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Abstract. Metal-exchanged zeolites are a class of heterogeneous catalysts that

perform important functions ranging from selective hydrocarbon oxidation to remediation

of NOx pollutants. Among these, copper and iron zeolites are remarkably reactive,
hydroxylating methane and benzene selectively at low temperature to form methanol
and phenol, respectively. In these systems, reactivity occurs at well-defined molecular
transition metal active sites, and in this review we discuss recent advances in the
spectroscopic characterization of these active sites and their reactive intermediates.
Site-selective spectroscopy continues to play a key role, making it possible to focus on
active sites that exist within a distribution of inactive spectator metal centers. The
definition of the geometric and electronic structure of metallozeolites has advanced to
the level of bioinorganic chemistry, enabling direct comparison of metallozeolite active
sites to functionally analogous Fe and Cu sites in biology. We identify significant
parallels and differences in the strategies used by each to achieve high reactivity,
highlighting potentially interesting mechanisms to tune the performance of synthetic

catalysts.
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1 - Introduction. Based on promising applications in the remediation of noxious NOx
and N20 from combustion engines and the mild partial oxidation of unreactive
hydrocarbons, research into redox catalysis for selective partial oxidation using copper
and iron exchanged zeolites has moved forward at an appreciable pace. The general
challenge associated with the latter application is the formation of highly reactive
oxygen species, combined with the selectivity towards partial oxidation products over
thermodynamically favoured full oxidation into CO2 and H20. In addition, the catalysts
should preferably contain earth-abundant transition metals (Fe, Cu, Co, Ni, ...) and
make use of oxidants (e.g., Oz, N20, NO, ...) which are cheap and benign, or which can
be recovered from waste streams. The activation of the strong (104 kcal/mol) methane
C-H bond under mild conditions can be seen as a model reaction requiring such
reactive oxygen species. The performance in the partial oxidation of methane under
mild conditions will function as a benchmark for defining the zeolitic Cu/O and Fe/O
species as active sites in this review. Another industrially relevant conversion, the
partial oxidation of benzene to phenol, faces similar challenges and will also be treated.

Over the past years, previously reported active sites in Cu and Fe exchanged
zeolites have been characterized in detail and, simultaneously, new observations have
opened up novel tracks of research. Combinations of spectroscopic techniques and the
use of site-selective spectroscopy complementing bulk techniques and reactivity studies
as well as computational models have had a significant hand in this progress. Focus is
put on the formation, stability and characterization of Cu/O and Fe/O reactive species in

zeolites and on the relation between their structural properties and their exceptional



reactivity for inert hydrocarbon oxidation. In section 2, a general introduction on zeolites
is given and transition metal ions (TMI) in zeolites are discussed.

Parallels can be drawn between these zeolitic systems and metalloenzymes
which catalyse similar reactions, both on the level of catalytic function and on the level
of characterization. Characterization techniques which will be discussed in this review
(section 3), including resonance Raman spectroscopy, variable-temperature-variable-
field magnetic circular dichroism, and nuclear resonance vibrational spectroscopy, have
recently crossed over from the bio-inorganic world to the field of heterogeneous
catalysis. In sections 4 and 5, these techniques are applied to reactive copper and iron
active sites for methane activation. Spectroscopic data are coupled to electronic
structure calculations, showing how the unique geometric and electronic structures of
metallozeolite active sites lead to high reactivity. Finally, a comparative study of
oxidation chemistry by metalloenzymes and metallozeolites is presented in section 6.
Structure-function relationships are well established for iron and copper active sites in
biology, and here we extend concepts from bioinorganic chemistry to metallozeolite

catalysis.

1.1 - Challenges of industrial selective partial oxidation. The partial oxidation of
inert hydrocarbons, such as methane and benzene, presents inherent challenges for
catalysis. High selectivity towards partially oxygenated products of inert hydrocarbons
is hampered by their decreased C-H bond strengths. This causes a preference for the
formation of over oxidized products through consecutive oxygenation reactions, and

imposes an upper limit to the achievable selectivity. Due to the high activation barriers



common for these reactions, attaining high yields tends to require an extended contact
time with the oxidation catalyst. This leads to a tradeoff between conversion, requiring
long contact times, and selectivity, requiring short contact times. Workarounds to this
issue involve the synthesis of stable, partially oxidized intermediates, which are
converted to the desired products in subsequent steps. These intermediates include
syngas and strongly adsorbed (coordinated) reactive species on the heterogeneous

(homogeneous) catalyst surface (active site).

1.1.1 - Conversion of Methane to Methanol. To valorize methane for chemical
synthesis, the notoriously inert CH4 molecule must first be functionalized. The difficulty
of methane functionalization stems from the molecule’s electronic structure, shown in
figure 1. Due to the high strength of the methane C-H bond, the occupied bonding
levels (lai, 1t2) are significantly stabilized (figure 1A). This is evident from the high
ionization potential of methane (12.61 eV).! The high symmetry of methane also results
in bonding molecular orbitals that are delocalized over many atoms (1lai and 1tz in figure

1B). These are resistant to electrophilic attack due to poor energy match and overlap
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Figure 1. A) Molecular orbital diagram for methane derived from symmetry adapted linear combinations
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with molecular orbitals of incoming electrophiles. The unoccupied antibonding levels
(2a1, 2t2 in figure 1) are significantly destabilized and delocalized, and this makes
methane similarly resistant to nucleophilic attack. Finally, methane is resistant to
deprotonation (pKa = 48) due to the high covalency of its C-H bonds.?

Several strategies have been developed to tackle the problem of selective
methane activation under mild conditions, and these can be divided into four classes
shown in figure 2.° In oxidative addition (figure 2i), a low-valent metal reductively
cleaves the C-H bond by donating two electrons into the C-H o* antibonding orbital. In
electrophilic activation (e.g. Shilov chemistry, figure 2ii), a C-H bonding orbital donates
into a vacant metal d orbital, and this weakens and polarizes the C-H bond so that
methane can be deprotonated. In sigma bond metathesis (figure 2iii), binding to the M-
X fragment plays a similar role in activating the C-H bond. Finally, reactive metal-
oxygen species (figure 2iv) are highly electrophilic, with low-lying unoccupied molecular
orbitals that are localized on a metal-oxygen fragment. These are activated as acceptor
orbitals for H-atom abstraction (HAA), even from the stable C-H bonding levels of
methane shown in figure 1. This is the strategy employed by nature and metallozeolites
to activate strong aliphatic C-H bonds. (Activation of aromatic C-H bonds proceeds

through a different mechanism, discussed below.)
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Figure 2. The four main mechanisms for C-H bond activation in methane (i) oxidative addition, (ii)
electrophilic activation, (iii) sigma-bond metathesis, and (iv) oxidation with a reactive oxygen species.



Specific catalytic systems have been developed to selectively oxygenate
methane while avoiding excessive oxidation to thermodynamically favored products
(e.g. formate, CO2). Shilov systems operate through the electrophilic activation of the C-
H bond by a Pt" complex.*®> Stronger C-H bonds have higher electron density than
weaker C-H bonds, and are therefore more susceptible to electrophilic activation,
suppressing over-oxidation. Oxidation with soft electrophiles, such as sulfur, is also
proposed.® All have their limitations, however, for which we refer the reader to specific
literature on the topic.*#’~° The use of a reactive oxygen center for the C-H bond
activation shifts the challenge from the C-H cleavage to the formation of isolated, highly
reactive oxygen species. This requires the activation of an oxidant — ideally O2. Binding
dioxygen to a reduced metal center results in activation at the oxy, superoxy, or peroxy
level. With the participation of more than one reduced metal, the O-O bond can be
cleaved resulting in activated metal-oxo species. The reaction of triplet Oz (oxy) species
with singlet organic substrates is spin-forbidden and therefore slow. Superoxy, peroxy,
and oxo species do not suffer from this limitation, however, thus reductive activation of
O2 can overcome the spin-forbiddenness of its reaction with organic substrates.
Reactive metal-oxygen species can also be generated in zeolites using nitrous oxide or
hydrogen peroxide. This is particularly important in the chemistry of Fe-zeolites, where
methane-reactive sites cannot be formed with O2. (Although we note copper zeolites
are activated equivalently by both N2O and O2.) For N20, there is an entropic driving
force associated with irreversible N2 release during O-atom transfer, and this can be
used to drive the generation of unstable (and therefore reactive) metal-oxo sites.

However, the use of N2O as the final oxidant for methane activation inevitably implies a



bottleneck for future upscaling to an industrially relevant scale. Industrially available side
streams of N20 are currently dwarfed by the intended scale of methane upgrading.t°
Alternatively, other oxidants can be used (Os, tert-butyl-hydroperoxide, HNO3z, H2SOa4,
NaClO, NaClOz, H202 ...) but these cannot compete with freely available atmospheric
O2. A strongly related challenge in catalysis is therefore the activation of molecular
oxygen, either to form intermediary oxidants, or to directly perform the desired oxidation
reaction in the next step.

One candidate platform chemical obtained from methane is methanol. Methanol
is subsequently converted to a broad range of petrochemical products such as
formaldehyde, dimethyl-ether and propylene, among others. Moreover, methanol is an
easily transported liquid at room temperature. Methane transport, on the other hand,
requires extensive infrastructure (liquefied natural gas (LNG) terminals, LNG carriers
and natural gas pipeline systems) with a high risk of leakages contributing to the
greenhouse effect.! Currently implemented methane to methanol processes all pass
over syngas as an intermediate, requiring large scale plants which operate at high

pressures and temperatures (ICI process
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noble metal catalysts (pilot stage).'? The syngas is then converted to methanol using
copper and zinc oxides on alumina as the catalyst. Although very efficient, and
operating at high yields with high selectivity, the current technology is unsuitable for
valorizing small scale methane sources. Given that an estimated 30-60% of sources
are designated as ‘stranded natural gas’ under current economic conditions,31# this is
an important issue. Technology to address the valorization of oil-associated gas, biogas
and natural gas from remote wells is therefore highly desirable from an economic and
an environmental point of view. Ideally, the oxidation of methane to methanol would be
achieved in a single step at mild conditions, using oxygen as the ultimate electron
acceptor (figure 3, bottom). With all products and reagents in the gas phase, the net
conversion is exothermic, with AH°r = -30.22 kcal/mol and AS°, = -11.8 cal/molK. Due to
the negative reaction entropy, this process is favored at low temperatures (and feasible
below 2500 K). This is in contrast to the steam reforming of methane syngas (figure 3,

top), which is only thermodynamically possible above 1000 K.

