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Abstract

Zeolites with Brønsted acid and cation-exchanged sites are extremely effective single-site heterogeneous catalysts and are
routinely employed in various industrially important processes such as MTH and SCR. However it is now generally
accepted that these sites of catalytic activity are not necessarily statically fixed to the zeolite architecture, but are more
dynamic in nature and can mobilize within the pores & cages of the respective zeolites at operando conditions. Herein, an
overview of the state of understanding of the mobility of (i) protons in pristine BAS-zeolites, (ii) aluminum ions in the
process of framework decomposition, and (iii) metal sites in TM-exchanged zeolites is presented. In turn, the state of play
of computationally probing active-site mobility will then be discussed, whereby enhanced sampling techniques is
highlighted in particular as an emerging and promising method for probing active site mobility. Finally, a selection of case
studies are highlighted, in which enhanced sampling techniques were employed to elucidate the mobility of catalytic sites
in zeolites.

6.08.1 Introduction

Over the last decades, zeolites have become the workhorse for acid-catalyzed transformations in the chemical industry with appli-
cations in (hydro)cracking, methane reforming, methanol-to-hydrocarbons (MTH), NOx reduction, biomass upgrading, etc.1–5

Owing to their large surface area and characteristic porous network which exhibits a unique type of shape selectivity, zeolites
compose a versatile class of materials for catalyzing chemical transformations which would otherwise be too highly activated to
be feasible. Archetypical zeolites are crystalline microporous aluminosilicate frameworks built up by SiO4 or AlO4 tetrahedra.
The incorporation of trivalent Al3þ as substituent for the tetravalent Si4þ ions in the framework results in the creation of catalytically
active sites in the framework, shown in Fig. 1.2 The overall negative charge on the framework can be compensated by the incorpo-
ration of cationic species. If protons (Hþ) are introduced as charge-compensating cations, strong Brønsted acid sites (BAS) are
formed as bridging hydroxyl groups. Alternatively, charge balancing can be accomplished by other cationic species such as metallic
cations or (transition) metal complexes, giving rise to redox sites or Lewis acid sites (LAS). Albeit less common, lattice modifications
through isomorphous substitution of framework Si sites by other trivalent (B3þ,Fe3þ,Ga3þ, .) or tetravalent (Sn4þ,Ti4þ, Zr4þ, .)
heteroatoms also lead to the introduction of Brønsted and Lewis acid sites respectively in the catalyst. Finally, depending on the
specific conditions during the zeolite synthesis and hydrothermal treatment, these heteroatoms and bridging hydroxyl groups
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can to some extent be extracted from the framework, leading to the formation of LASs in the form of extra-framework species like
extra-framework aluminum (EFAl).6–9

Tailoring the catalytic function of the formed Bronsted and Lewis acid sites is a critical factor in achieving zeolite catalysts with
a high activity.10,11 While the activity of BASs stems from the (partial) proton transfer to basic guest molecules, LASs are characterized
by a vacant orbital of themetal complex which can coordinate with electron-rich groups of the guest species. The catalytic behavior of
the zeolite catalyst is often not solely determined by intrinsic reaction rates, but also by diffusion phenomena as well as the location,
density and strength of the acid sites.12–15 The latter are key characteristics influencing the activity and selectivity of the catalyst which
can be tuned by altering the type of the charge-compensating cations and their locations in the framework. Recently, dedicated studies
showed progress towards controlling the targeted acid site distribution in the zeolite micropores.16–19 Computational modeling has
become ubiquitous for obtaining insight into the nature of the active sites and their interaction with crucial reaction intermediates
and products. The ultimate goal is to unravel the catalytic mechanism and reactivity of the zeolite catalyst, which may eventually
lead to dedicated control of the product selectivity and mitigating catalyst deactivation.

One of the main challenges in modeling catalytic processes on heterogeneous nanoporous catalysts is to accurately describe the
interactions of adsorbates with the catalytically active sites at operating conditions. The state and the function of the catalytic mate-
rial is critically dependent on the external conditions such as temperature, pressure, acidity, presence of moisture, . Specifically,
zeolites were long believed to behave as rather static materials with a well-defined pore topology and a very stable lattice consisting
of relatively strong SieO and AleO bonds. However, recent awareness has grown that the catalytic function may dynamically reor-
ganize upon exposing the material to varying external process conditions.10,20–23 In this sense, the active sites do not remain unal-
tered at fixed framework positions but can instead evolve in the course of the reaction. Depending on several factors such as the
synthesis conditions, reaction temperature and presence of guest species, the active sites can actually detach from the framework
and transform into mobile sites inside the catalyst micropores. For example, the intrinsic mobility of Brønsted acid protons,
a phenomenon labeled proton hopping, is a function of the local structure and composition of the zeolite as well as the temper-
ature.24–26 At low temperature, liberated protons tend to jump solely between the four framework oxygens adjacent to the Al substi-
tution, while at high temperature, protons may travel further to nearby framework positions.27 The presence of protic molecules like
ammonia, water or methanol around the BAS is also known to induce proton mobility by formation of ion-paired hydronium or
methanol clusters.28–34 Furthermore, even unsaturated apolar hydrocarbons such as alkenes or aromatics might readily deprotonate
the framework, facilitating proton transfer through the formation of carbocation intermediates.35–37

Lewis acid sites are characterized by their dynamic nature as well due to the existence of both framework-bound complexes and
extra-framework complexes detached from the lattice.38–42 Framework-modified zeolites may thus contain a heterogeneous distri-
bution of active sites in the micropores, ranging from isolated cationic species over mono- or binuclear metal-oxo complexes to
metal oxide nanoclusters and the nature of these sites can be significantly affected by the specific reaction conditions.11 Interestingly,
the nature and stability of the catalytically active sites is sensitive to the zeolite topology and chemical composition, i.e., the distri-
bution and/or proximity of the Al substituents in the framework.39 Accurate zeolite models capable of capturing this complex active
site behavior are therefore essential to understand and predict the outcome of relevant catalytic processes. To achieve this goal,
a close synergy between theoretical simulations and experimental characterization to identify the precise nature of the active sites
is indispensable.43

Assessing the precise location and dynamic behavior of the active sites is a topical subject in zeolite catalysis. Fundamental
insight into catalytic materials is only possible by a strong connection of theoretical and experimental data. In this context, the

Fig. 1 Schematic representation of the steps occurring in acid zeolite catalyzed reaction. The active sites: (A) Brønsted acid sites (BAS), (B)
framework-bound Lewis acid sites (LAS) and (C) mobilized LAS, can dynamically change by interacting with the reacting species, as highlighted by
the different colors.
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recent developments of in situ and operando spectroscopy techniques to map the function of the material with high spatial and
temporal resolution at operating conditions is very promising.44,45 In this article, we will demonstrate how theoretical models
can aid in characterizing the active site mobility in acid zeolite catalysts and gaining a proper atomic level understanding on the
interactions of guest molecules with the active sites. First, the state-of-the-art on the role of the different active sites in zeolite catal-
ysis, i.e., Brønsted acid sites, (partially) hydrolyzed Al sites and transition metal-exchanged sites, will be introduced. A clear connec-
tion to both experimental and theoretical methods is given to identify the dynamic evolution of active sites at operating conditions.
Subsequently, various computational methodologies to account for the operando and in situ catalytic conditions will be briefly
reviewed. Finally, four case studies will be discussed demonstrating the value of operando modeling tools in characterizing the
nature of the active sites. The first case study describes the Brønsted acid proton mobility in the context of methanol-to-hydrocar-
bons (MTH) conversion and ethanol dehydration. The second case study is devoted to Nickel active sites in ethylene oligomeriza-
tion. The third and fourth example concern the investigation of H-SSZ-13 and Cu exchanged zeolites respectively for the selective
catalytic reduction (SCR) of NOx. Each case study highlights how the acid function in zeolites can typically not be considered as
a static site on the lattice but will rather change dynamically depending on the complexity of the operating environment and process
conditions. Capturing this behavior correctly is a prerequisite in order to predict the catalytic properties and design catalysts with
improved selectivities as well as enhanced lifetimes.

6.08.2 Experimental and theoretical evidence for active site mobility in zeolites

6.08.2.1 Proton mobility in Brønsted-acidic zeolites

If the charge compensation of the zeolite framework occurs through incorporation of a proton, bound to a bridging Si-O-Al oxygen
atom, Brønsted acid sites (BAS) are formed. Despite its apparent simplicity, the BAS already possesses dynamic behavior that can
significantly affect its catalytic properties. Herein, a survey of evidences collected for BAS mobility is presented for two situations of
increasing complexity, namely protonmobility in the pristine zeolite framework (Fig. 2A) and protonmobility induced by the pres-
ence of adsorbed protic guest molecules (Fig. 2B and C).

6.08.2.1.1 BAS mobility in the pristine zeolite framework
In zeolites or zeotype materials, the BAS is commonly depicted as a static moiety, strongly anchored to a framework oxygen and
dissociation is only considered upon active participation of the proton in the reaction under investigation, for instance by proton-
ating an organic substrate. Proton transfer and exchange is indeed a key initial step in multiple important industrial processes, like
aromatic electrophilic substitution46 and alkene cracking.36,37 The static description of the BAS is, however, contradicted by exper-
imental observations above a certain temperature. 1H solid state Magic-Angle-Spin Nuclear Magnetic Resonance (MAS NMR) repre-
sents one of the major techniques to investigate the nature of protons in zeolites.47 Measurements conducted on various zeolites
have proven that, above a temperature of �400 K, the BAS is no longer localized on a specific site but rather hops between the 4 Al-
bound oxygen atoms (Fig. 2A).48–55 Despite a general agreement on the temperature induced free proton hopping, the barriers ob-
tained for this process are seldom in agreement (Table 1).49–51 In H-ZSM-5, for instance, barriers ranging between 11 and
45 kJ mol�1 have been reported. For the first value, the variation in the BAS signal width with temperature was considered and
it has then later been suggested that partial overlap with a broad peak at higher ppmdinitially not visible because of technical lim-
itationsdcould be responsible for the values discrepancy (vide infra and Fig. 3) but a definitive conclusion is, to the best of our
knowledge, not yet reported.62

Proton hopping can also be investigated using InfraRed (IR) spectroscopy,56,63 with the advantage that even higher temperatures
can be reached with respect to NMR. The decrease in intensity of the O-H stretching mode peak with increasing temperature is nor-
mally monitored. Such decrease has been attributed to the dissociation of the OeH bond, consistent with proton hopping. By
deducing the equilibrium constant of the hopping from the integrated intensity at various temperatures, Osuga et al.56 were
able to use the Van’t Hoff equation to retrieve the activation energy of the process. Surprisingly, they found two different temper-
ature regions with two different activation energies: for medium-high temperatures (398–548 K, 37–28 kJ mol�1 in H-ZSM-5) they
attribute the decrease in intensity to a localized hopping on the first coordination sphere around the Al defect, while at higher

Fig. 2 Schematic depiction of the BAS mobilization in the framework in different circumstances. (A) Proton hopping in the pristine framework at
high temperatures. (B) Proton hopping mediated by an adsorbed protic molecule (methanol for example). (C) Fully solvated BAS at low temperature.
Color code: H white, C gray, O red, Si yellow and Al purple.
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temperatures (573–773 K, 23–22 kJ mol�1) they invoked a more delocalized hopping, in which the proton can almost freely move
in the zeolite pores (Fig. 2A). Such an inter site hopping has also been previously proposed based on impedance spectroscopy exper-
iments,57,58 in which higher activation energies were however found (89–126 kJ mol�1, decreasing with decreasing Si/Al ratio).

