hand and in situ
UV/Vis microspectroscopy while exposing the catalyst samples
to a stream of methanol on the other. In our study, zeotype
materials with the CHA topology are taken as a case study for
the confined host environment and various (poly)aromatic
compounds represent trapped cocatalytic species. The organic
compounds provide a platform to which C1 species can bind
and from which product hydrocarbon species can dissociate.

Methylation reactions can be re-
garded as essential reaction
steps in the overall catalytic
cycle. Therefore, first-principle
methylation rates have been
determined, which show that
the activity toward methylation
critically depends on the struc-
ture of the organic compound,
the cage restrictions, and the
catalyst composition. Rates at
actual working temperatures
vary by at least 6 orders of mag-
nitude, which provides solid evi-
dence for the subtle interplay of
various components constitut-
ing the catalyst material. If
steric constraints are less impor-
tant as in the benzene series,
the largest effect on the reac-
tion rate is induced by the
number of methyl groups on

Figure 6. First time-dependent DFT excitation energies (in nm) of the gas phase charged HP compounds calculat-
ed at the B3LYP/DGTZVP level of theory (see also Table S3).
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the aromatic core, which leads to 6 orders of magnitude accel-
eration in the reaction rate. For organic compounds bearing
more aromatic rings, transition state selectivity was observed
from four methyl groups, which results in methylation rates
that are substantially lower than those of the most active com-
pounds. The number of methyl groups governs not only the
reaction rate but also their precise location among the aromat-
ic rings. As expected, the effect of the zeolite composition is
also visible in the overall reaction rates, which are about
3 orders faster in H-SSZ-13 than in H-SAPO-34.

In addition to assessing the activity toward methylation by
using theoretical simulations, we followed the formation of the
cationic (poly)aromatic species by using in situ UV/Vis micro-
spectroscopy because they give characteristic peaks in the visi-
ble region of the spectrum. A correlation could be established
between the methylation activation barriers for the most
active species and the formation–activation barriers deduced
by using UV/Vis microspectroscopy. In particular, benzenic and
lower methylated naphthalenic compounds were established
as the most active compounds toward methylation, and the
formation of these species can be linked with the growth of
absorption bands at 400 and 450 nm. The larger compounds
bearing more aromatic units behave as coke precursors rather
than active compounds in the MTO chemistry. The study pres-
ents a novel approach to obtain fundamental insight into the
functioning of a complex catalyst material of high economic
interest.

Computational Methods

For various key reactions in the MTO process, the effect of topolo-
gy on the chemical kinetics was unambiguously proven to be of
utmost importance both experimentally and theoretically.[14, 42, 57]

Various methodologies can be theoretically adopted to account for
the material’s topology. One possibility is the use of periodic calcu-
lations in which one or several unit cells are included explicitly in
the computational model.[23, 45, 46] Sauer and co-workers showed
that enthalpy barriers for individual reactions in heterogeneous
catalysis could be calculated with near chemical accuracy by using
a computationally expensive method.[23] Although this work can be
considered as a landmark study, the methodology is computation-
ally too demanding to be routinely used in a large set of individual
reaction steps. Here, we adopted a large cluster approach for
which we showed that it could provide chemical kinetics with very
high accuracy and which is computationally attractive.[24] All calcu-
lations were performed on a 44T finite zeolite cluster cutout of the
CHA crystallographic structure of H-SAPO-34 and H-SSZ-13.[42, 67, 68]

From a computational technical point of view, the location of tran-
sition states and interpretation of normal modes are substantially
simpler in a cluster model than in a periodic approach.[69, 70] Start-
ing structures of 44T clusters were constructed with Zeobuilder,[71]

and optimizations were performed at the ONIOM(B3LYP/
DGTZVP:MNDO) level with the Gaussian 03 package.[72] The high
DFT level was used for an embedded 6T cluster—constructed sym-
metrically around the acidic proton—and the organic guest mole-
cules. For related reactions, interesting complementary benchmark
studies are available in the literature, making use of other contem-
porary methods.[73–75] A representation of the 44T cluster model has
been depicted in Figure S1. The outer hydrogen atoms were con-
strained to prevent unphysical deformations of the cluster during

the geometry optimization. Frequency calculations were performed
by using a partial Hessian vibrational analysis.[76, 77] Energy refine-
ments were performed by using the B3LYP/DGTZVP-D level, which
included dispersion interaction corrections.[78] The rate coefficients
were determined by using unimolecular transition state theory be-
cause it is assumed that the considered aromatics are unable to
leave the CHA cages and the methanol molecules are abundant in
the catalyst. By using this approach, the intrinsic kinetic parame-
ters, that is, activation energy and preexponential factor, are ob-
tained.[24, 79] The in-house-developed code TAMKIN was used for the
kinetic analysis.[80] Electronic excitations of the gas phase HP spe-
cies were computed with time-dependent DFT[81–85] at the B3LYP/
DGTZVP level of theory by using B3LYP/DGTZVP-optimized geome-
tries. Computed excitation energies are reported in wavelength
units (nm) to allow a clear comparison with the experimental data.

Experimental Section

The as-synthesized H-SAPO-34 and H-SSZ-13 crystals under study
had crystal sizes of 58 � 58 � 58 and 40 � 40 � 40 mm, respectively.
Their synthesis method is reported elsewhere.[86–88] The (Al + P)/Si
and Si/Al ratios were 4.9 and 17.7, respectively. Herein large size
crystals were used, which is warranted because the chemistry is
very similar to that of real zeolites, but much better controlled.[89, 90]

The importance of framework defects on the structure–activity re-
lationship for MTH chemistry and the desilication process was
studied for ZSM-5 zeolites.[91–93] Barbera et al. pointed toward the
crucial role of internal silanol groups in the deactivation behavior
of the catalyst materials whereas the activity typically depends on
the acid site density.[91]

The crystals were heated on the heating stage of an in situ cell
(Linkam FTIR600) equipped with a temperature controller (Linkam
TMS 93). The calcined crystals were first heated to 673 K at
15 K min�1, then to 823 K at 5 K min�1, at which temperature they
were kept for 1 h under an N2 atmosphere. Subsequently, the tem-
perature was brought to the required reaction temperature at the
rate of 15 K min�1 after which the N2 flow was introduced to
a methanol solution, thereby acting as carrier gas. The UV/Vis mi-
crospectroscopy measurements were performed by using an Olym-
pus BX41 upright microscope with a 50 � 0.5 NA high working dis-
tance microscope objective lens. A 75 W tungsten lamp was used
for illumination. In addition, the microscope had a 50/50 double
viewpoint tube, which accommodated a charge-coupled device
video camera (ColorView IIIu, Soft Imaging System GmbH) and an
optical fiber mount. A 200 mm core fiber connected the micro-
scope to a charge-coupled device UV/Vis spectrometer (AvaSpec-
2048TEC, Avantes BV).
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