1.1.2 — Conversion of Benzene to Phenol. Phenol is an important precursor molecule
for chemical synthesis due to its high reactivity toward electrophilic aromatic
substitution. Downstream uses of phenol include production of bisphenol-A, ketone-
alcohol-oil (KA-oil) for nylon 66, and various polymers and pharmaceuticals. About 90%
of phenol is currently produced from benzene using the cumene process.’® First,
benzene undergoes a Friedel-Crafts alkylation with propylene (sometimes catalyzed
using acidic zeolites). The resulting cumene is oxidized with molecular oxygen to form

cumene hydroperoxide, which subsequently decomposes to a 1:1 mixture of acetone
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and phenol.*®* Cumene hydroperoxide functions as a stable, partially oxidized
intermediate, preventing over-oxidation. Drawbacks of the cumene process include the
simultaneous production of acetone, which must be separated and for which a market
must be found, as well as safety and environmental concerns regarding the
intermediates (e.g., hydroperoxide) and solvents. As with the methane-to-methanol
conversion, many of these issues can be addressed using a direct partial oxidation
route, in which benzene is hydroxylated directly to form phenol.

The challenges associated with direct partial oxidation of benzene parallel those
associated with the  methane-to-
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methanol conversion. Like methane, ) ‘.
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Figure 4. g frontier molecular orbitals of benzene
derived from out-of-plane carbon 2p orbitals.

molecular orbitals (eg) are = bonding
levels formed from linear combinations of the out-of-plane carbon 2p orbitals. These
orbitals are highly stable and delocalized due to aromatic = bonding in the benzene ring.
They are therefore resistant to electrophilic attack. The unoccupied antibonding orbitals
(eu in figure 4) are significantly destabilized and also delocalized, and this makes
benzene resistant to nucleophilic attack. The C-H bonds of benzene are even stronger
than methane C-H bonds (113 kcal/mol versus 104 kcal/mol for CH4), and as a result
they are not susceptible to direct electrophilic attack through H-atom abstraction. (On

the other hand, the C-H bonds of benzene are more susceptible to oxidative addition at
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low-valent metals than the C-H bonds of methane due to the participation of aromatic «
orbitals in bonding to the metal.’) As with methane, metalloenzymes and
metallozeolites overcome the chemical inertness of benzene using electrophilic reactive
oxygen species.'®1? (Oxidative addition of aromatic C-H bond is most facile at low-
valent 2" and 3" row transition metals, however these are scarce in biology and difficult
to stabilize using protein-derived ligands). A key difference here is that these
intermediates attack the n bonding electrons of benzene (eg in figure 4) through an
electrophilic aromatic substitution mechanism, and they do not interact directly with the
C-H bonds (in contrast to H-atom abstraction from methane). A common mechanistic
proposal for benzene hydroxylation by electrophilic metal-oxo species, not yet evaluated
in the context of metallozeolite catalysis, involves initial formation of a so-called o-
complex. This intermediate is characterized by a single bond between the active
oxygen and ipso carbon of the aromatic ring, which becomes sp® hybridized. The
formation of the new C-O bond is coupled to the one- or two-electron oxidation of the
aromatic ring resulting in radical or cationic c-complexes, respectively. Decay of the c-
complex to phenol may proceed through an inter- or intramolecular mechanism.
Notable among these is the ‘NIH’ shift,?° first defined for biological aromatic oxidations,
in which the ipso proton of the o-complex is transferred to the ortho carbon, forming

1,4-cyclohexadienone that subsequently tautomerizes to phenol.

1.2 — Enzymes as Industrial Oxidation Catalysts. In biology, enzymes exist that
carry out selective hydrocarbon oxidation rapidly under ambient conditions.

Methanotrophs have evolved iron and copper methane monooxygenases (particulate

12



methane monooxygenase — Cu, soluble methane monooxygenase — Fe) to catalyze the
hydroxylation of methane to methanol using atmospheric O2.2! In all organisms, a range
of iron and copper enzymes exist that perform aromatic hydroxylation with atmospheric
O2, including cytochrome p450, phenylalanine hydroxylase, and tyrosinase.'®1°
Comparison of current industrial oxidation catalysts to these enzymes demonstrates the
considerable shortcomings of commercial synthetic systems. In terms of the catalytic
activity per active site, measured by single site turnover frequencies, enzymatic systems
are dramatically more efficient than catalysts used in today’s industrial reactors. Typical
turnover frequencies for enzymes range between 102 and 107 s versus 102 to 102 s
for synthetic catalysts.?> Moreover, enzymes showcase impressive product and reagent
selectivity, often near 100%, carefully tailored by evolution to exactly meet their host
organism’s needs. On the reagent side, this implies a reliance on readily available
chemicals already present as, or synthesized from, ambient chemical compounds. On
the product side, this implies largely innocuous side-products, if any. Bioreactors, using
whole enzymes as catalysts, exploit these advantages, enabling certain processes,
mainly relevant to the food industry, but also in the polymer industry, waste treatment
industry, biomass conversion, and others, to run at mild conditions and attain high
selectivity.

On the downside, enzymes suffer from a limited stability range with respect to
numerous environmental parameters that are important in industrial oxidation chemistry.
Having evolved to specifically support life at typically ambient conditions, enzymes lack
the temperature, pressure and solvent tolerance required in most industrial processes.

Especially environmental and energy related oxidation catalysis is often performed at
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elevated temperature and/or pressure and/or in the presence of highly concentrated
contaminants not usually encountered in nature. This places prohibitive constraints on
the use of enzymes in such applications. Additionally, precursors and products are
generally not the same for industrial synthesis and biosynthesis, requesting some
modifications of enzymatic processes at the catalyst level. Moreover, biocatalysts
operate within the complex synergy provided by its host cell, often requiring specific
cofactors such as ATP/ADP and NAD(P)*/NAD(P)H. It is unfeasible to introduce such
complexity in a reliable, large scale industrial reactor. Product separation from the multi-
component aqueous mixture in the bioreactor presents another complication. A review
on alkane biohydroxylation covering the current status and prospects was published by
Soussan et al. in 2016.%2

To overcome these challenges, while retaining the benefits of high activity and
selectivity, a biomimetic approach has been followed in the past decades leading to
interesting results with homogeneous complexes,?* synthetic enzymes,?® metal organic
frameworks?%2” and encapsulated complexes in inorganic matrices,?®-31 mimicking the
ligand environment provided by the functional residues in the active pockets of
enzymes. These systems have, along with the study of enzymes themselves, provided
essential insight into the inner workings of enzymes, and in the methodology of the field.
They still, however, lack the stability and simplicity required for supporting commercially

viable, large-scale applications in industry.

1.3 — TMI Zeolites as Industrial Oxidation Catalysts. Zeolites offer many of the

advantages associated with enzyme catalysis, including reactivity at well-defined
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transition metal active sites that can cycle through a range of oxidation states. Unlike
enzymes, however, these inorganic materials are highly robust and can accommodate
harsh reaction conditions. Zeolites have established a strong track record as industrial
catalysts with initial applications as large scale acid catalysts for the petro-chemical
industry in the 1960s. Incorporating extra framework transition metal ions into their inner
pore structure (section 2) introduces these materials as highly stable oxidation catalysts,
with properties reminiscent of those displayed by transition metal containing
metalloenzymes (section 6). With this in mind, enzyme-inspired TMI-zeolite catalysts
are promising materials to support the next generation of industrial oxidation processes.
Here, we move from an enzyme mimicking approach towards one driven by concepts
that have evolved from metalloenzyme chemistry.

The first TMI-zeolite active in the selective oxidation of methane to methanol was
discovered by Panov et al. in 1990.32 They discovered the formation of an active Fe/O
species on the ZSM-5 zeolite upon oxidation with N20. The reactive intermediate,
named o-O, has a remarkable activity towards the activation of methane. A bound
intermediate is formed which can be extracted with water to yield methanol. Follow-up
studies by the same group revealed the reactivity of a-O towards other hydrocarbons,
including benzene.®® In contrast to methanol, no steam is required to release the
phenol product, which desorbs spontaneously from the catalyst at 673 K. The methane
to methanol conversion over o-O continues to be burdened by practical limitations; the
conversion is stoichiometric, requiring an additional steaming step for product
desorption, and the requirement of N2O as oxidant limits the catalysts applicability.

Meanwhile, the catalytic conversion of benzene to phenol has been translated into a
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pilot scale reactor by Solutia (now Ascend) in the AlphOx process,** however the project
was discontinued due to excessive deactivation of the catalyst by coking and a
mismatch in recyclable N20 versus required amounts. Despite this, the practical
potential of the catalyst is demonstrated by the AlphOx process, and new developments
in research on the Fe-zeolites may well provide answers to the catalysts’ current
limitations including limited turnover numbers and low tolerance for trace impurities.
Recently, for example, the geometric and electronic structure of a-O was defined by
Snyder et al.® (see section 5) - an essential step in enabling further application-directed
engineering of the material.

Copper-containing zeolites show similar reactivity towards methane and
benzene.3® While they are less reactive compared to the Fe-zeolites, Cu-zeolites have
the distinct advantage of using O2 as oxidant. The reactive intermediate in selective
hydrocarbon oxidation over O2-activated Cu-zeolites was first identified in 2005 by
Groothaert et al. 36, and its geometric and electronic structure was elucidated by
Woertink et al. in 2009.37 As with the Fe-zeolites, issues related to product trapping and
catalyst deactivation have presented barriers to commercialization. Emerging insight
into Cu active sites in zeolites, discussed in section 4, will play an important role in
resolving these issues.