Static calculations64 provided even higher barriers for the inter Al proton hopping with similar Si/Al ratio as the impedance spec-
troscopy, although the correlation with the Si/Al ratio wasmaintained (>200 kJ mol�1). This disagreement between computational
and experimental proton hopping barriers is quite general in the available literature. Many computational investigations of proton
hopping around the first coordination sphere of Al have been performed with static methodologies, both on cluster59,65,66 and peri-
odic60,61,64,67 models. It was found that the activation energy strongly depends on the two specific oxygens involved in the hopping.
As an example, Sierka & Sauer61 reported zero-point corrected barriers for proton hopping in a fully periodic H-SSZ-13 model
varying between 58 and 97 kJ mol�1, as a function of the considered O atoms (B3LYP/T(O)DZP). Again, the computed activation
energies are significantly higher than the experimentally measured ones (Table 1). As the adsorption of protic molecules on the BAS
has been proposed to significantly reduce the hopping barriers (vide infra), it has been proposed that the lower experimental values

Table 1 Apparent activation energies for the proton hopping in various
zeolite frameworks, with different Si/Al ratios and different
methodologies, as extracted from the available literature.

Zeolite Si/Al Methodology Eapp
act (kJ mol�1) References

H-ZSM-5 21 1H NMRa 11 49
38 1H NMRb 45 50
12–53 1H NMRa 17–20 51
35–90 IR (37–28)-(23�22)c 56
15–500 Impedance spectroscopy 89–126 57,58
– DFT (cluster) 117 59
– QM-pot 52–98 60

H-MOR 7 1H NMRb 54 50
39 IR 23–24c 56
53 1H NMRa 28 52

H-Y 1.2–2.6 1H NMR 21–42 48
3 1H NMRb 61 50
3 1H NMRa 50 55
– QM-pot 68–106 60

H-SSZ-13 39 IR 23–18c 56
11 QM-pot 58–97 61
11 QM-pot 70–102 60

aBased on the linewidth of isotropic resonance.
bBased on the intensity loss of spin sidebands with temperature.
cDifferent values for low (398–548 K) and high (573–773 K) temperatures, respectively.

Fig. 3 1H MAS NMR spectrum of the H-ZSM-5 zeolite (Si/Al ¼ 15). The inset shows a magnification of the 10–17 ppm region. The most common
attributions for each peak are shown. Adapted with permission from Chen, K.; Abdolrahmani, M.; Horstmeier, S.; Pham, T.N.; Nguyen, V.T.; Zeets,
M.; Wang, B.; Crossley, S.; White, J.L., Brønsted–Brønsted Synergies Between Framework and Noncrystalline Protons in Zeolite H-ZSM-5. ACS Catal.

2019, 9(7), 6124–6136. Copyright 2019, American Chemical Society.
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could be justified by the presence of residual amounts of water in the catalyst. A broad band centered at�6 ppm, observed in the 1H
NMR spectrum of H-ZSM-5 (Fig. 3), was indeed later attributed to residual adsorbed water sticking to the framework even after high
temperature drying,62 despite previous reports providing different interpretations.68–72 In more recent investigations, however, new
evidences have suggested that such band would be produced by ExtraFramework ALuminum species (EFAL), as discussed more in
detail in Section 6.08.2.2,73 or by BAS involved in H-bonds with framework oxygens.74

6.08.2.1.2 Protic molecules mediated hopping and solvation of the BAS
Protic molecules adsorbed on the BAS canmediate proton hopping between (adjacent) oxygen atoms, with a reduced barrier caused
by the less tensioned transition state (Fig. 2B).59,75 The adsorption of a single water molecule on the BAS is related to the formation
of a strong hydrogen bond. 76,77 Despite the BAS remaining bound to the framework, the hopping barrier around the Al is reduced
from 117 to 17 kJ mol�1 in H-ZSM-5, according to Ryder et al.59 Due to the high acidity of the BAS, not only typical amphoteric
molecules (such as water and alcohols) can facilitate the hopping, but also aromatics78,79, alkenes and even alkanes.80,81 While
a single protic molecule adsorbed on the BAS can easily exchange protons, multiple sufficiently basic adsorbates (depending on
the acidity of the zeotype material under study) can completely abstract it from the framework, forming positively charged clusters
(Fig. 2C). Being the most studied protic molecule in zeolites, this section focuses on the computational and experimental evidence
concerning the water solvation of protons in zeolites. Such behavior is, of course, more general and applies also to other interesting
protic molecules, such as methanol. In Section 6.08.3.2.1, more details will be provided on how advance sampling techniques have
played a key role in elucidating how the cooperative action of methanol molecules influences some key steps in the MTH
process.82,83

The adsorption of water in zeolites provides a further degree of complexity to the catalyst. As shown by theoretical calculations in
H-SSZ-1384 and Al K-edge X-ray Adsorption Near Edge Structure (XANES) of H-ZSM-5,30 about 50% of the protons is still solvated
at water loadings as low as 1 water molecule per BAS. This clearly points towards a heterogenous distribution of the water molecules
in the zeolite, that prefer to aggregate in cluster of 2–3 molecule while leaving some BAS dehydrated instead of homogenously
adsorb over all active sites. This is caused by the large energy gain caused by proton solvation when a sufficiently large cluster of
water molecules is interacting with the BAS. Addition of two water molecules on the BAS causes the proton to easily shuttle between
the zeolite and the water cluster. Metadynamics was used to quantify the barrier of the process, that was found to be in the order of
kBT at 330 K.85 Once three or more molecules are adsorbed on the BAS, the proton gets solvated as hydronium ion and the abstrac-
tion from the framework becomes fundamentally complete. This behavior is very common for all zeolite and zeotype materials with
strong BAS and has received widespread support from inelastic neutron scattering86 and diffraction,28 1H NMR,87 IR spectros-
copy28,88 and many theoretical works employing MD simulations, starting from the late 1990s.29,83,84,89–92

Upon further increasing the amount of adsorbed water, the size of the protonated clusters can grow up to 7–8 water molecules
before condensation is observed (in H-ZSM-5, independently on the Si/Al ratio, see Fig. 4).93,94 Such clusters retain a structure that
is mostly similar to gas-phase instead of solvated hydronium ions in pure liquid water.30 After this point, the enthalpy of adsorption
of water converges to the heat of condensation94 and liquid water starts to condensate in the channels of the zeolite. This was also
shown by an investigation of proton mobility with IR spectroscopy, monitoring the H/D exchange rate in the catalyst. The enthalpy
variation associated with proton mobility decreases with increasing water content, which was interpreted by the formation of water
chains connecting different Al sites, and thus the passage from isolated positive clusters migration towards a Grottuß-like
mechanism.25,26

Fig. 4 (A) Number of water molecules per BAS as a function of the water partial pressure for H-ZSM-5 with different Si/Al ratio. As clearly visible,
the amount of adsorbed water does not depend on the BAS density and stops at 7 water/BAS before condensation is observed. (B) Adsorption heat
of water as a function of the number of water molecules adsorbed on the BAS. The value is initially high and converges to the condensation heat of
water (�45 kJ$mol�1) at 7 water molecules/BAS. Taken from https://doi.org/10.1002/anie.201812184.
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It goes without saying that the formation of protonated clusters of solvent inside the zeolite catalyst has deep consequences in
terms of reactivity, that has led to a significant amount of theoretical investigations. The presence of many (different) adsorbed
molecules makes the use of static methodologies unsuitable as a lot of configurations should be taken into account95. Therefore,
advanced sampling techniques have been employed to elucidate proton mobility, as presented in Section 6.08.3.2.1.

6.08.2.2 Framework-associated and extra framework aluminum (EFAL)

So far we discussed the transformations occurring at the BAS at reaction conditions without an effective modification of the zeolite
skeleton. Now, the scope of active site modification will be extended in time by considering the breaking of framework bonds,
which is normally associated with the (partial) extraction of aluminum defects. Zeolite dealumination is a wide and complex field
of research. Many reactions can be involved, depending on zeolite loading, temperature, pH, neutralizing cation, etc. Moreover,
dealumination is strongly related to desilication and therefore to the processes of mesopore formation and zeolite dissolution
in medium and harsh water treatment, respectively. The purpose here is to provide a general overview of the current understanding
in the EFAL chemistry of formation and effect on catalysis. For a more exhaustive discussion, the interested reader is referred to some
recent literature reviews focused solely on the topic.6,96,97

By exposing zeolites to steam at high temperatures, to hot liquid water or, more in general, after hydrothermal synthesis, Al
atoms can be extracted from the framework.96 If the Al still maintains covalent bonds with the framework, it is referred to as
framework-associated Al, while if it forms a physisorbed cluster, it is called an Extra Framework ALuminum (EFAL).6 Despite EFALs
being often associated with Lewis acidity, a survey of the available literature unravels that a lack of correlation exists between the
amount of EFAL species and the measured Lewis acidity (Fig. 5).6 This is likely caused by the fact that many techniques exist to
probe the Al location in the framework and the Lewis acid character, which may lead to various results depending on multiple
factors (as a trivial example, the dimensions of a probe basic molecule when quantifying acidity with IR spectroscopy).

Concerning the formation of EFAL and framework-associated Al, elucidating the mechanism of zeolite dealumination is a chal-
lenging task both experimentally and computationally.97,98 While the zeolite framework has mostly been considered inert unless
subjected to relatively high temperatures and/or water pressures, it has recently become obvious that its bonds are much more
dynamic than previously thought. Both SieO and AleO bonds have been found to be very labile already at room temperature
when liquid water is present in the pores of the H-SSZ-13 zeolite. The barriers for SieO and AleO bond cleavage were calculated
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to be only�60 and�25 kJ mol�1, respectively.99 This lability has also been confirmed experimentally by monitoring the easy inte-
gration of 17O in multiple zeolite frameworks when exposed to H2

17O through NMR spectroscopy.100 In the same study, it was also
highlighted how Si-O-Al bridging oxygens are exchanged faster than Si-O-Si ones, in line with the computational results. Similarly,
T-O-T reversible bond breaking in H-SAPO-34 has been proved by introducing in the framework bulky organic molecules, that
would not be able to diffuse through the material unless the cages-connecting windows are enlarged by fast and reversible hydro-
lysis of the framework bonds.101

Moving to harsher treatments, the full dealumination mechanism at steaming conditions (T > 673 K, �1 atm of steam) has
been thoroughly investigated in the literature. Initial mechanistic investigations were performed using static DFT simulations.102,103

A first proposal by Malola et al.103 foresaw the passage through the formation of a vicinal disilanol104–106 defect (^Si(OH)2Al^) in
H-SSZ-13, but was leading to prohibitively high reaction barriers (190 kJ mol�1) for dealumination. Afterwards, a much more
affordable mechanism (barrier of �100 kJ mol�1) starting with a water molecule attacking the Al atom in anti with respect to
the bridging hydroxyl group was proposed107–109 and later confirmed experimentally with 27Al NMR, with which it was found
that Al sites located in the channel intersection of H-ZSM-5dwhose anti position is the most exposeddare more susceptible to
abstraction.110 The role of the number of water molecules on the dealumination has also proven to be important. While static calcu-
lations can still provide interesting insights,111,112 a step forward towards the achievement of more realistic experimental conditions
was performed by Nielsen et al., who used advanced sampling techniques to assess the influence of multiple water molecules on the
dealumination barriers. The water molecules were shown to collectively cooperate in the extraction of the Al atom from the frame-
work, by facilitating the proton transfers between different oxygens. The reaction proceeds through a stepwise cleavage of the AleO
bonds, with initial expansion of the Al coordination sphere by anti water addition. The barriers for each step are in the order 90–
100 kJ mol�1, similar to the results from static calculations, but increase by 10–20 kJ mol�1 when the amount of water molecules
per BAS is reduced from 3 to 1 (Fig. 6).113 Interestingly, the existence of partially hydrolyzed Al atoms, i.e., the intermediates in the
proposed mechanism, has been identified multiple times in the literature based mainly on 27Al NMR experiments and they are ex-
pected to play an important catalytic role at reaction conditions (see Fig. 7C and D).114–116

Once the Al is extracted from the framework, it is still unclear in which form it is more likely to persist in the catalyst. Initial
theoretical investigations assumed the existence of mononuclear hydroxy-aquo complexes of the form
[Al(OH)x(H2O)n� x]

3� x.117–119 27Al NMR experiments on H-ZSM-5 seem to suggest that a tetrahedral coordination is predominant,
with octahedral Al appearing only at very long steaming times (�20 h).120 Similarly, XANES measurements in H-b and H-MOR
indicated that octahedral Al is present only at low temperatures and quantitatively converts in tetrahedral Al above 395 K.121 Octa-
hedral Al can however be relevant in other conditions. Recent 27Al NMR experiments coupled with IR spectroscopy have shown that