For both iron and copper zeolites, parallels have been drawn to metalloenzyme
chemistry with respect to function, but also with respect to active site geometric and
electronic structure. Reliable experimental data on metallozeolite active sites that would
enable this type of comparison are limited, however. Perhaps the most significant

barrier with respect to experimental characterization of these materials is the presence
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of inactive spectator metals, which in some cases make up the majority of the metal
content in TMI zeolites. As a result, data from bulk techniques such as X-ray absorption
spectroscopy and magnetic susceptibility are not reliable. Despite this, bulk data have
been interpreted extensively in the literature, resulting in a range of contradictory
assignments for active sites in zeolites. In this review, we focus on recent advances
enabled by site-selective spectroscopy, which limits interference from spectator metals.
Insights into reactivity based on rigorous spectroscopy coupled to electronic structure
calculations are presented, along with a critical comparison to iron and copper active

sites in biology.
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2. Copper and Iron Zeolites

2.1 — Zeolite Structure and Properties. Zeolites are crystalline microporous silicates
belonging to the group of the tectosilicates. The website of the International Zeolite
Association (I1ZA) lists over 200 frameworks whose structures have been solved and
recognized by IZA. The majority of these structures are synthesized, but some can be
found in nature. The structures are labeled with a framework type code of 3 capital
letters. The structures that are relevant to this review are shown in figure 5 together with
their corresponding 3-letter codes.®® The *BEA topology generally occurs as a

disordered structure, consisting of an intergrowth of three polymorphs A, B and C, and

is therefore given an asterisk prefix.

CHA FAU

Figure 5. Framework structures of the MFI (includes ZSM-5), MOR, FER, LTA (includes zeolite A), *BEA,
CHA (includes SSZ-13) an FAU (includes zeolites X and Y) zeolite topologies. Adapted with permission
from reference 8. Copyright 2017 International Zeolite Association

A defining property of zeolites is the presence of channels and cages with free
diameters of less than 2 nm. These pores give the zeolites their characteristic

microporosity. Channels may run in one, two or three directions, forming respectively
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MOR

Figure 6. left: frameworks of the MOR, FER and LTA topologies; middle: channels forming the pore
systems of the MOR (one-dimensional), FER (two-dimensional) and LTA (three-dimensional) topologies;
right: and their cages, for MOR the side pockets are indicated (top right structure).3®

one-, two, or three-dimensional pore systems, and the channels may or may not
intersect. Access to the cages is dependent on passage through windows of O atoms,
connecting the cages to the channels of the pore system. Channels and windows are
characterized by the number of O atoms that form them, since this determines their free
diameter. The pore systems of MOR (one-dimensional pore system), FER (two-
dimensional pore system) and LTA (tree-dimensional pore system) are shown in figure
6.3 The rings are symbolized with the notation nMR with n the number of O atoms and

MR abbreviating “membered ring”. Figure 7 shows 6-, 8-, 10- and 12MRs and their
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corresponding free diameters. The latter differ somewhat depending on the Si:Al ratio of
the zeolite lattice and on the structure type of the zeolite (vide infra). Thus a 6MR is
S e
SN i-fl “-\ £ ~. composed of six (Si,Al)O4 tetrahedra or
} { { { v \
: \

s 1 A - > v .
N /” W NS “=~_“ T-sites. For 8, 10 and 12MRs, the number
6.5Ax7.0A 53Ax56A 38Ax38A 25Ax25A

Figure 7. typical rings and their free diameters of tetrahedra forming the ring or window
(12MR, 10MR, 8MR, 6MR)

is 8, 10 and 12 respectively. A molecule can only pass through a ring when the ring’s
free diameter equals or exceeds the dimensions of the molecule. This imposes steric
constraints on the diffusion of molecules into the microporous network of the zeolite
crystals towards the interior of the crystal, where the adsorption or catalytic sites are.
Zeolites are therefore described as molecular sieves. An additional feature of zeolites is
the isomorphous substitution of Si** by AI** in the lattice. This has two consequences;
first, AI** is tetrahedrally coordinated to four lattice oxygen atoms and, because Al-O
bonds are longer than Si-O bonds (typically 0.187 nm vs. 0.163 nm), this locally distorts
the lattice and influences the shape and free diameter of the above mentioned rings.
Second, as AI** carries one positive charge less than Si**, the lattice becomes locally
negatively charged. One formal negative charge is introduced per AlI** substitution in the
lattice. By Loewenstein’s rule, AI** tetrahedra may never be in directly neigbouring
positions in the framework, so that no Al-O-Al linkages are allowed. The upper limit of
isomorphous substitution of Si** by AI** therefore yields a maximum Si/Al ratio = 1.
Furthermore, the Takaishi and Kato rule dictates that only one AI®* substitution is
allowed in one 5MR and Dempsey’s rule states that Al®* substitution strives to an even
distribution over the lattice. For synthetic zeoltites, however, kinetic parameters can

cause deviations from the latter rule in zeolite crystallization. For selected zeolites,
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experimental studies have indicated that AI** substitutions are inclined to be in closer
proximity than expected for a random distribution, but Loewenstein’s rule remains
valid.*® An illustration of the four possible aluminium configurations for the 6MR with 5 >
Si/Al > 1 in the *BEA topology is given in figure 8.

The negative lattice charge is compensated by exchangeable cations, giving rise to a
cation exchange capacity (CEC) in agreement with the lattice Si/Al ratio. In principle,
any cation can be exchanged provided its size is smaller than the free diameter of the
channels and cages of the zeolite concerned. When protons are exchanged, Brénsted
acid sites (BAS) are introduced as bridging [Al-OH-Si] hydroxyls between neighbouring

Si**and AR,

The verification of Al distribution in the framework of silicon-rich zeolites is an
experimental challenge, and is the subject of a 2012 review by Dedecek et al. 4 They

identify four types of Al substitution, based on the number of Si atoms (n) separating
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in zeolites allow for one, two, or three Al T-sites.
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two nearest Al substitutions: (1) (Al-O-(Si-O)n=1-Al) sequences, which are quantified
with 2°Si-NMR; (2) (Al-O-(Si-O)2<n<3-Al) sequences in a single ring, which are quantified
by NIR-UV-Vis spectroscopic quantification of Co?* after subtraction of type (1); (3) (Al-
O-(Si-O)n=2-Al) sequences not in a single ring, but within close distance, which are
quantified by Co(H20)e?* titration with subtraction of type (2); 4) (Al-O-(Si-O)nz2-Al)
sequences not in a single ring and with the Al substitutions too separate to
accommodate Co(H20)6%*, which make up the balance of total lattice Al. Note that the
distinction between these four types is dependent on the assumption that Co?*
coordination only occurs at (Al-O-(Si-O)ns<3-Al) sequences in a single ring, which the
authors based on a periodic DFT study on Zn?* in MOR. Additionally, the distinction
between types (3) and (4) is arbitrarily defined based on Co(H20)?* exchange, and not

directly on Al positioning.

Also for the exchange of TMI other than cobalt, (Al-O-(Si-O)n<3-Al) in a single ring, and
(Al-O-(Si-O)2-Al) sequences in 6MRs in particular, are of importance. These are
particularly apt to accommodate divalent TMI. The occurrence of (Al-O-(Si-O)2-Al)
sequences has been quantified for selected zeolite synthesis conditions by the method
described in the previous paragraph, and is dependent on the Si:Al ratio, as illustrated in

Table 1.
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Table 1. Number of Al-O-Si-O-Si-O-Al sequences for selected zeolites.*°

zeolite  Si:Al  Unit cell composition 2 N° of AI-O-Si-O-Si-O-Al per unit
cell

ZSM5 12 [M7.38]"-38*[Al7.38Siss.620192] 3¢ 3.10

ZSM5 30 [M3.10]319*[Al3.10Si92.900192]31%  0.93

FER 10 [M3.27]3-27*[Al3.27Si32.73072]32"- 1.08

*BEA 15 [M4.00]*9%*[Al4.00Si60.000128]*%%-  1.30

@ The variable cations are indicated by M, where each M stands for a singly positively

charged cation equivalent.

a) b) Di lorio et al. recently suggested a
Si 0, Si o}

Si -O, o si -.IA| Si -G o Si’ lAI . . .
d | O-~si o | S~si strategy for influencing the relative
e N— O=si /5 N— O5Si
O=si ° d O=si |5Na+ &, position of Al?* substitution in CHA based
0“ISi (TMAda*) S S 0'-ISi (TMAda*) it

« 2OurnSi, #2170 S o I Si, »'=0 . .

O N O Nof on a steric / electrostatic effect.??

Figure 9. A) isolated AI** substitution in CHA i i . .
synthesis in absence small cations (Na‘); B) Balancing the localized lattice charges in

Nearby AI®* substitution in CHA synthesis in

presence of small cations (Na*). Reproduced with  the growing crystallites with bulky N,N,N-
permission from reference 42. Copyright 2016