Fig. 6 Free energy diagram of the stepwise dealumination in H-SSZ-13, as obtained from DFT-MD umbrella simulations. The values close to the
arrows show the intrinsic free energy barriers of each step with one (gray dashed line) and three (blue line) water molecules per Al atom. Reprinted
with permission from Nielsen, M.; Hafreager, A.; Brogaard, R.Y.; De Wispelaere, K.; Falsig, H.; Beato, P.; Van Speybroeck, V.; Svelle, S., Collective
Action of Water Molecules in Zeolite Dealumination. Cat. Sci. Technol. 2019, 9(14), 3721–3725. Copyright 2019, The Royal Society of Chemistry.
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the amount of framework-associated octahedral Al correlates with the Lewis acidity in wet H-MOR, representing a significant
amount of the overall number of Lewis acid sites.122 Tricoordinated extra-framework Al atoms with exceptional Lewis acidity
have also been proposed for dealuminated HY zeolite, based on the results of NMR with trimethylphosphine as a probe mole-
cule.123 The true structure of framework and extra-framework Al is thus still an open question in the literature, as the rich structural
variety of Al likely makes many structures possibly coexisting in the catalyst6 (and references therein). Molecular modeling can in
this case provide some useful insights. Pidko and co-workers proposed that the preferred state for EFAL species at reaction conditions
is the polynuclear cluster [Al3O4H3]

4þ in the faujasite zeolite, using a thermodynamic model coupled with the data from static DFT
calculations.11,124 These findings are, however, still waiting for experimental validation. Interestingly, the same authors also calcu-
lated that the activity towards alkane cracking of a BAS next to the polynuclear EFAL cluster is increased.125 This increase in activity
related to the synergistic proximity of BAS and EFAL species is of course deeply intertwined with the structural characterization of the
EFAL itself and represents a remarkable subject of interest in the current investigation of zeolite chemistry.

A synergistic enhancementof theBrønsted acidity in theH-Yzeolite causedbyproximityofEFAL specieswas initiallyproposedbasedon
NMR evidences coupled back by DFT simulations.126 The same authors also suggested that after hydration of the zeolite, the EFAL species
tend to adopt anoctahedral geometry and remain close to the framework aluminumsbecause of strongH-bonds between the coordinating
water molecules and the O atoms of the framework.127 Very recently, moreover, technological advances in NMR spectroscopy allowed to
discover aminor, very deshielded and relatively broadpeak at 12–15 ppm in the 1H spectrumof theH-ZSM-5 zeolite (Fig. 3).128 Suchpeak
wasproposed tobe associatedwith a tetrahedral or triangular planar EFAL species indirect hydrogenbondingwith aBAS (Fig. 7AandB),129

thus providing further evidence for a widespread proximity between framework and extra-framework aluminum.
In conclusion, the past depiction of zeolite active sites as well-defined framework-bound protons has been deeply challenged in

the last decades and a new picture of the catalyst, with amore complex chemistry has emerged. Not only the BAS can bemobilized at
typical reaction conditions, but also the framework itself has been shown to be subject to significant chemical reactivity. Unraveling
the nature and catalytic activity of framework-associated and extra-framework aluminum species is nowadays a very active research
field. While the positive effect of Brønsted-Lewis and Brønsted-Brønsted synergies on catalytic reactions such as the prototypical
alkane H/D exchange is accepted,7,130,131 future work will still be needed to achieve a realistic speciation of Al in zeolites at oper-
ating conditions, thereby leading to further improvement in our understanding of these fascinating materials.

6.08.2.3 Mobility of active sites in TM-exchanged zeolites

Transition metal (TM) exchanged zeolites have received significant attention over the past few decades as promising single-site cata-
lytic materials.38,132–134 Akin to Brønsted acid sites, as outlined in the previous section, exchanged TM sites in zeolites can mobilize
under certain environmental conditions leading to divergent catalytic behavior. Arguably the most notable example is the mobili-
zation of copper sites in chabazite during the ammonia assisted selective catalytic reduction of nitrous oxides (NH3-SCR-NOx,
Fig. 8), where summaries of key spectroscopic, kinetic and theoretical studies investigating this phenomena constitute the bulk
of this section. It should be noted that while the role of mobilized Cu ions in SCR reactivity had been implied as early as the
90s,135 and mobility of Cu has been identified in Cu-Y and Cu-ZSM-5 systems under conditions relevant for NH3-SCR,

136 this
article focusses on the CHA topology. Other selected examples of TM site mobility are also outlined, such as Pd mobility in
SSZ-13, Rh mobility in H-Y during ethene oligomerization & hydrogenation, and mobility of Ag clusters/nanoparticles in MFI
during propane-assisted SCR reactivity. These are only a few examples which clearly show the dynamic rearrangements of TM-
exchanged zeolites, however, based on these cases, it is clear that dynamic evolution of active sites is a much more general concept
within the field of zeolite catalysis.

Fig. 7 DFT-optimized structures of some recently proposed (partially) hydrolyzed aluminum species, as derived from NMR measurements. (A and
B) EFAL in synergistic proximity of a BAS. (C and D) Framework-associated aluminum. (A and B) Adapted with permission from Chen, K.;
Abdolrahmani, M.; Horstmeier, S.; Pham, T.N.; Nguyen, V.T.; Zeets, M.; Wang, B.; Crossley, S.; White, J.L., Brønsted–Brønsted Synergies Between
Framework and Noncrystalline Protons in Zeolite H-ZSM-5. ACS Catal. 2019, 9(7), 6124–6136. Copyright 2019, American Chemical Society. (C and D)
Adapted with permission from Chen, K.; Horstmeier, S.; Nguyen, V.T.; Wang, B.; Crossley, S.P.; Pham, T.; Gan, Z.; Hung, I.; White, J.L., Structure
and Catalytic Characterization of a Second Framework Al (IV) Site in Zeolite Catalysts Revealed by NMR at 35.2 T. J. Am. Chem. Soc. 2020, 142(16),
7514–7523. Copyright 2020, American Chemical Society.
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6.08.2.3.1 Mobility of copper sites in Cu-CHA during low-temperature NH3-SCR-NOx
NH3-SCR-NOx is a widely employed process in the global effort to combat high NOx emissions from industry and vehicle use, given
the well-documented health impacts these gasses can cause if they remain largely abundant in the atmosphere.137 Metal-exchanged
zeolites are well-studied materials for this purpose,138–140 offering efficient and robust catalytic systems that are less toxic than
industrial vanadium-based catalysts such as V2O5-WO3/TiO2.

141

NH3-SCR reactivity in zeolites can be categorized into three subtypes:

(i) Standard SCR, in which NO is exclusively consumed upon reduction with NH3 and O2

4NOþO2 þ 4NH3/4N2 þ 6H2O

(ii) Fast SCR, in which both NO and NO2 are consumed in equal quantities:

NOþNO2 þ 2NH3/2N2 þ 3H2O

(iii) NO2 SCR, in which NO2 is reduced exclusively upon reduction with NH3:

2NO2 þ 2NH3/2N2 þN2Oþ 3H2O

6NO2 þ 8NH3/7N2 þ 12H2O

Copper-exchanged zeolites in particular have received significant attention for their propensity to facilitate “standard NH3-SCR” (in
which NO is exclusively consumed upon reduction with NH3 and O2). Initial discoveries in the 1970s utilized faujasite (zeolite
Y),142 and in the 1980s seminal work by Iwamoto and coworkers had identified Cu-SZM-5 as suitable catalysts for SCR reac-
tivity.143–146 However, more recent reports emerged in the early 2010s outlining that Cu-exchanged chabazites, i.e., SSZ-13 and
SAPO-34, are superior catalysts with greater catalytic efficacy147 and hydrothermal stability,148 and as a result Cu-SSZ-13 is now
widely used in the commercial treatment of diesel engine emmisions.136,140 Despite these significant advances in the development
of Cu-CHA catalytic systems, the speciation and nature of the active copper sites during NH3-SCR reactivity is not entirely resolved
and is an active area of research in its own right.42 While this speciation is dependent on physiochemical factors such as gas-feed
composition, temperature and also the framework composition itself such as the Si/Al ratio, cationic Cu-exchange has been shown
to prevalently take place in which ions are anchored to 6-ring and 8-ring sites as Cu(I), Cu(II) and [CuOH]þ species (Fig. 9).149,150

Herein, a selection of key papers are outlined that elucidate the mobilization of these Cu catalytic sites during NH3-SCR-NOx reac-
tivity, highlighting the importance of operando experimental and modeling techniques in unraveling this phenomenon.

6.08.2.3.1.1 Identification of catalytically relevant mobile [Cu(NH3)2]þ under low-temperature standard SCR
Following initial reports identifying the catalytic capabilities of Cu-CHA, in situ studies revealed that solvation of Cu sites with
ligating probe molecules can liberate them from the framework. Kwak et al. employed H2-temperature programmed reduction
(TPR) and FTIR to probe the nature of the cationic copper sites in Cu-SSZ-13, identifying that addition of H2O (1%) into the
H2 gas stream significantly altered the reduction profiles, interpreted as the Cu sites moving from their original positions anchored
to the framework upon H2O-solvation. 151 Gao and coworkers probed Cu-SSZ-13 under conditions of NO oxidation, NH3 oxida-
tion and NH3-SCR conditions using EPR spectroscopy and TPR studies,152 finding that prior to full dehydration of the sample
hydrated Cu(II) species were present and mobile, as indicated by multiple EPR spectroscopic features identified at the high-field,
and low-field hyperfine structures being partially shielded. The lack of these features at higher temperature (250 �C) dehydrating
conditions indicated that Cu ions are conversely immobile. The work of Gao and coworkers also provided some key evidence
for the presence of transient dimers under low-temperature SCR conditions, which will be covered in Section 6.08.3.2.4. Szanyi
and coworkers employed TP-XRD, XANES and vibrational (DRIFTS) spectroscopy to probe changes in the copper coordination
environment in Cu-SSZ-13 during calcination, reduction with CO, and adsorption of CO and H2O.153 DRIFTS particularly proved
to be a useful technique, where, for instance the adsorption of CO to form [Cu(CO)2]

þ complexes at temperatures below 100 �C
could be seen to alter the Cu influence on the asymmetric T-O-T (nasym(TOT)) region of the IR spectra. Solvation of Cu(II) sites by
NH3 was also identified by Beale and coworkers in combined theoretical and in situ FTIR studies.154 At 250 �C, three distinct NH3

Fig. 8 Illustration of mobilization of cationic Cu sites in the low-temperature ammonia-assisted selective catalytic reduction of NOx, catalyzed by
Copper-exchanged chabazites. Cu ¼ orange, Si ¼ yellow, O ¼ red, Al ¼ purple, H ¼ white.
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species were identified, where one of which, a [Cu(NH3)4]
2þ complex, could be confirmed via FTIR with observation of frequencies

in the 3100–3400 cm�1 range, at 1619 cm�1 and at 1278 cm�1, which correspond to different contributing NH3 vibrational
modes. Theoretical absorbance bands obtained via Fourier-based analysis of AIMD simulations agreed with experimental bands
and further supported formation of [Cu(NH3)4]

2þ. Further PD, XAS and DFT studies by Beale and coworkers supported formation
of untethered Cu species upon NH3-solvation at room temperature.155 For example, peaks at�2.0 Å and>2.50 Å in the Cu K-edge
k3-weighted EXAFS spectra fit with a N coordination number of 4 and Cu-N distance of 2.04 Å, and a N coordination number of 2
with a distance of 2.71 Å, consistent with a liberated [Cu(NH3)6]

2þ species residing in the center of the cha cage. FTIR, XANES, XES
and DFT studies by Bordiga and coworkers156 also showed that NH3 adsorption can result in the reduction of Cu(II) to Cu(I) with
emergence of the 8982.5 eV peak in the XANES spectra (Fig. 10A), which, along with a high intensity of this peak, suggested a linear
species in the form of OfweCu(NH3) (bound to one oxygen of the zeolite) or [Cu(NH3)2]

þ. This was reflected in DFT calculations
on cluster models (PBE/TZVP level) where one equivalent drives the Cu out of the 6mr plane during structure optimization, while
two form mobilized [Cu(NH3)2]

þ (Fig. 10C and D).
While the studies outlined above demonstrate that adsorbates such as H2O, CO, NH3 can liberate the cationic Cu sites, the

conditions were not altogether identical to those during NH3-SCR-NOx. Subsequent studies featuring operando spectroscopic tech-
niques with complementary ab initio calculations could instead evaluate the speciation of Cu under conditions more explicitly
comparable to NH3-SCR-NOx, and a selection of these are summarized below.