American Chemical Society. trimethyl-1-adamantylammonium

(TMAda*) cations would obstruct the approach of other TMDA+ cations and prohibit a
second nearby lattice charge to be incorporated. Consequently, Al3* substitutions are
forced into a more separated configuration. Inclusion of smaller cations, such as Na*, on
the other hand, allows the balancing of two charges in a single 8MR, thus allowing a
nearly statistical distribution of AI®* substitution (figure 9). The hypothesis was tested
using the Co(H20)?* titration method mentioned earlier, and is subject to the same

assumptions.
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The crystallographic position of AI3* substitution in the zeolite framework determines the
siting of extra-framework cations in the pore system. While through refinement of X-ray-
and neutron diffractograms the positioning of T-sites is known for most zeolite
topologies %, it remains a challenge to distinguish between Al and Si T-atoms with
these methods. Zegenhagen et al.*® succeeded in determining the AI®* substitution in a
scolecite zeolite using X-ray standing waves with a synchrotron source, but they did so
on a highly perfect single crystal. For powder spectra, Rietveld refinement 444%, although
seldom straightforward on zeolites due to intergrowth of different crystallographic
phases and often large, complex unit cells, remains the best method to solve the
structure. An indirect approach is to look at the crystallographic positioning of
exchanged cations. Similarly, these can be located through XRD refinement methods
such as Rietveld refinement and the maximum entropy method.*¢4” Possible exchange
sites, regardless of AI** position have been identified and tabulated for most common
zeolites.*84° However, fractional occupancy of exchange sites, high diversity of
exchange sites and the small number of extra-framework cations compared to atoms in
the lattice prohibit a full account of the cations.*® Especially challenging are materials
with high Si/Al and multivalent cationic species. High energy synchrotron sources
alleviate these problems in part, but remain largely insufficient. Short range
experimental techniques such as solid-state NMR, EXAFS, XANES, XPS, EPR, infrared
spectroscopy, Raman, DR UV-Vis-NIR, and the use of probe molecules have assisted
the interpretation of long range PXRD data.*0:4750.51 | astly, theoretical work with Monte
Carlo optimizations and periodic DFT models are used to further complement

experiment.*0.52
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2.2 — TMI exchange. The most frequently applied method of loading TMI in zeolites is
aqueous ion exchange of soluble TMI complexes. In dilute aqueous solution, TMI ions
are fully hydrated (e.g. [M(H20)6]?*) and can pass through the 8MR, 10MR and 12MR
windows and channels but cannot pass through the 6MR windows. Aqueous ion
exchange must be performed in strictly controlled pH conditions to avoid unwanted side
reactions. At high pH, silanol groups (point of zero charge = 6.0) on the zeolite surface
and defects are deprotonated and participate in the exchange. Besides this, TMI may
precipitate at elevated pH, and oligomeric TMI complexes formed in the solution are
exchanged. These two phenomena lead to non-stoichiometric or over-exchanged
zeolites. Stoichiometric exchange means that the positive charge of the TMI exchanged
into the material exactly balances the negative charge of the lattice. For a divalent TMI,
this implies that the molar ratio TMI:Al = 0.5. Upon over-exchange, this ratio exceeds
0.5, and the excess charge is balanced by other negative charges, not related to
framework aluminium. At exceedingly low pH, exchange is hampered by competitive

exchange of H* and TMI. As a result, mixed (H*, TMI)-zeolite is obtained.

Cu?* precipitates at pH > 7.0. The recommended pH for agueous Cu?* ion exchange is
4.0 < pH < 6.0, which is a feasible range for material preparation. For Fe3*, however,
aqueous exchange of [Fe(H20)e]®* is inevitably accompanied with unwanted side

reactions because Fe3* precipitates at pH = 2.2.

To avoid side reactions, three other strategies have been explored. (1) Exchange of Cu*

and Fe?*. This is a cumbersome procedure because these exchanges have to be

25



performed in the strict absence of O2. (2) Solid state ion exchange or heating a
mechanical mixture of — preferably — a H-zeolite and a salt of the TMI with a relatively

low melting point. The exchange reactions can be written as:

CuClz2 + H-zeolite > Cu-zeolite + 2 HCl(g)

FeCls + H-zeolite > Fe-zeolite + 3 HCl(g)

Water must be avoided, as it leads to an acidic solution in the channels and cavities that
may attack the lattice resulting in local lattice breakdown. (3) the third technique is
impregnation of a TMI complex dissolved in an organic solvent into the zeolite. The
ligands of the complex have to be removed by calcination. Impregnation of Fe(acac)s
(acac = acetylacetonate) in toluene, for example, was employed to prepare the a-Fe
sites discussed in section 5.2.1. Upon calcination, the acac ligands are decomposed to

CO2 and H20, and 3 H* of the zeolite are consumed in this process:

Fe(acac)s/H-zeolite + 17.5 O2 > Fe3*-zeolite + 15 CO2 + 11 H20.

At high Fe loadings, where the zeolite charge is insufficient to host the impregnated

TMI, Fe203 and Fe3O4 nanoparticles are formed.

Regardless of the strategy to load TMI into the zeolite, the TMI complexes have to

diffuse through channels and cavities to ensure a homogeneous distribution of the TMI

in the zeolitic crystals.
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2.3 — Activation and Autoreduction. Activation is a high temperature treatment aimed
at removing all volatile inorganic and organic molecules adsorbed in the microporous
system of zeolites. As ion exchange is usually performed in water, activation results in

most cases in the removal of adsorbed water as well.

*BEA FER MFI MOR CHA Organic molecules originating from ion
. N R N AT e 3" \4- exchange with organic salts and organic
¢ 4 ¥ :
J : \,—.,
templates from zeolite synthesis are
o Ny i g P i 3 /"‘

. \ ? " \
B L\,) N/ /™R __/ desorbed and/or decomposed. In the

latter case the decomposition products

x(,..&" (\J N (\ N
v { n L 4 Y_r b—d  D6MR & ¢
- g = e & \\1"‘

are desorbed. When the ligands are
Figure 10. Common exchange sites for TMI after

calcination for the *BEA, FER, MFI, MOR and
CHA topologies. Reproduced from reference 53
with permission. Copyright 2000 Elsevier.

removed by calcination/activation, the
naked TMI coordinate to lattice oxygen
atoms in the vicinity of the negative lattice charges - i.e. the Al tetrahedral (vide supra).
Common TMI exchange sites for relevant topologies are shown in figure 10 4%53, and

these are subject to aluminium substitution as described in section 2.1.

After the removal of organic ligands and water, further temperature elevation in vacuo or

in inert atmosphere results in bare TMI coordinated to lattice oxygens. Two side

reactions can occur
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First, in over-exchanged zeolites, condensation leads to polynuclear TMI species of the
type [Mx™Oy*™% (x=1,2,3), and a zeolitic material containing a range of TMI clusters
from monoatomic to oxidic crystals at the external surface of the zeolite crystals.
Thermodynamic calculations indicate that larger copper oxide clusters, at least up to
pentamers, are more stable compared to smaller clusters when embedded in Cu-MOR
and Cu-MFI due to the extra stabilization by an increased degree of oxygen
coordination.>* Consequently, copper clusters with increasing nuclearity become
increasingly abundant at higher copper loadings. At over-exchange (Cu?*/Al > 0,5) on
H-MOR, CuOx nanocrystals were detected with transmission electron microscopy (TEM)
and single Al sites were compensated by monovalent [Cu?*OH]* species.®® Cluster
growth in the MOR zeolite was found to be most favourable in the side-pockets (figure
6) with two symmetrically oriented aluminium tetrahedral on opposite sides of the 8-MR
channel.>* In applications, it is commonly desirable to specifically stabilize a single TMI
species. Other TMI species, not relevant to the intended purpose, are seen as
‘spectator’ species and are best avoided by careful control of the exchange parameters.
Often, high active site purity is achieved by limiting the loading of the TMI on the zeolite
to very dilute concentrations. Developing strategies to extrapolate high active site purity
to elevated metal loadings will be key in improving space-time yield and catalyst

productivity for TMI zeolites to industrially relevant levels.

In the second side reaction, Fe3* and Cu?* zeolites undergo an autoreduction upon

activation in inert atmosphere; this is the reduction of Cu?* to Cu* and Fe%" to Fe?*
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accompanied by oxidation of O? ions to O2. The O? ions may originate from the lattice,

from residual water molecules, or from extraframework oxygen (Ogextratamework) atoms.

For the autoreduction of Fe3*, one may formally write:

2 [Fe-OHJ?* > [Fe-O-Fe]** + H20(g)

[Fe-O-Fe]** - 2 Fe?* + 0.5 O2(g)

Autoreduction of Fe®* to Fe?* in zeolites was determined to range between 63 and 67%
of the total Fe content 5657, although Sobalik et al. %8 obtained 81-96%. This difference
can probably be ascribed to differences in introduction of Fe in the zeolite. These values
are, however, obtained from zeolites with low Fe loadings of 7-14% of the cation
exchange capacity (CEC) and even then several Fe?* species were identified. Higher
levels of Fe loading lead to the formation of oligomeric Fe species, complicating the
chemistry of autoreduction strongly since both isolated Fe3* ions and Fe203 and Fez0a4

are subject to autoreduction.

6 Fe203 2 4 Fe304 + O2(Q)

2 Fe304 =2 6 FeO + O2(g)

To avoid these complications, Snyder et al. 3 obtained Fe?* zeolites with close to 100%

of Fe?* by autoreduction in He at 900°C, followed by H2 reduction at 700°C. The total

amount of Fe?* was determined by M&ssbauer to represent more than 90% of the total
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Fe content. Three types of Fe?* species were found: Fe?*(1) with a d-d band envelope
around 5000 cm; Fe?*(2) with a d-d band envelope in the region around 9000 cm* and
Fe?*(3) with a d-d band at 15900 cm. The former two species haven’t been studied in
detail, but Fe?*(3) has been characterized by magnetic circular dichroism (MCD) and
Mossbauer spectroscopy and assigned to a square planar-coordinated Fe?*. (see

section 5.2.2).

For the autoreduction of Cu?*, the following reactions have been proposed in literature

59-61-

2 [Cu-OH]* = [Cu-O-Cu]?* + H20(9)

[Cu-O-Cu]?* > 2 Cu* + 0.5 O2(g)

Alternatively, one may write

2 [Cu-OH]* = Cu* + Cu?*-O" + H20(g)

Cu* + Cu?*-O > 2Cu* + 0.502(g)

The released oxygen molecules are derived from the [Cu-OH]* species above 523K in
vacuo or inert atmosphere. In early research on Cu-Y zeolites (FAU topology figure 5,

Si/Al 2 1.5) Beyer and Jacobs % proposed that the reduction of Cu?* to Cu* is
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accompanied by release of lattice oxygens and Al from the lattice. The lattice oxygens
desorb as Oz and Al takes an extraframework position.

The autoreduction has been quantified for Cu-MOR and Cu-MFI. Cu-MOR, activated in
02, contains three distinct Cu?* species 3 two are isolated (non-interacting) Cu?* ions
with respectively g = 2.32 and g; = 2.27. The third is a bent dinuclear oxo complex:
[Cu-O-Cul?*. Upon heating in vacuo (He) at 180°C (453K), O2 is released and both Cu?*
with g = 2.27 and [Cu-O-Cu]?** are reduced to Cu* in agreement with the reactions
given above. On a sample with Cu/Al = 0.43, 0.50 mmol/g of Cu?* are reduced in total:
0.07 mmol/g isolated Cu?* and 0.43 mmol of Cu?* in the form of the dinuclear complex.
This amounts to 70% of the total Cu content.