Schneider and Gounder interrogated the speciation of Cu under various ex situ and in situ conditions in samples of Cu-SSZ-13,
in which the 6-rings contain either 1 aluminum (1Al) or two (2Al), via XAS, static DFT and DFT-MD.157 Analysis under ex situ
conditions indicated that Cu(II) preferentially populates the 2Al 6-ring sites to form “Z2Cu(II)” and at 1Al 6-ring sites to form
“ZCuOH,” and under hydrating conditions Cu sites can mobilize via solvated copper aqua complexes, consistent with reports
summarized previously. Exposure to a subset of catalytic conditions of 300 pm NO and NH3 at 473 K reduces all copper sites to
Cu(I), where XANES was fitted to a Cu(I) fraction of 100%. AIMD simulations of Z[Cu(NH3)2]/[ZNH4] and Z[Cu(NH3)2] systems
revealed the [Cu(NH3)2]

þ species are highly mobile (Fig. 11), while XAS analysis found that a lone peak at 1.89 Å in the EXAFS
region fits to a coordination number of 2 with respect to N or O. Conversely, analysis of samples with an oxidizing feed of
300 pm NH3 and 10% O2 indicated formation of [Cu(NH3)4]

2þ complexes that are �50% less mobile than [Cu(NH3)2]
þ. Oper-

ando EXAFSmeasurements on a Si:Al ¼ 25, Cu:Al ¼ 0.42 sample revealed a 60:40 Cu(I)/Cu(II) ratio, a lack of second-shell structure
and a fit of 3.1 with respect to the CN, consistent with an admixture of [Cu(NH3)2]

þ/[Cu(NH3)4]
2þ, further evidencing that Cu sites

are solvated and mobilized under catalytic conditions.
Characterization of the active sites at Cu-SSZ-13 under NH3-SCR-NOx conditions between 150 �C and 400 �C was also under-

taken by Bordiga and coworkers via operando XANES, XAS and vtc-XES.158 For reference, spectra of Cu(I) and Cu(II) aqua/amino
complexes were obtained for linear combination fit (LCF) analyses. At low-temperature conditions (150 �C) the XANES region

Fig. 9 Spectroscopically and computationally characterized locations of Cu(I) and Cu(II) ions at 6mr and 8mr rings upon cation-exchange.
Cu ¼ orange, Si ¼ yellow, O ¼ red, Al ¼ purple, H ¼ white.
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was consistent with spectra obtained by Schneider and coworkers,157 and LCF analyses identified an admixture of 46%
[Cu(NH3)2]

þ, 25% [Cu(NH3)4]
2þ and 26% remaining zeolite-bound Cu(II) species in the sample. The existence of mobilized

Cu species could be validated via analysis of FT-EXAFS spectra, in which the second-shell region of �2.3 Å (a fingerprint for
framework-bound Cu species) is perturbed at lower temperatures (Fig. 12), while at higher temperatures this peak is present
and agrees well with reference Z-Cu(II) spectra, thus identifying a temperature-dependence of Cu mobility.

Boronat and coworkers employed ab initio MD simulations, static DFT calculations and IR spectroscopy to probe the dynamic
nature of copper mobility in Cu-SSZ-13 and Cu-SAPO-34 during NH3-SCR.

159 AIMD simulations at 298 K and 523 K on unit cells
featuring different gas feed adsorbates (NO, O2, NO2, NH3) were performed to probe changes in the copper coordination mode
(Fig. 13A). NH3 could be seen to mobilize the Cu ions to form [Cu(NH3)2]

þ, while NO, NO2 and O2 only mildly displaced Cu
from the 6-ring, as shown by RMSD analysis of Cu positions in each simulation (Fig. 13B).

IR spectra recorded for Cu(I) and Cu(II) states in Cu-SAPO-34 samples with different catalytically relevant feeds at low- and
high-temperatures also unraveled a dynamic nature of copper mobility (Fig. 14). In the initial Cu(I) state n(TOT) vibrations in
the 800–1000 cm�1 region disappear upon exposure to NH3 at lower-temperatures, and reemerge at high temperatures (623 K).
With an initial Cu(II) state and a gas feed ratio of 5:2:1 O2:NO:Cu, the nasym(TOT) fingerprint remains throughout the 298–
623 K temperature range, and only when NH3 is added to the gas feed (2:1 NH3:Cu) at 423 K the n(TOT) fingerprint disappears
again, in which complementary analysis of EXAFS identifies this is concomitant with Cu(II) / Cu(I) reduction.

6.08.2.3.1.2 The role of mobilized copper in the oxidation half-cycle during NH3-SCR-NOx

With the identification of mobilized [Cu(NH3)2]
þ species forming under low-temperature catalytic conditions, their role in the

Cu(I) / Cu(II) oxidation half-cycle during NH3-SCR-NOx was not immediately clear. As previously discussed, Gao and coworkers
employed kinetics studies and EPR measurements to probe Cu-SSZ-13 and identified highly mobile hydrated Cu species,152 where
in samples with low to intermediate cationic copper loadings (Cu/Al � 0.22), transient dimeric Cu species were identified to form
under catalytic conditions via interaction of pairs of [Cu(NH3)2]

þ, as indicated by a quadratic dependence on Cu site density on the
SCR rate. Moreover, EPR spectroscopic features were consistent with dipolar interactions between Cu(II) ions. In a subsequent

Fig. 10 (A) Evolution of the Cu K-edge XANES spectra of Cu-SSZ-13 with O2/He and a 1300 pm gas-feed of NH3 (in He) at 120 �C. Inset: pre-edge
region. (B) Cu Kß2.5 and Kß00 emission lines for initial and final states after exposure to NH3. (C and D) Local 6mr environment of the DFT-optimized
zeolite clusters upon exposure to one (C) or two (D) equivalents of NH3 to Cu, computed at the PBE/TZVP level. Reprinted with permission from
Giordanino, F.; Borfecchia, E.; Lomachenko, K.A.; Lazzarini, A.; Agostini, G.; Gallo, E.; Soldatov, A.V.; Beato, P.; Bordiga, S.; Lamberti, C., Interaction
of NH3 With Cu-SSZ-13 Catalyst: A Complementary FTIR, XANES, and XES Study. J. Phys. Chem. Lett. 2014, 5(9), 1552–1559, with permission from
the American Chemical Society.
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Fig. 12 (A) FT-EXAFS spectra (top: moduli, bottom: imaginary parts of the Fourier transform) of the Cu-SSZ-13 sample collected during SCR
reaction conditions at a range of temperatures. (B) FT-EXAFS spectra of references employed for analysis of the operando spectra, i.e., via LCF, by
Borfecchia and coworkers. Reprinted from Lomachenko, K.A.; Borfecchia, E.; Negri, C.; Berlier, G.; Lamberti, C.; Beato, P.; Falsig, H.; Bordiga, S., The
Cu-CHA deNOx Catalyst in Action: Temperature-Dependent NH3-Assisted Selective Catalytic Reduction Monitored by Operando XAS and XES. J. Am.
Chem. Soc. 2016, 138(37), 12025–12028, with permission from the American Chemical Society.

Fig. 11 Copper cation positions (shown as gray balls) inside the SSZ-13 cage across 90 ps AIMD simulations. Reprinted from Paolucci, C.; Parekh,
A.A.; Khurana, I.; Di Iorio, J. R.; Li, H.; Albarracin Caballero, J.D.; Shih, A.J.; Anggara, T.; Delgass, W.N.; Miller, J.T.; Ribeiro, F.H.; Gounder, R.;
Schneider, W.F., Catalysis in a Cage: Condition-Dependent Speciation and Dynamics of Exchanged Cu Cations in SSZ-13 Zeolites. J. Am. Chem. Soc.
2016, 138(18), 6028–6048, with permission from the American Chemical Society.
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study, Gao and coworkers also identified that the SCR rate (mol NO g�1 s�1) was quadratically dependent on Cu/Al ratio (Fig. 15B)
under low temperature conditions (200 �C), while a linear dependence is observed at 380 �C (Fig. 15A). 160 DFT calculations (PBE-
D3 level) revealed that O2 activation proceeds most accessibly with participation of two [Cu(NH3)2]

þ complexes to form bridged
[Cu(NH3)2]-O2-[Cu(NH3)2] species rather than activation over an individual [Cu(NH3)2]

þ complex. Cu(I) oxidation at the bridged

Fig. 13 (A) Snapshots of Cu(I) and Cu(II) cationic species at the 6mr in Cu-SAPO-34 with probe adsorbates (labeled below each structure), which
were generally most visited during 100 ps AIMD runs at 298 K. (B) Average and RMSD distances of the Cu cations traveled from the 6mr at 298 K
(blue) and 523 K (green). Reprinted from Millan, R.; Cnudde, P.; Hoffman, A.E.J.; Lopes, C.W.; Concepción, P.; van Speybroeck, V.; Boronat, M.,
Theoretical and Spectroscopic Evidence of the Dynamic Nature of Copper Active Sites in Cu-CHA Catalysts under Selective Catalytic Reduction (NH3–
SCR–NOx) Conditions. J. Phys. Chem. Lett. 2020, 11, 10060–10066, with permission from the American Chemical Society.

Fig. 14 Flow chart summarizing the oxidation states of cationic Cu sites (red) identified by EXAFS, the speciation of the Cu sites identified by IR
(blue), and the presence of asymmetric v(TOT) peaks as a function of temperature and gas feed in Cu-SAPO-34 (also blue). Reprinted from Millan,
R.; Cnudde, P.; Hoffman, A.E.J.; Lopes, C.W.; Concepción, P.; van Speybroeck, V.; Boronat, M., Theoretical and Spectroscopic Evidence of the
Dynamic Nature of Copper Active Sites in Cu-CHA Catalysts Under Selective Catalytic Reduction (NH3–SCR–NOx) Conditions. J. Phys. Chem. Lett.
2020, 11, 10060–10066, with permission from the American Chemical Society.
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species was then characterized to take place via NO addition and subsequent NO2 release to afford [(NH3)2-Cu(II)-O-Cu(II)-
NH3)2]

2þ, followed by hydrolysis to yield [(NH3)2Cu(OH)]þ. At low Cu site densities diffusion of [Cu(NH3)2]
þ to a neighboring

cage was proposed to be rate-limiting, while formation of the [(NH3)2-Cu(II)-O-Cu(II)-NH3)2]
2þ dimer is proposed as rate-limiting

at higher site densities. A computed diffusion coefficient (D) for [Cu(NH3)2]
þ of 4.4 � 10�12 m2 s�1 was obtained via AIMD (NVT,

200 �C, D ¼ RMSD/6t) which supports a diffusion-controlled process at low temperatures and Cu-loadings.
Separate Cu-density dependent kinetic schemes were established by Paolucci and coworkers, where for densities over

1.9 � 10�4 A�3 the rate increases linearly, while at lower densities of <1.13 � 10�4 A�3 the quadratic dependence was observed.
20 LCF analyses of Cu K-edge XANES region of different Cu-CHA samples outlined an inverse relation of Cu-Cu distance with Cu(I)
fraction, providing evidence for an alternative non-single site mechanism at play whereby the rate of Cu(I) oxidation increases with
greater site densities. This behavior was rationalized by an O2-consuming step in the oxidation half-cycle being sensitive to the Cu
density. Monitoring the rate of decay of Cu(I) under O2 in samples with differing site densities via Cu K-edge XANES could also
identify decay is second-order in Cu(I), implicating the following pseudobimolecular mechanism:

2
�
CuðNH3Þ2

�þ þO2/
�ðNH3Þ2Cu–O2–CuðNH3Þ2

�2þ

Static DFT calculations (PBE-D2 level) on a 12-T site supercell with two [Cu(NH3)2]
þ complexes charge-compensated by 2 Al

atoms, revealed that initial [Cu(NH3)2]
þ diffusion to a neighboring cage is facile with an activation barrier of 35 kJ mol�1, and

subsequent coordination of O2 to the two close by Cu(I) ions is favored (�59 kJ mol�1) over a single-ion binding mode
(�26 kJ mol�1) to form a triplet dimeric species. Spin-forbidden rearrangement to form a di-oxo structure then takes place, where

Fig. 15 (A) SCR rate (mol NO g�1 s�1) against Cu/Al ratio at 200 �C (top) and 380 �C (lower). (B) SCR rate against (Cu/Al)2. Reprinted from Gao,
F.; Mei, D.; Wang, Y.; Szanyi, J.; Peden, C.H.F., Selective Catalytic Reduction Over Cu/SSZ-13: Linking Homo- and Heterogeneous Catalysis. J. Am.
Chem. Soc. 2017, 139(13), 4935–4942, with permission from the American Chemical Society.
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each Cu(II) ion adopts a square-planar geometry. However, to gain more accurate insight into the energetics of [Cu(NH3)2]
þ diffu-

sion, metadynamics simulations were performed (see Section 6.08.3.2.4).
Recently XAS and diffuse reflectance UV-Vis-NIR spectroscopic studies have been used to further probe the structure of the

[Cu2(NH3)4O2]
2þ species.161 A starting state of mobilized [Cu(NH3)2]

þ could be formed via exposure of pre-treated Cu-CHA
to 1000 pm NO and 1000 pm NH3 at 200 �C and confirmed by the 8982.5 eV fingerprint in the Cu K-edge EXAFS spectra. Expo-
sure of this sample to O2 (10% in He) revealed an almost complete disappearance of the fingerprint, indicating the oxidation of
most [Cu(NH3)2]

þ species. This was further supported by UV-Vis-NIR with a red-shift of the ligand-to-metal charge transfer
(LMCT) peak from 35 k to 25 k, along with emergence of a d-d absorption peak at 13850 cm�1. Signals in the NIR region
(6515 cm�1 and 4970 cm�1) arising from combination modes of NH3 and NH4

þ, also indicated NH3 is still ligated to the
oxidized Cu(II) sites. The precise structure of this state was probed by fitting of the FT-EXAFS spectra against gas-phase DFT struc-
tures (M06-HF-D3/Def2-TZVP level), and the best fit obtained supported a side-on m-h2,h2-peroxo diamino dicopper(II) species
[Cu2(NH3)4O2]

2þ (Fig. 16A(iii)) over an end-on trans m-1,2-peroxo binding mode (Fig. 16A(ii)). Subsequent exposure of the
sample featuring [Cu2(NH3)2O2]

2þ to NH3 shows a partial re-emergence of the 8982.5 eV peak, rationalized by partial reforma-
tion of monomeric [Cu(NH3)2]

þ, while in the UV-Vis-NIR spectrum a shift from 13,800–14,400 cm�1 and a lowering in intensity
also suggests some Cu(II) remains. LCF analysis of the XANES region also identified partial reduction of Cu(II) to Cu(I), with an
admixture of 65% [Cu(NH3)2]

þ and 35% [Cu(NH3)3(X)]
þ, which was considered to be either [Cu(NH3)3(OH)]þ, as previously

predicted by Paolucci and coworkers,157 and computationally identified by Shimizu and coworkers,162 or [Cu(NH3)3(OO)]þ,
which was proposed based on LCF analysis of the XANES region spectra. Conversely, exposure of the oxidized [Cu2(NH3)2O2]

2þ

species to NO disaggregates the Cu centers along with reduction to Cu(I), as seen by the reemergence of the 8982.5 eV peak, with
concomitant formation of N2. UV-Vis-NIR spectra shows the minimization of the intensity of the 13,850 cm�1 peak correspond-
ing to [Cu2(NH3)2O2]

2þ and emergence of a series of peaks at around 20,000, 16,350, 13,300 and 10,600 cm�1. The Cu K-edge
XANES region of the XAS spectra is also consistent with a Z[Cu(NH3)] species (Fig. 16B(ii)).

The aforementioned operando studies identifying the role of mobile [Cu(NH3)2]
þ and resulting dimeric [Cu(NH3)2O2]

2þ in the
low-temperature NH3-SCR pathway can inform new proposals of full catalytic cycles for the low-temperature NH3-SCR-NOx

pathway. Moreover, as transient intermediates can be unidentifiable, even via operando spectroscopic techniques, DFT calculations
can fill in the gaps, serving to provide insight in proposing a complete mechanism for such an intriguing reaction. A recent example
of the application of DFT to provide a full working catalytic cycle of NH3-SCR-NOx is by Grönbeck and coworkers.163 Calculations
at the PBE þ U-D3 (a LOT which the authors identified as a strong performer based on prior benchmarking studies)164, revealed

Fig. 16 (A) Forms of [Cu(NH3)2O2]2þ proposed and considered in the study by Berlier and coworkers: (i) trans-m-1,2-peroxo diamino dicopper(II),
(ii) bis-m-oxo diamino dicopper(III), and (iii) m-h2,h2-peroxo diamino dicopper(II), supported by fitting against operando XAS measurements. (B)
Proposed products of (i) NH3 addition and (ii) NO addition to m-h2,h2-peroxo diamino dicopper(II).
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initial activation of O2 at a mobilized [Cu(NH3)2]
þ pair takes place to form the m-h2,h2-peroxo dimer, supporting the work of Ber-

lier and coworkers.161 Two divergent cycles were characterized based on the initial binding mode of NO to the resulting dimer
(Fig. 17).

Cycle I considers NO coordination at Cu2þ and subsequent NH3 addition to form aNONH3 ligated complex. The overall formation of
this [Cu2(NH3)4(O2)(NONH3)]

2þ species from [Cu(NH3)2]
þ monomers is turnover-limiting. Proton transfer from the -NH3 moiety can

then takeplace to releaseH2NNOand formabridging�OHgroup,whereH2NNOdecomposes toN2andH2Oupondiffusion fromtheCu
sites to an available Bronsted acid site. The process of NOþ NH3 uptake to releaseH2NNO is repeated to form a bridged hydroxide dimer,
uponwhich further additionofNOandfinal release ofHONOcan complete the cycle. Cycle II conversely beginswithNObinding toO2 to
form a [Cu(NO2)2(NH3)2]

2þ species, uponwhich Cu separation takes place to form [Cu(NH3)2(NO2)]
þ pairs. At each Cu site addition of

NO and NH3, followed by release of H2NNO then takes place, where formation of HONO and H2NNO is turnover-limiting.

Fig. 17 Two catalyst cycles proposed and characterized with DFT at the PBEþU-D3 level, by Grönbeck and coworkers, differing in the binding
mode of NO at the oxidized [Cu2(NH3)4(O2)]2þ species.
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6.08.2.3.2 Solvation and mobility of Pd in SSZ-13
Much like in Cu-CHA, palladium sites in SSZ-13 have also been recently identified to mobilize under hydrating conditions by Pao-
lucci et al. via combined in situ spectroscopic, kinetics and theoretical studies.165 Ab initio thermodynamic analysis of a series of
candidate “Z[PdHXOY]” species was carried out at the HSE06-D3(BJ) level at two separate temperature regimes (298 K and 773 K).
This identified that at lower temperatures Pd(II) sites preferentially form [Pd(H2O)4]

2þ under hydrating conditions in the chabazite
cages, while framework-coordinated Z2Pd(II) at 6-ring sites featuring two Al-substitutions is preferred at higher temperatures
(Fig. 18). This temperature-dependent mobilization of Pd, analogous to Cumobilization outlined in the previous section, was sup-
ported by in situ XAS experiments, where the XANES region of Pd-SSZ-13 exposed to 10% O2 and 3.1% H2O at 473 K agreed with
reference homogeneous aqueous Pd(II) spectra. Moreover CO oxidation was more amenable at the low-temperature hydrating
conditions, implicating the role of mobilized H2O-solvated Pd species in other Pd-zeolite catalytic transformations in hydrating
conditions, such as the Wacker oxidation process. 166,167

6.08.2.3.3 Mobility of Rh in zeolite Y and consequences for ethene hydrogenation & oligomerization
Rh-exchanged zeolites have been studied for both ethylene oligomerization and hydrogenation, with efforts tracing back to the
1970s in which Rh-Y was employed for this purpose168–170 with more recent efforts by Gates have also focusing on Rh-Y for ethene
dimerizations.171,172 As part of this line of research, in 2011 Gates identified that the speciation of Rhodium in cation-exchanged
Rh-Y can interconvert between monomeric Rh(C2H4)2 sites, and small-clustered Rhn sites based on the ratio of H2:C2H4 in the gas
feed, thus revealing a mobility of Rh sites during an interconvertible speciation process.22 Reaction of Rh(C2H4)2(acac) with deal-
uminated zeolite HY (Si/Al ¼ 30) afforded spatially uniform and well-defined Rh(C2H4) sites anchored via two RheO bonds, sup-
ported by IR and EXAFS measurements, where IR spectra revealed that �25% of the Bronsted acid sites are Rh-exchanged.

Upon exposure of the Rh-Y sample to a flow of H2 at room temperature, small Rh clusters formed, as evidenced by EXAFS
measurements, which fitted to a Rh-Rh coordination number of 1.9. Moreover the Rh-O coordination number remained unaffected,
indicating that the clusters are anchored to the zeolite framework. This identified that disengagement andmobilization of Rh sites en
route to cluster formation can take place by tuning the gas feed composition. The Rh-Y sample was then probed for its catalytic effi-
cacy in ethene hydrogenation and oligomerization as a function of C2H4:H2 ratio in the gas feed, with rates of ethane (hydrogena-
tion) and butane (oligomerization) formation measured (Fig. 19, top) along with operando FT-EXAFS spectra, where cycles of (1)
C2H4-rich, (2) H2-rich, (3) pure H2 and (4) H2-rich again were used in the gas feed tuning procedure. As a result, changes in the
product selectivity and magnitudes of the FT-EXAFS spectra were seen, indicating changes frommonomeric to multinuclear clusters
were coinciding with changes in selectivity towards oligomerization or hydrogenation.

Fig. 18 (A) Computed free energies (HSE06-D3(BJ) level) of various “[ZPd(HxOy)z]” states of Pd-speciation at 298 K (blue) and 773 K (red). (B)
Phase diagram of Pd-speciation as a function of temperature & pressure constructed via ab initio thermodynamic analysis, showing the preference
for solvated [Pd(NH3)4]2þ species at low-temperatures (cobalt blue) to a preference for framework-anchored Z2Pd(II) species at higher-temperatures
(yellow). Reprinted from Mandal, K.; Gu, Y.; Westendorff, K.S.; Li, S.; Pihl, J.A.; Grabow, L.C.; Epling, W.S.; Paolucci, C., Condition-Dependent Pd
Speciation and NO Adsorption in Pd/Zeolites. ACS Catal. 2020, 10(21), 12801–12818.
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6.08.2.3.4 Mobility of Ag sites in MFI during C3H8-SCR reactivity
Another example of mobility and clustering of active TM sites under reductive conditions, leading to subsequent consequences for
propane-assisted SCR (C3H8-SCR) of NO was identified in Ag-MFI by Shibata and coworkers.173,174 Under 673 K the rate of C3H8-
SCR catalyzed by Ag-MFI-58 was significantly enhanced by the addition of H2, where a maximum NO conversion of 48% was seen
at 573 K in the presence of 0.5% H2, and a lower �10% conversion was measured in the absence of 0.5 H2 (Fig. 20).174 This
enhanced reactivity assisted by exposure to H2 was shown to be reversible, where upon H2 addition and complementary increased
NO conversion rates, removal of H2 suppresses C3H8-SCR to levels observed prior to H2 addition (Fig. 20).