Moretti et al. 64 quantified the amount of Cu* formed in the autoreduction reaction of Cu-
ZSM-5 (MFI topology, figure 6) by measuring the amount of Cu-CO complexes and the
amount of irreversibly adsorbed N2. The CO measurement resulted in 80% of the total

amount of Cu as monovalent Cu*, irrespective of the exchange level or the Cu content.

2.4 — Factors Influencing Active Site Nuclearity. The formation of a bent dinuclear
[Cu-p-O-Cu]?* complex upon O2 activation contrasts with the formation of [Cus(u-O)3]?*
in absence of spectators (i.e. single-site tricopper) reported by Grundner et al. > upon
O:2 activation of Cu-MOR and Cu-MFI. Both were ion-exchanged with 0.01M aqueous
copper(ll)acetate. Two differences in the preparation of both materials can, however, be
identified. First, the [Cus(u-O)3]?* materials were exchanged from a parent material in
the proton form (H-MOR and H-MFI), as opposed to a parent material in the sodium

form (Na-MOR and Na-MFI) for the [Cu-pu-O-Cu]?* materials.®® Second, the exchange
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was buffered to a pH = 5.7 to obtain the [Cus(u-O)3]?* material. For the [Cu-p-O-Cu]?*
materials, the exchange was not buffered.3¢ The [Cus(u-O)s]** materials were reported
to stabilize only single-site tricopper clusters in Cu,H-MOR from 0 up to 400 umol
copper per gram of catalyst (Si/Al = 12).55> Compared to previous literature, this is a high
concentration of single copper active sites to obtain on a zeolite. The dinuclear [Cu20]%*
sites in ZSM-5 are present in concentrations levelling off around 720 umol copper per

gram %5, but with less than 10% of this copper forming the active sites.%6

Titration of Bronsted acid sites on H-MOR with pyridine and hexane before and after
copper exchange indicates a selective stabilization of the [Cuz(u-O)3]?* clusters in an
8MR in the MOR side pocket (figure 6). The high concentration of Al substitution in the
8MR of MOR is expected to play a key role in the selective stabilization of the [Cus(p-
0)3)?* clusters and the specific lattice environment is hypothesized to act as a directing
agent towards the trinuclear clusters.®” This is in agreement with observations on Cu,H-
ZSM-5, where Al pairs are mainly located in the 6MR and other rings tend to hold only a
single substitution with Al.40:68:69 |n this case, the self-organization into trinuclear sites is
only initiated at a 0.20 Cu/Al atomic ratio. Similarly, a Cu/Al = 0.20 ratio on Na-ZSM-5 is
required to form the [Cu-p-O-Cu]?*.%¢ Below this threshold, isolated Cu?* are
energetically preferred in the doubly AI¥* substituted 6MR of MFI.%” The importance of
aluminium pairing was further demonstrated by comparing copper speciation on H-
ZSM-5 samples with a different population of exchange sites containing Al-O-(Si-O)ns<s-
Al sequences. At optimal copper loading, the concentration of [Cus(u-O)3]** was lower

on the sample with less such sequences and the speciation was more heterogeneous.’
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Similarly, in Cu-SSzZ-13 (CHA topology, Si/Al > 5), bare divalent Cu?* cations first
occupy the most stable positions at doubly substituted 6MR sites. At higher loadings,
[Cu(OH)]* complexes, associated with low temperature SCR activity -’ and methane
activation 374, are formed in the 8MR exchange sites of CHA with a single aluminium

substitution.?0-72.75.76

In ZSM-5, a decrease in the formation of trinuclear clusters was observed in the
presence of alkali- (Na*, K*) and alkali-earth metal (Mg?*, Ca?*) cations.’”:"® Instead, a
more heterogeneous mixture of copper species was obtained ¢’. The formation of
dinuclear copper clusters is observed in spite of ab initio thermodynamic calculations
which indicate a higher stability of trinuclear species in Cu-MOR °° and Cu-ZSM-5 °. |t
is known that, like Cu?*, Na* preferentially coordinates in the MOR side-pockets &, while
Bronsted acid sites are better accommodated in the unconfined 12MR channels of
MOR.81-83 Possibly, the presence of Na* avoids further self-assembly of dinuclear

copper into trinuclear species.

Ab initio thermodynamic analyses reveal that TMI behaviour under operating conditions
may differ significantly from standard characterization conditions. Atmosphere
composition and temperatures are expected to be of influence.”® Furthermore, the
presence of water hydrating the copper cations may mobilize the extra-framework
cations enabling a redistribution over the lattice.%%:71.7577 The [Cu(OH)]* species in Cu-
SSZ-13 is suggested to only be stable at high temperatures (>250°C) in oxidizing

conditions. In inert atmosphere tri-coordinated [Cu(OH)]* autoreduces to form bare, two-
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coordinated Cu*. The autoreduction can be reversed in an Oz atmosphere with 5% H20
at 400°C."? It is interesting to note here that [Cu(OH)]* is predicted by DFT to be present
in a limited amount (~10%) within a temperature range up to 450°C in Oz atmosphere
with 0.5 to 5% H20. This is in agreement with the fraction of active copper estimated as
water-resistant active sites in methane to methanol conversion estimated on Cu-SSZ-13

by Wulfers et al.8
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Figure 11. A) Most thermodynamically stable Cu-oxo clusters in Cu-ZSM-5 zeolite under different
conditions of temperature, oxygen partial pressure and steam partial pressure as determined by ab
initio thermodynamic analysis. B) Cross-section of the 3D phase diagram with pr2o fixed at 102 mbar
at 700K (dashed line in A). Reproduced from reference 7° with permission. Copyright 2016 Elsevier.

On a comparable note, trinuclear copper cluster stability on Cu,H-ZSM-5 is calculated to
exceed the stability of binuclear complexes in Oz atmosphere. The order of stability is,
however, reversed in an O2 deprived atmosphere (figure 11).”° This result can be
expected to have an impact on the correct characterization of these sites when they are
implemented in reducing reaction conditions.

For iron zeolites, the factors which govern the formation of multinuclear sites
remain largely unknown, but it is known that heat treatment, atmosphere composition
and iron loading are influential for iron dispersion.®>-87 Moreover, the exact nuclearity of
active oligomers has, to our knowledge, never been directly detected with site selective
spectroscopy. Dimeric iron sites have long been proposed as the active sites for N2O

decomposition and CHa activation.5”:588889% This proposal was inspired by the dimeric
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active site in the sMMO enzyme, and further support was given by the average
nuclearity derived from EXAFS results as well as TPR experiments.®°1 At elevated iron
loading, speciation between different oligomers becomes prohibitively complex for
characterization and any connection between specific iron sites and reactivity becomes
difficult to determine. In Fe-ZSM-5, Hammond et al. °2° have suggested the presence
of a binuclear di-p-hydroxo bridged Fe complex ([Fez(u12-OH)2(H20)2]?*) with an Fe-O-Fe
symmetric stretch at 521 cm™ in the Raman spectrum, though larger nuclearity sites
could not be excluded. The 521 cm™ feature was observed to dissipate after reaction
with aqueous H202, after which the material is active in the low temperature oxidation of
methane. Can Li et al. ®* linked a Raman feature at 867 cm™to a v(O-O) stretch of a
peroxo bridged binuclear iron site active in benzene hydroxylation on Fe-ZM-5.
Similarly, a 730 cm! was assigned to a peroxo stretch associated with a binuclear iron
complex in ZSM-5 by Sachtler et al.®® The large variability in sample preparation and
pretreatment makes comparison difficult, and more study on the aspects of iron
introduction and pretreatment is needed for better understanding. Reliable
spectroscopic probes of various iron sites would be instrumental to derive the workings

of iron speciation in zeolites.

2.5 — Coordination of Divalent Metal lons in Dehydrated Zeolites The study of the
coordination of TMI in zeolites was initiated by Klier and coworkers.®¢-°” They developed
a ligand field model to explain the d-d spectra of the 3d series of TMI based on the
ligand field transitions of Co?* and Ni?* in dehydrated zeolite A (LTA topology figure 5).

The TMI were located on the trigonal axis of a symmetrical 6MR with three O atoms of
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the 6MR in their first coordination sphere. The point symmetry is Dsn if the TMI are
located in the plane of the three O atoms; while it is Csv for the TMI located slightly
above the plane of the three O atoms. This model was extended by the group of
Schoonheydt using a spin Hamiltonian analysis to include the EPR parameters of Cu?*
in FAU, LTA and MOR.%8 In Cay, Cu?* acquires a doubly degenerate ground state and is
subject to the Jahn-Teller (JT) effect. This was visualized by allowing Cu?* ions to move

off the trigonal axis.

These Ligand Field (LF) models had two major disadvantages: First, no distinction was
made between Al- and Si-tetrahedra forming the 6MR; second, the zeolite lattice was
strictly rigid; only the TMI were allowed to move so as to find a match between the
theoretical d-d bands and the experimental spectra. The groups of Schoonheydt and
Pierloot 9192 developed a more detailed coordination model for TMI in zeolites, in
particular for Cu?* and Co?*. These efforts were later extended to Fe?* coordination in
the 6MRs of zeolite beta (see section 5.2 for detail). In this section, the focus will be on
coordination of Cu?* to 6MRs in dehydrated zeolites, where models have been
optimized within the frame of DFT (with all the Si and Al tetrahedra included). D-d
transitions and the EPR g-parameters were calculated on these optimized structures
using complete active space perturbation theory (CASPT2). Typical DFT optimized
coordination geometries are shown in figure 12, with the corresponding CASPT2-

predicted g-values and ligand field transitions given in table 2.
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Figure 12. Coordination of Cu?* in 6MRs of FAU with one (A), 2 (B-D), and 3 (E) Al atoms (in green),
calculated by DFT. Bond distances (A) are given. The italic distances in D and E are obtained by
CASPT2.102

The following conclusions could be drawn: (1) Instead of a trigonal coordination,
Cu?* adopted a fourfold coordination, thus maximizing its coordination number; (2) O
atoms of Al tetrahedra (Al-O-Si) are more basic than those of Si tetrahedra (Si-O-Si)
and are preferentially taken up in the first coordination sphere; (3) As a consequence of
(1) and (2), the 6MR is significantly distorted by the TMI. The geometry of the
coordination complex is no longer Dsn or Cav. (4) Therefore, the lattice is not rigid but
quite flexible so as to fulfill the need of the TMI to maximize its coordination number; (5)
the EPR parameters and the d-d transitions depend significantly on the number and the

siting of Al in the 6MR.
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Table 2. CASPT2 calculated spectra (cm™) and g-factors for Cu?* in 6MRs of FAU
(Figure 12 A-E). clusters A-E represent B3LYP-DFT structures, while clusters D', E'
contain a CASPT2 optimized Cu-Og1 bond.