The speciation of the cationic Ag(I) sites in both the presence and absence of H2 was then probed via UV-Vis spectroscopy. Upon
exposure of the sample to H2, bands at �260 and �284 nm emerged, which, based on comparison with other UV-Vis character-
izations of Ag clusters,175–180 was assigned as Agn

þ clusters (2 � n � 4). Subsequent treatment of the H2 addition sample under
C3H8-SCR conditions in the absence of H2 led to these Agn

þ signals to disappear. Assuming cationic monomeric Ag(I) sites are
framework bound in Ag-MFI-58 in the absence of H2, this revealed that H2 exposure mobilizes the Ag cations to form cationic
Agn

þ clusters. Further assessment of the rate of C3H8-SCR in a range of samples with varying Ag/Al ratios also identified that in
the presence of H2 an increase in Ag/Al ratio increases the NO conversion to N2 with a reaction order above 1, thus supporting
the notion that the cationic Agn

þ clusters, reversibly formed upon H2-induced mobilization of Ag sites, are the catalytically active
species in the C3H8-SCR process. Based on kinetic analyses of Ag(I) reduction to Ag2

þ by H2-TPR studies, reported previously in Ag-
CHA by Beyer and coworkers,181 the authors proposed that the following mechanism is taking place to form the Agn

þ clusters:

H2#2H Xð Þ

HþAg Ið Þ# AgH½ �þ Yð Þ

AgH½ �þ þAg Ið Þ#Ag2
þ þHþ Zð Þ

Subsequently Shimizu and coworkers extensively probed the structure and nature of these identified Ag clusters by a combina-
tion of H2-TPR, XRD, UV-Vis, and Ag K-edge EXAFS studies.173 The H2-TPR results at Ag-MFI-58 revealed two peaks of H2 consump-
tion, which combined with XRD studies indicated that all Agþ cations first reduce to small clusters, followed by further aggregation
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Fig. 19 (Top) Changes in selectivity towards butanes (red line) and ethane (green) formation catalyzed by Rh(C2H4)2 supported in zeolite HY, and
(bottom) time-resolved Fourier-transform (FT)-k3-weighted EXAFS data, outlining the evolution of the magnitude of the FT over time (bottom X-axis)
and composition feed-cycles (top X-axis). Reprinted from Serna, P.; Gates, B.C., Zeolite-Supported Rhodium Complexes and Clusters: Switching
Catalytic Selectivity by Controlling Structures of Essentially Molecular Species. J. Am. Chem. Soc. 2011, 133(13), 4714–4717, with permission from
the American Chemical Society.
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to larger particles. Curve-fitting analysis of FT-EXAFS spectra of a range of different Ag-MFI samples with varying Ag/Al ratios
(Table 2), after C3H8-SCR in the presence of 0.5% H2 revealed that, the coordination number of Ag increases as a function of
Ag/Al ratio, where in the Ag-MFI-58 sample after H2 treatment at 573 K a coordination number of 3.3 is fit with Ag-Ag distances
of 2.73 Å, indicating that under these conditions the clusters are around 3–4 atoms in size. Based on the combined results from
these different experimental studies, the authors proposed a most probable structure of Ag4

þ clusters forming and serving as the
active catalytic sites during lower-temperature and H2-rich conditions of C3H8-SCR of NO.

Overall, this section outlines some selected and important examples of mobility of TM centers within zeolites, with a particular
focus on operando experimental and computational studies elucidating Cu-mobility during standard SCR reactivity in chabazites.
These highlighted examples demonstrate that the arrangement of such active sites during catalysis should not necessarily be
assumed to be static, where one could anticipate that with further experimental & computational interrogations of TM-zeolite cata-
lysts through state-of-the-art operando techniques, this phenomena could also be unraveled in other examples in the future.

6.08.3 Computational assessment of active site mobility in zeolites

6.08.3.1 Overview of enhanced sampling methods over static methods

A fundamental understanding of the functioning of active sites in zeolite catalysts at the molecular level is essential to improve cata-
lytic processes or design new, highly selective catalysts. In this regard, the inherent characteristic dynamic behavior of zeolite mate-
rials at realistic working conditions introduces a major complexity. Modeling the dynamic nature of the active sites and their
catalytic function at realistic operating conditions requires advanced operando spectroscopic and computational techniques as
many zeolite catalyzed processes are typically occurring in a complex molecular environment with multiple guest species present

Table 2 Curve-fitting analysis of FT-EXAFS for a range of Ag samples.

Samples Scatter atom N r (Å)

Ag-MFI(22)-48 Ag 1.3 2.71
Ag-MFI(22)-58 Ag 1.9 2.73
Ag-MFI(13)-30 Ag 1.0 2.72
Ag-MFI(7.7)-33 O 0.9 2.11
Ag-MFI(22)-58a Ag 3.3 2.73
Ag foilb Ag 12 2.89
Ag2Ob O 2 2.04

aMeasured after H2 treatment at 573 K.
bParameters from crystal structures. 173

Fig. 20 Time evolution of C3H8-SCR of NO in Ag-MFI-58 in both the presence and absence of H2. Reprinted from Shibata, J.; Takada, Y.; Shichi, A.;
Satokawa, S.; Satsuma, A.; Hattori, T., Ag Cluster as Active Species for SCR of NO by Propane in the Presence of Hydrogen Over Ag-MFI. J. Catal.
2004, 222(2), 368–376, with permission from Elsevier.
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at higher temperatures and pressures. In recent years, the field of computational chemistry has progressively shifted from a standard
static modeling approach towards these operando models. In order to properly characterize the complex dynamic environment of
the zeolite catalyst, a range of methods encompassing molecular dynamics simulations, microkinetic models, machine learning
algorithms, etc. are being explored.2,182,183

The standard quantum chemical modeling approach describes the 0 K potential energy surface (PES) of the reactive system by
a discrete set of points, typically corresponding to the reactant, product and transition states. This static description of the working
catalytic material can be a huge oversimplification as the structure of the active sites are presumed to remain unaltered by the reac-
tion conditions. In reality, however, these assumptions become invalid as competitive pathways determining the product selectivity
may be operational and various guest molecules may be present in the zeolite micropores, transforming the nature of the active
sites. A second disadvantage of the static approach is that temperature effects are often ignored or underestimated. While at low
temperature, intermediates and reactants are often well-defined stationary states on the potential energy surface, the intermediates
and active sites behave dynamically at high temperature and their mobility is hence improperly accounted for.183,184

In zeolite catalysis, the presence of various guest species and the high reaction temperatures urge to make the transition from the
PES to the free energy surface (FES) at realistic conditions. Due to the specific microporous nature of the catalyst, the FES for zeolite
systems can be rather complex, exhibiting multiple local stationary states. Dynamic techniques rely on a sampling protocol to scan
a larger part of the configurational space, while accounting for framework flexibility, finite temperature effects and anharmonic
motions. Two general methodologies are distinguished, namely Monte Carlo (MC) simulations and Molecular Dynamics (MD)
simulations, which will be the focus of this article. In MD simulations, the real-time evolution of the system on the FES is explored
and an ensemble of different configurations with actual paths connecting these physical states is sampled. The temperature and
pressure can be controlled by coupling a thermostat or barostat to the simulation engine in order to mimic the true experimental
conditions. The energy surface may be constructed both with first-principle methods such as DFT as well as classical force-field
methods, although for the description of bond formation and cleavage only a first-principle description is suitable. Since the inter-
action of guest molecules with the active sites often involves a rearrangement of chemical bonds and interactions, the application of
DFT methods is inevitable.

Currently, the attainable time scales for first-principle MD simulations of zeolite systemsdwhich are typically in the order of
hundreds of psdare sufficient for the description of stable configurations and local minima, while activated processes such as chem-
ical transformations can hardly be observed in the time span of the simulation. The situation can be compared to a topographical
map of a mountain landscape, as shown in Fig. 21. During a regular MD simulation of a few hundred picoseconds, the sampling
would be limited to the mountain valleys only. However, to describe the activated processes, one would also have to visit the moun-
tain passes with sufficiently high probabilities. Various free energy methods have been developed to enhance the sampling in low
probability regions of configurational space, thus allowing to reconstruct the free energy surface for activated transitions. Some tech-
niques improve the sampling of all degrees of freedom such as Transition Path Sampling (TPS) which, due to the high computa-
tional cost, has only limitedly found its way into the field of heterogeneous catalysis.184–186 Alternatively, the sampling can also be
enhanced along selected degrees of freedom only, the so-called collective variables (CV).

The selection of these CVs is essential for a successful description of the activated transition, though identifying all degrees of
freedom involved in the reaction is not always trivial.187,188 The premier criterion for a proper CV is its ability to uniquely distin-
guish between the initial state, the final state and all intermediate states while for computational efficiency, the dimensionality
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Fig. 21 Exploration of a hypothetical free energy surface by driving the sampling in various directions.
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should be kept as low as possible. The CVs are described as a function of the microscopic coordinates of the system, employing often
geometric parameters such as distances, angles, coordination numbers, etc. The same process can be described by multiple appro-
priate CVs, resulting in differently shaped free energy surfaces. A recent study on methylation reaction kinetics in zeolite ZSM-5 has
shown that activation barriers estimated by employing a different set of CVs are in good agreement, provided the width of the reac-
tant and transition state region of the free energy profiles is taken into account.189

Three enhanced sampling techniques which have been successfully demonstrated for zeolite-catalyzed reaction systems are
Metadynamics (MTD), Umbrella Sampling (US) and Thermodynamic Integration (TI),37,189–192 schematically represented in
Fig. 22. In principle, all techniques should yield equal free energy profiles for the same reaction process if the configuration space
is sampled sufficiently well.189 Metadynamics is a non-equilibrium technique, developed by Laio and Parrinello,193–195 in which
the sampling of low probability regions is facilitated by the introduction of a bias potential acting on the selected CVs. This potential
is constructed on the fly by gradually spawning Gaussian shaped hills along the system trajectory in the CV space until the potential
energy of the local minima artificially increases so that reaction barriers can be overcome. The free energy profile as a function of the
predefined reaction coordinate can be reconstructed by taking the opposite of the bias potential function. While the MTDmethod is
an excellent tool to scan the configurational space of complex systems and explore reaction mechanisms, the statistical error of the
method is dependent on the choice of the Gaussian hill parameters which is less desirable.196 To speed up the convergence of the
free energy profile in MTD simulations, the multiple walker MTD scheme has been proposed. Herein, multiple simulations are run
in parallel which all simultaneously sample the same free energy surface though the communication between the simulations
allows for a more efficient screening of different regions of the free energy surface.197

In the Umbrella Sampling technique, introduced by Torrie and Valleau,198 the CV range is divided into a set of windows and for
each window a biased MD simulation is carried out. An external potential restricts the sampling of the configurational space to the
individual window only, thus ensuring the sampling is equally well in all regions of the CV space. The free energy profile can be
reconstructed by employing a post-processing algorithm such as the weighted histogram analysis method (WHAM).199 Also within
Thermodynamic Integration, proposed by Kirkwood,200 a number of points along the CV range are selected and for each point
a constrained MD simulation at fixed CV values is performed. The free energy profile is then obtained by integrating over the aver-
aged free energy derivative in terms of the CVs. Both techniques are computationally very efficient thanks to their high paralleliz-
ability, although a proper knowledge on the reaction mechanism and its intermediates has to be known in advance.201 For more
detailed information on free energy methods, the reader is referred to dedicated reviews.202–204

Through the application of MD techniques and free energy methods, several studies were able to characterize the important role
of dynamic active sites in zeolite catalysis. On the one hand, Bronsted acid sites originally located on the lattice can be captured by
protic molecules to form reactive clusters as demonstrated in the context of the MTO process33,92 or even by unsaturated hydrocar-
bons present in the pores of the material to form carbocation intermediates in the context of alkene cracking.36,190,205 In particular,
the existence of alkyl carbocations has long been debated due to their unstable nature at low temperature. However, finite temper-
ature effects have an important contribution to the stabilization of these intermediates and their occurrence in the zeolite environ-
ment at elevated reaction temperatures could be demonstrated by performing MD simulations in contrast to static DFT
calculations.36 MD studies in the field of selective catalytic reduction of nitrogen oxides also evidenced that the structure of Lewis
acid sites can dynamically evolve in the course of the reaction.20 Below, three examples demonstrating the beneficial use of
enhanced sampling techniques for characterizing the mobility of Brønsted and Lewis acid sites are discussed in detail.