A B C D E D’ E’
X2A (dxe-y?) 0 0 0 0 0 0 0
b2A (dxy) 9476 9334 7923 7828 6632 8411 7750
C?A (dxz) 10779 10341 10178 10141 9118 10644 9943
d2A (dy2) 12348 12775 11132 10827 10501 11303 11361
e2A (dz?) 15353 15346 14776 14575 13924 15108 14850
92z 2.33 2.31 241 242 248 239 241
e, Oyy 2.112.04 212205 210 210 213 209 211

2.06 2.06 205 206 2.05

Table 2 summarizes the energies of the ligand field excited states relative to the dsx.y:
ground state of Cu?* coordinated to the O atoms of the 6MRs found in figure 12 (A-E),
which can be compared to the experimental d-d transitions and EPR parameters for Cu-
FAU in table 3 (along with experimental values for Cu?* sites in other dehydrated
zeolites). The calculated gj-values fall into two ranges: g; = 2.31-2.32 for 6MRs A and B
and g = 2.39-2.41 for 6MRs C, D’ and E’ (the latter in agreement with experiment). The
calculated d-d transitions fall in the experimental range (see table 3), but the
experimental resolution is too low to resolve the two Cu?* species. D’ and E’, which
have CASPT2-optimized Cu-Os: bonds, were therefore chosen as models of the Cu?*
sites in FAU based on agreement with experiment. This demonstrated that the
spectroscopic signatures of Cu?* coordinated to lattice oxygens in 6MRs of zeolites is

determined by the number and distribution of the Al tetrahedra in the ring.
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Table 3. Experimental EPR parameters and d-d transitions of Cu?* in dehydrated

zeolites.
zeolite  EPR:qgi? EPR: Al /cm?a d-d/cm?
LTA 2.37-2.41  (130-145)x 104  10500; 12200; 15100

FAU 2.36-2.41 (120-145) x 104 10300-10700; 12600; 15000
2.30-2.34 (167-188) x 10+

MOR 227 191 x 10 16750
2.32 169 x 10 13600

CHA 2.358 155 x 10 10700, 12900, 14800
2.325 162 x 10

MF| 2.26-2.28 180 x 10 13400 (broad)
2.30-2.33 (157-173) x 104

@ g, and A are not included because they are — within experimental error - the same for all Cu?* species (g. = 2.06
— 2.075). This is because of the low resolution of the EPR powder spectra in the perpendicular region of the
spectrum; The most intense d-d transitions are underlined.

Conclusions drawn from Cu-bound 6MRs in FAU were found to map onto the
spectroscopy of Cu?* coordinated to 6MRs in MOR shown in table 3.9 Two Cu?*
species are observed with distinct d-d transitions at 13500 cm™ and 16500 cm™. The
former corresponds to a Cu?* species with g = 2.32; the latter to a Cu?* species with gj
= 2.27. Cu?* species with similar EPR parameters are observed for Cu-ZSM-5, however
d-d bands corresponding to individual species could not be resolved. A 6MR model with
one Al gives an almost perfect square planar geometry with g; = 2.27 and the E(dz) —
E(dxey2) transition around 16500 cm-2. For the other Cu?* species, a 6MR with 2 Al gives
agreement between theoretical and experimental data, i.e. a d-d band maximum around
13500 cm* and g) = 2.32, again demonstrating that the Al T-sites within a 6MR have a

significant impact on the electronic structure of the resulting metal-bound site.
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The above results from spectroscopy and calculations enabled quantitative
comparison of the ligand fields provided by 6MRs in MOR and FAU. For these lattices,
the ligand field excited states of Cu?* in the 6MRs are characteristic of sites with nearly
square planar geometry. This is shown by the small difference between the dx: and dy:
states, which are degenerate in rigorous D4h symmetry. (As shown in table 2, this
difference is in the range 400-600 cm™ for MOR % and 2400-650 cm™ for 6MRs of
FAU). The ligand field strength of square planar sites is expressed by 10Dqg = (E(dxy) —

E(dx-y2)). 10Dq values and average Cu-O distances are summarized in Table 4.

Table 4. 10Dq values and average Cu-O distances of Cu?* in various six-membered
rings of FAU (figure 12) and MOR (figure 10).%°

Sites of FAU  Number of Al 10Dg (cm™) Average Cu-O (nm)
A 1 9476 0.2073

B 2 9334 0.2080

C 2 7923 0.2045

D 2 7828 0.2055

D’ 2 8411 0.2040

E 3 6632 0.2064

E’ 3 7750 0.2035

Sites of MOR

a,y 1 11020-11623 0.1980-0.2000
a 2 10400-10600 0.2055

From table 4, the 6MRs of MOR are associated with stronger ligand fields than in 6MRs
of FAU. This is in line with the observation that the average Cu-O distance is also
shorter in 6MRs of MOR than in 6MRs of FAU. In both cases the ligand field strength

decreases with increasing number of Al tetrahedra in the 6MRs, although the average
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Cu-O distance also decreases. One would have expected the reverse, as Cu?*
preferentially coordinates to the O atoms of the Al tetrahedra and these O atoms are
more basic than the O atoms bridging two Si atoms (Si-O-Si).103-195 However, this is
counteracted by distortions away from square planar geometry. Deviations of O-M-O
angles from 90 degrees, lone pairs on the lattice O ligands becoming misaligned with
the lobes of dxzy: (misdirected valence) and out-of-plane distortions of the Fe atom could

all contribute to a diminished dx=y2/dxy splitting.
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3. Active Site Spectroscopic Probes. In bioinorganic chemistry, many spectroscopic
techniques have been developed to focus on metal active sites in a dominant protein
matrix. The goal in metallozeolite chemistry is similar: to focus on a metal active site
within a dominant aluminosilicate matrix. A critical difference here is the presence of
spectator metal centers. These can be difficult (or impossible) to distinguish from active
sites using bulk techniques such as EXAFS and magnetic susceptibility. On the other
hand, methods with single-site resolution (e.g. diffuse reflectance UV-vis, magnetic
circular dichroism, electron paramagnetic resonance, and Méssbauer spectroscopy —
vide infra) enable correlation of spectroscopic features to individual metal centers. This
is often accomplished by tracking spectral changes associated with reactivity. Active
site spectroscopic handles can then be probed selectively using e.g. resonance Raman
spectroscopy and variable-temperature variable-field magnetic circular dichroism
spectroscopy (VTVH-MCD). This section provides an overview of the methods and
associated experimental strategy used to elucidate Fe and Cu active sites in zeolites
and their reactive metal-oxo intermediates. For most of the studies covered in this
review, these techniques are applied to samples in the gas phase that operate under
mild conditions (i.e. gas-solid operation). In most cases, their extension to catalysts
operating in the liquid-solid or gas-liquid-solid regime is straightforward. For systems
that operate at elevated temperatures and pressures, a current challenge is developing
in situ or ‘operando’ techniques to probe active sites that may only exist under operating

conditions.106
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3.1 - Ground and Excited State
Properties of Transition Metal Sites.
Spectroscopic methods spanning ten

decades of photon energy are currently
used to probe ground- and excited-state
properties of transition metal complexes
(e.g. for CuCls* in figure 13). At low
energy, microwave photons are used to
drive transitions between ground state
sublevels split in

the presence of a

magnetic field, providing insight into

molecular magnetism (see 3.1.1). Moving
up in energy, NIR-Vis-UV photons excite
electrons among valence levels, resulting in

ligand field and charge transfer transitions,

which encode information related to metal-
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Figure 13. Electronic structure of Dan [CuCls]?%,

showing excited state spectroscopic transitions
ranging from 1-10,000 eV. Ground state methods
probe transitions on the order of 0.0001 eV (not
shown).

ligand bonding (see 3.1.2, 3.1.3). X-ray photons excite electrons from core levels to

valence levels and into the continuum.

(While core excitations provide extensive

chemical insight, XAS does not directly provide the single-site resolution required for

metallozeolite chemistry.) Finally, at still higher photon energies (y), it is possible to

probe nuclear excited states through resonant (Mdssbauer spectroscopy — 3.4.2) and

non-resonant absorption methods (NRVS — 3.4.3).
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3.1.1 — Paramagnetic Ground States. The ground state of a high spin transition metal
center with n unpaired d electrons will have a total spin S=n/2, resulting in an effective
magnetic moment p=geB(S(S+1))¥? in the absence of spin-orbit coupling (SOC), where
0e=2.0023 is the free electron g-value and B is the Bohr magneton. This magnetic
moment can be probed using a number of techniques (e.g. magnetic susceptibility,
EPR, and VTVH-MCD - see 3.3.3, 3.4.1). Its magnitude reflects the spin state of the
metal, and this provides key insight into the metal center’s oxidation state and nuclearity
(vide infra).

The magnetism of transition metal ions encodes additional information arising
from the spin-orbit interaction - a relativistic effect that couples electron spin and orbital
angular momenta. SOC effects on ground state magnetism reflect orbital properties
that include ligand field splittings and metal-ligand covalency. These effects can be
determined experimentally, and then related to molecular electronic structure using
ligand field theory. This is generally accomplished using the spin Hamiltonian formalism
— a phenomenological description of ground state spectral features arising in EPR
(3.4.1) and VTVH-MCD (3.3.3). The spin Hamiltonian for an effective spin-2 system is

given in equation 1:

A= BH-G-S + " A".S + 3 Tt.A.S (1)
This Hamiltonian describes the Zeeman splitting of an S=1/2 system in an external
magnetic field H, illustrated in figure 14 (including nuclear spin [=1/2). In this

expression, B is the Bohr magneton, § is the molecular g tensor, S is the effective

electron spin operator, ™ is the nuclear spin operator of the metal, AM is the metal
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hyperfine tensor, I* is the nuclear spin M

M M *”Z}M
operator of ligand L, and A" is the 5T T
E }-AM
-12
hyperfine tensor of ligand L. Molecular Ms M AM, =1
yp 9 12 £12 gfH AM=0
-1/2
A4
g-values (components of the W o < }
H }-AM
_— +1/2

diagonalized g-tensor) can be measured

Electron Zeeman Hyperfine EPR

using a number of techniques, including Figure 14. Effects of Zeeman splitting (left, center)
and hyperfine coupling A (right) on a system with
EPR (3.4.1), VTVH-MCD (3.4.3), and electron spin S=1/2 and nuclear spin 1=1/2.
magnetic susceptibility. For transition metal ions, these may deviate significantly from
the free electron g value of 2.0023 due to SOC with low-lying ligand field excited states.
These deviations can be related to ligand field splittings and metal-ligand covalencies
using equations from ligand field theory.107-111
For systems with non-zero nuclear spin (either on the metal or ligands), the
ground state will undergo additional smaller splittings due to the hyperfine interaction
between the nuclear spin | and the electron spin S (figure 14). Metal hyperfine coupling
(described by the second term in equation 1) can be resolved in EPR, where it splits
resonances into 2I+1 evenly spaced lines separated by an amount determined by the
components of the metal hyperfine tensor A (see 3.4.1 for detail). There are three
contributions to AM | each reflecting the nature of the ground state and its
covalency.108110.111 For a metal complex with unpaired d electrons, the core 2s and 3s
electrons are spin polarized through s/d exchange, resulting in net negative spin density

at the nucleus. This leads to an indirect isotropic Fermi contact interaction between the

nuclear spin and the electron spin density at the nucleus, given as

Arermi = = GeBegnBnll¥1(0)]% — [W,(0)]?] 2)
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where ge is the free electron g-value, gn is the nuclear g value, fe is the electron (Bohr)
magneton, fn is the nuclear magneton, and the bracketed term is the net spin density at
the nucleus. Covalent delocalization of valence d electrons decreases s/d exchange,
resulting in a smaller Fermi contact term. Anisotropic contributions to A arise from
spin-dipolar interactions between the spin magnetic moments of the electron and

nucleus:

eredn nl
Aspin—dipolar = gﬁ(r—z)ﬁz<3coszee - 1)(36'052911 -1) (3)

In this expression, r is the radial position of the electron, & is the angular position of the

electron with respect to the molecular z axis, and 6 is the angle between the nuclear

spin (oriented along ﬁ) and the molecular z axis. The expectation values in angled
brackets are evaluated over the shape of the occupied d orbital. Since the spin-dipolar
interaction is localized on the metal, this contribution also decreases with covalent
delocalization. A second anisotropic contribution arises from the dipolar interaction
between the orbital magnetic moment of the electron and the spin magnetic moment of
the nucleus. This interaction is described by the orbital-dipolar ter in the spin

Hamiltonian:

Homsicar-aipotar = 222227 7= 2¢[@-3)(T - 1) + T - D -I)| @)

where &=(2¢+1-4S)/[S(2¢-1)(2¢+3)(2L-1)].  The orbital-dipolar interaction therefore

reflects spin-orbit coupling to ligand field excited states, evident from the ground state g-

values deviating from 2.0023 (see 3.4.1 for detalil).
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Superhyperfine coupling, described by the third term in equation 1, arises mostly
from delocalization of the electron spin over the nuclear spin of the ligands. As with
metal hyperfine coupling, the hyperfine tensor of ligand L (4%) includes contributions
from Fermi contact and magnetic dipolar interactions. These interactions are weak
relative to the hyperfine interaction with the metal. They can often be resolved using
EPR, or with higher resolution experiments such as electron nuclear double resonance
(ENDOR) and pulsed EPR via electron spin echo envelope modulation (ESEEM).?

For systems with more than one unpaired electron (S>1), the 2S+1 components
the ground state will generally be split in the absence of a magnetic field.198.109111 Thjs

zero-field splitting (ZFS) is described by an additional term in the spin Hamiltonian:

Hzrs = D(S% —S(S+1)/3) + E(S% —S}) (5)

where D and E are the axial and rhombic ZFS parameters, respectively. The effects of
axial and rhombic ZFS are different for Kramers (odd number of electrons, 1/2-integer
spin) and non-Kramers systems (even number of electrons, integer spin). For Kramers
ions, axial ZFS (D=0) splits the spin manifold into +Ms pair states known as Kramers
doublets (figure 15, left). Rhombic ZFS (E#0) mixes Ms states with AMs=+2. By double-
group symmetry, the two components of a Kramers doublet are affected identically by
this mixing, and they remain degenerate in the absence of an external magnetic field.
For non-Kramers ions, axial ZFS separates the spin manifold into a singly-degenerate

Ms=0 state along with +Ms pair states known as non-Kramers doublets (figure 15, right).
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As before, rhombic ZFS mixes Ms states with S=5/2 o)

. . (Kramers) (non-Kramers)
AMs=%£2, but this has an additional effect on a
12 === )
non-Kramers ion. In this case, this mixes and |E)| _
12D 1 $
. _ +1 == |6El
splits the Ms=+1 doublet by the amount 8= AN
S(S+1)|E| (6]E| in figure 15). For non-
14D 9
Kramers ions with S>2, the Ms=12,£3,#4... s
doublets will also be split, but by 2= == e
incrementally smaller amounts due to higher- D<0 E#0 H, D<0 E#0 H,

order rhombic ZFS (e.g. Jin figure 15). As a Figure 15. Effects of negative axial zero-field
splitting (D<0), a small rhombic zero-field

splitting (E#0), and magnetic field (H;) on a
result, the ground state of a non-Kramers Kramers (left) and non-Kramers (right) systems.

system will be non-degenerate even in the absence of an external magnetic field
(except in the special case where D<0, E=0).

For transition metal ions, SOC provides the dominant mechanism for ZFS. D
and E therefore contain information about the ground state electronic wavefunction,
including contributions from low-lying excited states with AS=0,+1. Zero-field splittings
can be measured directly using EPR, or inferred from the combined effects of
temperature and magnetic field on magnetization (via SQUID magnetic susceptibility or
VTVH-MCD).1%113 For some techniques — EPR in particular — different approaches are
required for Kramers versus non-Kramers ions (see 3.4.1).18110 Experimental values of
D and E can then be correlated to ligand field splittings reflecting coordination geometry
and covalency using ligand field theory. For systems with two or more metal centers

coupled by bridging ligands, additional terms describing exchange coupling must be
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incorporated into the spin Hamiltonian (including isotropic, anisotropic, and
antisymmetric exchange).14115
3.1.2 — Ligand Field Excited States. Moving up in energy from the ground state to the
NIR-vis spectral region, the first electronic excited states of a transition metal complex
are generally ligand field transitions, which involve excitations of electrons between
valence molecular orbitals with dominantly metal d character. Ligand field transitions
can be challenging spectroscopic targets, as they are parity (Laporte) forbidden and
therefore weak in absorption (¢ < 100 molicm?). Techniques such as CD (for chiral
sites) and MCD (for all sites, see 3.3) have different selection rules, and ligand field
transitions can be observed with considerable intensity in these experiments,
particularly in low-temperature MCD (see 3.3.2).19:116

Since the d orbitals participate directly in metal-ligand bonding, ligand field
transitions are highly sensitive to coordination geometry and ligand identity, and
correlate to each in predictable ways as described by ligand field theory (vide infra).

Coordination geometries that may be

. . A B C D E
encountered in metallozeolite and . S s P e
=8 LAl b 0 )
metalloenzyme chemistry are shown in ol G et el Sy
pure square square flattened pure
. . Lo octahedral pyramidal planar tetrahedral tetrahedral
figure 16, along with characteristic d- On Ca D D .
orbital  splittings. These reflect |, P
Q) ——
i i i 5| 10D — XN —— ———,
differences in o versus w bonding & don 4 Jitia
tog _——:i:'-" — Xz yz / Nem—ss “:___Td e
interactions with ligands. For an T e

z2

octahedral metal center with o/t donor Figure 16. Five commonly-encountered coordination
geometries for transition metal complexes (top), and

ligands (figure 16a), the d orbitals split their associated ligand field splittings (bottom).
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into a triply-degenerate tzg set and a doubly-degenerate eg set at higher energy
separated by the amount 10Dgon. Removing one axial ligand results in a square
pyramidal site (figure 16b). This removes a strongly destabilizing o-antibonding
interaction with dzz and weaker rn-antibonding interaction with dxzyz. To compensate for
axial ligand loss, the equatorial ligands contract, destabilizing dxzy: and dx.. Removing
the second axial ligand results in a square planar site (figure 16¢). A key feature of
square planar geometry is the large energetic separation between dz and dxey=. This is
a consequence of a strong c-antibonding interaction with the ligands (the lobes of dxy
are directed along the M-L bonds), as well as the unique stability of dzz in square planar
geometry due to 4s mixing in the absence of axial ligands. The effects of a Dad
distortion toward tetrahedral geometry - bringing one trans pair of ligands above the
molecular plane and one pair below the plane - is shown in figure 16d. This eventually
leads to a tetrahedral structure (figure 16e), with a t2 level above an e level separated by
the amount 10Dgta = -4/9(10Dqon). This distortion toward tetrahedral geometry has
been particularly significant in bioinorganic chemistry due to its contribution to the
properties of the type 1 “blue copper’” active sites (see 6.3.3 for detailed

discussion).117:118
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3.1.3 — Charge Transfer Excited States. Moving to higher energy, the next electronic
excited states for first row transition metal centers are charge transfer transitions. For

first row metals in zeolites, these are typically ligand to metal charge transfer (LMCT)

transitions, which involve excitation of A 3

filled
d orbitals

metal d
(empty)

electrons from filled ligand-based valence

molecular orbitals into unoccupied or half-

—
—
 —
ligand
alence
(filled)

occupied metal d orbitals (figure 17A). Unlike

ligand field transitions, LMCT transitions are B jattice 0 0>
. . . i ) o n* (IP)
electric dipole allowed, and can be intense in G A—gg™ &
y B
M