Fig. 22 Schematic representation of the regular MD and enhanced sampling techniques, metadynamics (MTD), umbrella sampling (US) and
thermodynamic integration (TI) for a fictitious free energy profile F(q), bias potential U(q) and sampling probability p(q) as a function of collective
variable q.
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6.08.3.2 Case studies

6.08.3.2.1 Proton mobility in zeolites
As explained in Section 6.08.2.1, the BAS in zeolites becomes completely solvated once few protic molecules are adsorbed in the
framework. This represents a very interesting case study for enhanced sampling techniques. Indeed, with the addition of solvent
molecules the number of available configurations becomes so large that static calculations are effective only if a very large number
of structures is optimized.206 Here, we discuss two cases in which advanced sampling techniques have been effectively used to gain
insight into zeolite-catalyzed reactions with mobilized protons, namely ethanol dehydration in H-b at high water loadings and the
formation of surface methoxide species (SMS) at high methanol loadings, an initial reaction of the MTH process.82

Bates et al. have recently performed a thorough analysis of the ethanol dimerization to diethyl ether in the presence of water,
catalyzed by the H-b zeolite.207 The impact of water in the zeolite pores on the reaction kinetics and mechanism is well established.
For example the velocity of H/D exchange for isobutane208 and benzene209 in H-ZSM-5 with relatively low Si/Al ratio increases with
a loading of�1 H2O/BAS, to then decrease again when the loading exceeds 1–3 H2O/BAS. While a few water molecules on the BAS
likely make the proton transfer entropically easier, more water molecules in the proton solvation remarkably stabilize it, reducing its
acidity. Also, Liu et al. studied the dehydration of cyclohexanol in water, comparing the homogenous H3PO4 and the H-bzeolite as
catalysts, finding that the reaction proceeds remarkably faster in the latter.210 The authors invoked a favorable association between
the cyclohexanol and the hydronium ion in the zeolite with respect to pure liquid water.

When ethanol dehydration to diethyl ether is considered, a�1 order in the reaction kinetics with respect to water is found. Using
a combination of in situ IR spectroscopy and ab initio molecular dynamics simulations, it was shown that in the zeolite pores a reac-
tive cluster in the form of (C2H5OH)(H3O

þ)(H2O)4–5 is present, with more extended water networks around it whose size is depen-
dent on the applied water pressure. The introduction of ethanol in the water cluster becomes less favorable as the cluster grows,
because of the alkyl group disrupting the hydrogen bond network. Metadynamics was used to study the transition state of the reac-
tion (Fig. 23). It was found that the ethanol molecules do not significantly disrupt the protonated water cluster and prefer to reside
at its periphery. Similarly, the transition state as well resides at the periphery of the protonated water cluster. With the growth of the
water cluster, the formation of the hydrophobic diethyl ether disrupts the network of hydrogen bonds significantly compared to the
reacting ethanol molecules, therefore explaining the negative dependence of the reaction kinetics with respect to water pressure.

A second case in which the presence of protic molecules absorbed in the catalyst pores is known to be of fundamental impor-
tance is the MTH process which gained a lot of interest in the contemporary chemical industry,3 as it is a possible link between
sustainable raw materials and commodity chemicals. A complete overview of the intriguing MTH mechanism is outside the scope
of this contribution and the interested reader is therefore referred to specialized reviews on the topic.13,82,211,212 Here, the focus will
lie on the transformations occurring at the BAS in the initial stages of the process, when methanol starts to adsorb in the catalyst
pores. Once methanol (or any small alcohol in general) is introduced into the framework of a zeotype material, the acidity of the
BAS immediately catalyzes dehydration reactions. These reactions can produce dimethyl ether, if methanol reacts with itself, or
surface methoxide species (SMS), if the methyl group is transferred to the framework.213,214 Interestingly, the higher basicity of
methanol with respect to water implies that even less molecules are needed to solvate the BAS. This has been confirmed with
AIMD since the late 1990s.215 For instance, in the aluminophosphate zeotype material H-SAPO-34 the BAS is solvated for more
than 50% of the time with only three methanol molecules, while seven water molecules are needed to reach the same result.83

Fig. 23 (A) Reaction profile for the dehydration of ethanol to diethyl ether in H-b with 5 co-adsorbed water molecules, as obtained from
metadynamics. Snapshots of the simulation are also shown. (B) The original 2-dimensional free energy surface from which the profile in (A) was
derived. The minimum free energy path is shown in red. Adapted with permission from Bates, J.S.; Bukowski, B.C.; Greeley, J.; Gounder, R.,
Structure and Solvation of Confined Water and Water–Ethanol Clusters Within Microporous Brønsted Acids and Their Effects on Ethanol Dehydration
Catalysis. Chem. Sci. 2020, 11(27), 7102–7122. Copyright 2020, The Royal Society of Chemistry.
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When the formation of SMS in H-ZSM-5 was for the first time studied with advance sampling techniques,216 it was found that
static and dynamic simulations depict a very different image. Indeed, when a second methanol molecule is introduced in the reac-
tion environment, static calculations suggest that the free energy barrier to form SMS increases (provided that thermal corrections
are taken into account217,218), since the optimization of the transition state leads to a ring-like structure whose large entropic penalty
compensates the modest enthalpic stabilization. By using metadynamics, on the other hand, the barrier was shown to decrease as
a consequence of an easier proton abstraction from the framework by the two protic molecules, subsequently facilitating the SMS
formation from the protonated methanol molecule.

Later on, De Wispelaere et al.32 investigated the role of water in the MTH process. The differences between extra water and extra
methanol molecules present during the SMS formation were studied in H-SAPO-34 with a combination of enhanced sampling tech-
niques and in situ microspectroscopy. Also in this case it was found that the formation of protonated clusters, either from water or
methanol, helps to reduce the reaction barrier for SMS formation (Fig. 24). However, this effect is smaller for water, as it actually
directly competes with methanol for the access to the BAS. This reflects experimentally in a longer induction period for MTH when
water is cofeed with methanol.

Based on experimental evidence suggesting that the formation of SMS can already occur at room temperature,219–222 Nastase
et al.33 recently investigated such phenomena as a function of the acid site density and methanol loading in H-ZSM-5. By perform-
ing metadynamics, the authors demonstrated that not only larger methanol loadings can lower the methylation barriers, but also
a closer proximity between Al defects, in agreement with the experimental observations. Nonetheless, the decrease in the barrier
height was not as pronounced as in the experimental case, therefore the authors proposed that more Al locations or alternatively
different type of active sites, such as framework-associated and extra-framework aluminum, should also be considered.

6.08.3.2.2 Ni-SSZ-24 for ethene oligomerization
Interested in the mechanism of ethene oligomerization in Ni-exchanged zeolites, Brogaard and coworkers employed
advanced Umbrella Sampling simulations to probe the mechanism at operating conditions in Ni-SSZ-23 (25 bar and
120 �C) and to calculate intrinsic reaction barriers and construct free energy profiles.23 The initial reactant state modeled
was a [Ni(C2H4)(C2H5)]

þ species anchored to the zeolite via two Ni – O bonds, based on a key state in the Cossee-
Arlman mechanism identified in a previous study.223 DFT-MD simulations were carried out at the revPBE-D3 level, and
the constructed free energy profile is outlined in Fig. 25, while Fig. 26 and Table 3 highlight the choice of collective variable
employed for each process.

Initial ethene coordination was characterized to take place with accompanying formation of a ß-agostic interaction with the ethyl
ligand and cleavage of both NieO bonds from the zeolite framework, thus mobilizing the Ni(II) cation to afford
[Ni(C2H5)(C2H4)2]

þ. This was supported by histogram analysis of Ni-Al distances where an increase from �3 to 6 Å is identified
in the reactant and product sampling regions, respectively (Fig. 27A, inset). The replacement of a relatively weak-field Ofw ligand
with a stronger h2 ethene ligand also induces a tetrahedral/trigonal-planar to square-planar geometry change in
[Ni(C2H5)(C2H4)2]

þ, bringing the two coupling partners closer together. C-C coupling can then take place with an intrinsic activa-
tion barrier of 37 kJ mol�1, where, in reverse to the mobilization observed in the prior step, re-coordination of Ni(II) to the AlO2

�

site of the framework concomitantly takes place (again supported by shortening of the average Ni-Al interatomic distance).
Following formation of the anchored [Ni(C4H9)(C2H4)]

þ species, coordination of additional ethene can take place with an intrinsic
reaction barrier of 37 kJ mol�1, followed by ß-hydrogen transfer (where DGz ¼ 20 kJ mol�1) to afford a mobilized
[Ni(C4H8)(C2H5)(C2H4)]

þ species. Subsequent ethene coordination and 1-butene desorption can take place to regenerate the
mobilized [Ni(C2H4)2(C2H5)]

þ species. Alternatively, from the [Ni(C4H9)(C2H4)]
þ adduct, a process of ethene coordination

and C-C coupling to afford the n-hexyl intermediate was also modeled, which was found to be kinetically disfavored. Amicrokinetic
model constructed from the computed energetics identified that rate of 1-butene formation is approximately two orders of magni-
tude higher than 1-hexene formation, which was supported by continuous flow experiments where 98% selectivity towards butenes
formation was observed over hexenes.

This study neatly demonstrates the power of operandomodeling techniques such as US to probe and reveal the tendency of active
TM sites in zeolites to mobilize under catalytic conditions. In this case, Ni(II) reversibly is shown to mobilize in the form of
four-coordinate cationic organonickel complexes interacting with the zeolite framework via longer-range coulombic interactions,
resembling an organometallic nickel complex interacting with solvent molecules under homogenous catalytic conditions. Ethene
dimerization can take place from this state with accompanying re-anchoring of the Ni site, and comparison of the computationally-
derived microkinetic model was found to be consistent with experiment.

6.08.3.2.3 Mobility of active sites in H-SSZ13 during fast NH3-SCR-NOx
In 2017, Schneider and coworkers employed a combination of static DFT calculations, ab initio molecular dynamics, metadynamics
and complementary experimental kinetics studies to unravel the role of the Brønsted acid site in fast NH3-SCR-NOx in H-SSZ-13.34

Three distinct mechanistic routes of N2O3 consumption, an intermediate postulated as a transient intermediate in fast SCR, were
considered and modeled with this combined approach:

1. A “NH4
þ
” route, in which a NH4

þ cation interacting with the Brønsted acid site reacts with N2O3 to afford H2NNO and HONO:

ZNH4 þN2O3/ZHþH2NNOþHONO
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Fig. 24 2D FES at 330 �C for methoxide formation in pure methanol (1:0)mw,sim and (5:0)mw,sim (A, B) and the (1:4)mw,sim methanol-water mixture
(C) occluded in H-SAPO-34, with indication of the least free energy path. The insets show snapshots of the TS region. (x:y)mw,sim stands for x MeOH
and y H2O molecules per BAS. Adapted with permission from De Wispelaere, K.; Wondergem, C.S.; Ensing, B.; Hemelsoet, K.; Meijer, E.J.;
Weckhuysen, B.M.; Van Speybroeck, V.; Ruiz-Martinez, J., Insight Into the Effect of Water on the Methanol-to-Olefins Conversion in H-SAPO-34 From
Molecular Simulations and In Situ Microspectroscopy. ACS Catal. 2016, 6(3), 1991–2002. Copyright 2016, American Chemical Society.
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2. A “ZH” route, in which the protonated Brønsted Acid site reacts with N2O3 to form a short-lived “ZNO” intermediate, which is
subsequently consumed by NH3 to regenerate “ZH”:

ZHþN2O3/ZNOþHONO

ZNOþNH3/ZHþH2NNO

Fig. 25 Free energy profile (in kJ/mol) of ethene oligomerization by Ni-SSZ-24 constructed from results of Umbrella Sampling calculations of the
elementary steps at 25 bar and 120 �C. Reprinted from Brogaard, R.Y.; Kømurcu, M.; Dyballa, M.M.; Botan, A.; Van Speybroeck, V.; Olsbye, U.; De
Wispelaere, K., Ethene Dimerization on Zeolite-Hosted Ni Ions: Reversible Mobilization of the Active Site. ACS Catal. 2019, 9(6), 5645–5650, with
permission from the American Chemical Society.

Fig. 26 Illustrative structures to outline the atoms used in the CNs used to sample each process, along with parameters. Si ¼ yellow, O ¼ red,
Al ¼ purple, N ¼ blue, H ¼ white, Ni ¼ turquoise.
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3. A “physisorbed NH3” route, in which the tethered NH4
þ active site is solvated with an equivalent of ammonia to form

a “ZNH4
.NH3” adduct, which in turn can react with N2O3:

ZNH4$NH3 þN2O3/ZNH4 þH2NNOþHONO

Metadynamics calculations were performed on a 12-T-site SSZ structure (Si/Al ¼ 11) via the CPMDmethod at the PBE level of theory.
Initial experimental rate measurements revealed that the rate of NOx consumption varies non-linearly with respect to temper-

ature (Fig. 28A), where two distinct activation energies were identified depending on the temperature range. An activation energy of
�30 kJ mol�1 could be observed in the temperature range of 613–653 K while EA ¼ 21 kJ mol�1 was identified for 498–533 K.

AIMD simulations combined with a Potential Mean Force (PMF) approach were employed to assess the free energy of adsorp-
tion of NH3. Free energies could be obtained by integrating the obtained constraint force along a predefined one-dimensional grid
of separation distance between the adsorbate (NH3) and active site (either ZH or ZNH4

þ). The coverages of NH3 across the temper-
ature range employed experimentally revealed that almost all Brønsted Acid sites take the form of the NH4

þ site, and at higher
temperatures a physisorbed NH3 site of ZNH4

.NH3 is unlikely to form.
The reactivity of the proposed active sites with N2O3 were then investigated computationally via metadynamics simulations,

with two CVs sampled in each case (outlined in Fig. 29 and Table 4).

Table 3 CN parameters for the reaction steps illustrated in Fig. 26.

Reaction step Coordination number r0 [Å] n m

Coordination of ethene CN (Ni, C in surrounding ethenes) 2.1 6 8
Migratory insertion CN (C in ethene, Ca in alkyl) 1.9 6 12
Hydrogen transfer A CN (ß-H in butyl, Ni) 1.5 6 10
Hydrogen transfer B CN (ß-H in butyl, C in ethene) 1.8 6 12
1-butene desorption CN(Ni, C in C]C of 1-butene) 2.7 6 10

Fig. 27 Free energy profile of ethene coordination from [Ni(C2H4)(C2H5)]þ complex (left) with Ni-Al distance histograms of the reactant and product
states (left, inset), and from [Ni(C2H4)(C4H9)]þ complex (bottom right). MD snapshots (top right) of the anchored and mobilized Ni(II) states, with the
time-elapsed position of the Ni atom (turquoise) and Ni-bound ethyl C atom (blue) in the MD trajectories. Reprinted from Brogaard, R.Y.; Kømurcu,
M.; Dyballa, M.M.; Botan, A.; Van Speybroeck, V.; Olsbye, U.; De Wispelaere, K., Ethene Dimerization on Zeolite-Hosted Ni Ions: Reversible
Mobilization of the Active Site. ACS Catal. 2019, 9(6), 5645–5650, with permission from the American Chemical Society.
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The metadynamics simulations revealed that the physisorbed NH3 route (Fig. 30C) proceeds via an activation free energy of
80 kJ mol�1, where NO addition to NH3 takes place concomitantly with hydrogen transfer from NH3 to NO2 to form HONO
and H2NNO. In the NH4

þ route (Fig. 30A), NH3 partially desorbs from the Al site before reacting in a similar manner with
N2O3 as the physisorbed route, where EA ¼ 100 kJ mol�1. Finally, the ZH route (Fig. 30B) proceeds with proton transfer from
the Brønsted acid site to NO2 to form a ZNO site takes place, with an activation energy of 60 kJ mol�1.

The authors subsequently constructed a kinetic model based on the computed barriers of the three routes via metadynamics
simulations, in which individual rates of the three routes were calculated as a function of temperature along with a total rate
(Fig. 31). This revealed that at temperatures below 570 K, the physisorbed NH3 reaction route dominates and contributes the
most to the total rate of fast SCR in the catalytic system, and up to 570 K temperature the rate is invariant with respect to temper-
ature. Beyond 570 K the NH4

þ route dominates, and the initial identification of two separate temperature-dependent kinetic
regimes was uncovered.

These studies therefore demonstrate the power and application of enhanced sampling techniques in the accurate operando
modeling of mobilized catalytically active sites when used in concert with experiment. While the identification of two separate

Fig. 28 (A) Rate of NOx consumption under fast SCR conditions per gram of H-SSZ-13, versus temperature. (B) Corresponding Arrhenius plots,
detailing two separate kinetic schemes at different temperature ranges. Reprinted from Li, S.; Zheng, Y.; Gao, F.; Szanyi, J.; Schneider, F.;
Experimental and Computational Interrogation of Fast SCR Mechanism and Active Sites on H-Form SSZ-13. ACS Catal. 2017, 7(8), 5087–5096, with
permission from the American Chemical Society.

Fig. 29 Schematic structures of starting points and collective variables used in the metadynamics simulations of the (A) NH4
þ route, (B) ZH route

and (C) physisorbed NH3 route. Si ¼ yellow, O ¼ red, Al ¼ purple, N ¼ blue, H ¼ white.

Table 4 Collective Variables for the reaction steps illustrated in Fig. 29.

Route CV1 CV2 Ea (kJ mol
�1)

(a) NH4
þ CN[N1-N2] SUM(CN[N2-H1,2,3,4]) 80

(b) ZH CN[N1-H] TOTAL(CN[N1,2-O1,2,3,4]) 100
(c) Physisorbed NH3 SUM(CN[N1-N2,3]) TOTAL(CN[N2,3-Hall]) 60
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temperature dependent reaction-schemes in fast NH3-SCR-NOx reactivity in H-SSZ-13 was identified by experiment, complemen-
tary metadynamics simulations could pinpoint the mechanistic origins of this temperature-dependent behavior.

6.08.3.2.4 Mobility of multinuclear Cu sites in chabazites for the selective catalytic reduction (SCR) of nitrogen oxides
As previously outlined (Section 6.08.2.3.1.2), Gounder and coworkers employed a combination of XAS, static and dynamic DFT
calculations to probe the speciation and role of mobile cationic copper sites in low-temperature NH3-SCR.

20 The mobility of the
[Cu(NH3)2]

þ complexes were assessed using metadynamics simulations via CPMD. The Cu-Al CN was chosen as the CV to describe
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Fig. 30 2D free energy profiles for the (A) Physisorbed NH3 route, (B) NH4
þ route and (C) ZH route. Reprinted from Li, S.; Zheng, Y.; Gao, F.;

Szanyi, J.; Schneider, F.; Experimental and Computational Interrogation of Fast SCR Mechanism and Active Sites on H-Form SSZ-13. ACS Catal. 2017,
7(8), 5087–5096, with permission from the American Chemical Society.
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the diffusion of [Cu(NH3)2]
þ to the adjacent CHA cage. The longest Cu-Al distance in the pre-equilibration MD simulation was

chosen for the CN parameter d0.
The metadynamics simulations, and the corresponding free energy profile revealed the [Cu(NH3)2]

þ equilibrates in the alumi-
nated cage with a Cu-Al distance of 4.7 Å (state I, Fig. 32), upon which the free energy increases as the Cu species approaches the
window to the adjacent cage, hitting a peak at a Cu-Al distance of 8 Å and an activation barrier of 55 kJ mol�1 (state II, Fig. 32).
Finally, as [Cu(NH3)2]

þ diffuses into the neighboring cage, a local minimum (state III, Fig. 32) is observed at a Cu-Al distance of
8.5 Å. This activation barrier of 55 kJ mol�1 was used to estimate a rate of molecular diffusion of 6 � 106 s�1, and the fraction of
mobilized [Cu(NH3)2]

þ to “anchored” Cu at the charge-compensated cage (i.e., the population of state III relative to state I at equi-
librium) was estimated to be 1.4 � 10�3 at operating conditions (473 K). Moreover, the electrostatic contribution to the charge-
separation of [Cu(NH3)2]

þ and the Al site was estimated using Coulomb’s law, where Cu and Al were assumed to be positive
and negative point-charges, respectively. This indicated that the electrostatic interactions between Cu and Al is a dominating
contributor to the energetics of [Cu(NH3)2]

þ diffusion, until around 7 Å, where steric hindrance likely proceeds to play a larger
contributing role in diffusing through the 8-ring window.

Fig. 31 (A) Computed total rate (black), and rates of the three modeled mechanistic routes as a function of simulation temperature. (B) Arrhenius
plot of total rate. Reprinted from Li, S.; Zheng, Y.; Gao, F.; Szanyi, J.; Schneider, F.; Experimental and Computational Interrogation of Fast SCR
Mechanism and Active Sites on H-Form SSZ-13. ACS Catal. 2017, 7(8), 5087–5096, with permission from the American Chemical Society.

Fig. 32 Illustration of the diffusion of [Cu(NH3)2]þ species into a neighboring chabazite cage, with Cu-Al interatomic distances (r, in Å) and free
energies (F, in kJ/mol) of the reactant state (I), saddle point (II) and product (III), calculated via metadynamics simulations by Schneider and
Gounder.20

Dynamic evolution of catalytic active sites within zeolite catalysis 193

Comprehensive Inorganic Chemistry III, Third Edition, 2023, 165–200

Author's personal copy



6.08.4 Conclusions and perspectives

Within this article, the current knowledge on the nature and evolution of active sites within zeolite catalysis has been reviewed.
Recently a consensus has been reached that active sites may become very dynamic under operating conditions, where the latter
may refer to altered temperatures, partial pressures, etc. In this context, the state of understanding of proton mobility, mobility
of Al sites via framework decomposition, and mobility of TM-exchanged sites within zeolites has been surveyed, highlighting in
particular the use of operando spectroscopic and computational methods to identify these phenomena. As many catalytic processes
in nanoporous materials occur at high temperatures and are influenced by the guest adsorption in the pores, operando modeling of
the catalytic function is of critical importance to accurately describe the reaction systems. The more “standard” static modeling
approach starts from a few points on the potential energy surface, such as reactants, transition states and products. This is
a huge oversimplification of the working catalytic material, and in reality the scene is much more complex. Competitive pathways
may be operational which are essential for determining product selectivities, various guest molecules may be present in the pores of
the material which may alter the nature of the active site or facilitate certain reaction paths, and the operating temperature window
may change the nature of the reactive intermediates.37,40,83 The field of computational modeling and spectroscopic characterization
has evolved substantially, enabling more precise information on the nature of the active site and its mobility during operation.
Using enhanced sampling MD techniques based on a first-principle description of the PES, one can map the free energy surface
at realistic conditions. As such, a dynamic reorganization of catalytically active sites could be better characterized for various
processes, as outlined in selected case studies. For Brønsted acidic sites, protic molecules in the zeolite pores were able to capture
the proton originally located on the lattice to form protonated reactive clusters.32,204 For Ni-zeolites used in ethene oligomerization
it was shown that ethene molecules reversibly mobilize the active site and exchange with the zeolite as ligands during reaction.23

Such reactant-mobilized active sites have also been observed in the selective catalytic reduction of nitrogen oxides with ammonia in
H-SSZ-13,34 and Cu-SSZ-13 zeolites in standard SCR and some other cases.20 In the quest for conversion of new feedstocks such as
biomass, new heterogeneous catalysts will have to be designed, containing more complex active sites, combining for example
Brønsted and Lewis acid functions in close proximity.224 Ideally one could atomically design so-called single active sites at the
surface of a solid catalyst, which gives the desired function and is robust in the desired operation window.225–227 To achieve
this goal, the role of enhanced sampling techniques, in concert with accurate operando spectroscopic techniques, is expected to
be crucial and increasingly prevalent in heterogeneous catalysis. Insight into the characterization of dynamic and mobile catalytic
sites will both aid in the rationalization of the observed reactivities and selectivities, and will in turn inform further predictions of
refined catalyst systems.
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