0,, 0,2
a
Abs spectroscopy (¢>1000 mol-icm™). They .
may also be strongly coupled to metal-ligand x A8 Ccla‘ ‘D B
M
M M

vibrations through excited state distortions,

Figure 17. (A) The difference in energy and
as LMCT transitions involve a large change overlap between empty metal d and filled ligand

valence orbitals leads to weak low- energy m-
in bonding moving from the ground state to and intense high-energy o charge transfer
transitions. (B) Metal-oxygen bonding
interactions encountered in metallozeolite
chemistry. For Oz-derived ligands (right), there
are two perpendicular =* orbitals that can
resonance Raman spectroscopy (see 3.2). participate in pseudo-c (top) and = interactions

(bottom), as well as an empty o* orbital that can

LMCT transitions occur between participate in ¢ backbonding.

the excited state. This effect is probed using

orbitals directly involved in metal-ligand bonding. They therefore contain information
about donor/acceptor orbital overlap and covalency. For ligands commonly
encountered in metallozeolite chemistry (figure 17b), there are both ¢ and = lone pairs
available for bonding. Zeolite lattice O atoms, which bridge adjacent Al and Si T-sites,
have an in-plane o hybrid lone pair and an out-of-plane p. lone pair available for

bonding. The in-plane p orbital participates in bonding with the T-sites, and is not
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available as a donor orbital. Oxo ligands (derived from Oz or N20) may bind in a
bridging or terminal fashion, with donor interactions from three filled p orbitals (one o,
two m). For O2-derived ligands (superoxide, peroxide), there is a lone pair available for
pseudo-c donation derived from the filled =* orbital, a perpendicular =* orbital (filled or
half-filled) available for = donation, and an empty c* orbital available for backbonding
from the metal and for electrophilic reactivity. Since o bonding is stronger than =
bonding due to directional orbital overlap, o lone pairs will be stabilized relative to the =
lone pair(s) through bonding with the metal (figure 17b). o-LMCT transitions therefore
occur at high energy relative to n-LMCT bands, and because LMCT intensity is
proportional to donor/acceptor orbital overlap, o-LMCT transitions are generally more
intense.'®

Bonding interactions are dominated by occupied ligand donor orbitals and
unoccupied metal valence orbitals that are close in energy and have significant overlap.
Thus highly covalent ligand-metal bonds exhibit intense, low energy LMCT transitions.
These are often associated with ligands having high energy lone pairs (e.g. oxides) and
metals with low energy d orbitals (high Zef metals). Relevant to this review are metal-
oxygen intermediates, where covalent bonding leads to intense, low energy
oxygen—metal CT transitions. (This is in contrast to ionic complexes, which exhibit
weak CT transitions at higher energy, reflecting low covalency.) For these
intermediates, charge transfer spectroscopy provides a direct connection between
electronic structure and function, as metal-oxygen covalency contributes significantly to

reactivity (see sections 4-6).
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3.2 — Resonance Raman Spectroscopy. Like Raman spectroscopy, resonance
Raman (rR) spectroscopy is used to study molecular vibrations excited through inelastic
scattering of laser photons.%7.119 |n rR, the photon energy is tuned to match an intense
absorption band associated with a transition to an electronic excited state, resulting in
resonant enhanced vibrational scattering. Depending on the specific structural and
electronic properties of the excited state, this leads to resonant enhancement of certain
vibrations by up to 3-4 orders of magnitude. From an experimental standpoint, this
offers two key advantages. First, resonantly enhanced features of an active site are
intense and easily resolved above background non-resonant contributions. Second,
resonant enhancement is selective for vibrations coupled to a particular absorption
feature, making rR a site-selective technique. This is particularly important in
metallozeolite chemistry, where rR can be used to resolve the vibrations of a minority
species that exists in a heterogeneous distribution of metal sites.

The dominant mechanism for resonant Raman scattering, known as A term
enhancement for an electric dipole allowed transition, derives from the first term in the
Kramers-Heisenberg-Dirac dispersion equation for the Raman polarizability tensor,
shown in equation 6.12° (Other intensity mechanisms exist, but these reflect vibronic
coupling and are generally less important in metallozeolite and non-heme

metalloenzyme spectroscopy).t®

AP = z <\Pg ‘MP |\Ije><lgf Zev><\Pe|M0 ‘\Pg><lev |Zgi>
ev Vey _Vgi -V, + iFev
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In this expression, p,c are Cartesian coordinates (X,y,z), Mp,Ms are components of the

electric dipole operator, Wg,WVe

wavefunctions (respectively),

wavefunctions, and yev is the excited state vibrational wavefunction.

are the ground and excited state electronic

Yai,xof are the initial and final ground state vibrational

In the

denominator, vgi,vgi,vev are the initial/final frequencies (energies) of the ground state

and excited state, while v. is the photon
frequency. Tev is a damping factor inversely
proportional to the excited state lifetime.
Note that A°° in equation 6 becomes very
large when the photon energy matches the
allowed excited state absorption energy, and
it is this behavior in the energetic vicinity of
an intense absorption band that leads to
resonant enhancement.

From this expression, which includes
the square of electric dipole operator, A term
enhancement (cA?) of vibrational mode y is
proportional to the square of the intensity of
the electronic absorption band. It is also
proportional to the square of the overlap
between

the ground and excited state

vibrational wavefunctions. For this to be non-
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zero, there must be a geometric distortion in the excited state relative to the ground
state along the y normal mode, and since excited state distortions can only occur along
totally symmetric normal modes of vibration, only totally symmetric vibrations
experience A term enhancement.??° The energy dependence of this integral follows the
band shape since they have the same origin (figure 18).

rR spectroscopy is often used to probe charge transfer transitions, as these are
associated with high absorption intensities and large distortions of the ligand-metal bond
involved in the charge transfer transition. This leads to efficient A term enhancement of
these ligand-metal vibrations. Large excited state distortions typically derive from
weaker M-L bonding in the excited state, leading to M-L elongation. This can be used

to assign charge transfer transitions to a specific L-M bond, including the o (large ES

distortion) versus = (smaller ES distortion) contributions to the bonding interaction.?*

3.3 — Magnetic Circular Dichroism Spectroscopy. Magnetic circular dichroism
spectroscopy (MCD) involves the induction of circular dichroism by the presence of a
longitudinal magnetic field (H parallel to the propagation of the circularly polarized light).
This experiment probes Zeeman splittings of paramagnetic ground and excited states,
as well as magnetic field-induced mixing between states. From the general expression
for MCD intensity (equation 7), there are three contributions by which an MCD transition

can gain intensity.122-125

AE—A = const.- BH [Al (6,;;5)) + (Bo + kaOT)f(E)] (7)
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In this expression, AA is the difference in absorption of left versus right circularly
polarized light of energy E=hv in the presence of a magnetic field of magnitude H. AE)
is the absorption band shape, and 0AE)/CE its first derivative. The constants 4;, ®, and
C/ksT quantify the magnitude of MCD intensity arising from the linear 4-, 8-, and Cterm
mechanisms, described below. 4, is the contribution of any derivative-shaped
contribution to MCD intensity, @, is the contribution of any temperature-independent
feature with an absorption bandshape, and ¢, is the contribution of any feature with the
absorption bandshape where the magnitude increases in intensity with decreasing
temperature (as 1/T). MCD studies generally focus on paramagnetic metal centers and
measure (-term intensity, as this dominates at low temperature and has rich information
content.’®  MCD intensity also correlates to a specific chromophore, and it can

therefore be site-selective in heterogeneous systems.3®
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3.3.1 - 4- and 3-term mechanisms. For

\ [ /N x10

a non-degenerate ground state and a 1) N Dl Ot

degenerate electronic excited state - : . = g

. . ) L > _l_‘_-:‘ _"—*1 s IK>
(figure 19a) in the absence of a magnetic _ | P =17 =
gi At [ rcp ‘Icp rcp| lcp
field, LCP and RCP transitions occur at & '® || ' | | |
1A> 0 t 0 -———L—IA>
H=0 Hz0

the same energy with equal and opposite Figure 19. MCD _term (AB) and ®term
mechanisms (C, with 10x intensity scale).

magnitude, and no net MCD intensity is

observed. In the presence of a magnetic field (figure 19b), the excited state
experiences a Zeeman splitting determined by its g values. If the excited state g value
is non-zero (i.e. for states carrying angular momentum), LCP and RCP transitions from
the ground state occur with equal and opposite magnitude, but at different energies
(split on the order of 10 cm for a 6T magnetic field). The net effect is in a temperature
independent, derivative shaped feature known as an 4-term. ®&-term intensity has a
similar origin, but in this case the MCD signal arises through field-induced mixing
between non-degenerate states (states J and K in figure 19c). The net effect is a
temperature independent, absorption shaped feature known as a &term. If the field-
induced mixing occurs exclusively between the two excited states, the result is a pair of
B-terms with equal magnitude and opposite sign known as a (temperature-independent)
pseudo -term. Note that temperature-dependent @-term intensity can arise when field
induced mixing occurs between the ground state and a thermally accessible low-lying

excited state (vide infra).
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3.3.2 - The ¢term mechanism. For systems with degenerate ground states, in
particular paramagnetic metal centers, temperature-dependent MCD intensity will
generally be observed.116122123 |n the absence of a magnetic field, LCP and RCP
transitions from a degenerate ground state occur at the same energy with equal and
opposite magnitude, resulting in no net MCD intensity (figure 20a). In the presence of a
magnetic field, the ground state experiences a Zeeman splitting determined by the
ground state’s g values. LCP and RCP transitions occur at with equal and opposite
magnitude, but at different energies (split by gsH). At high temperature (ksT>>ggH), the
components of the ground state are equally Boltzmann-populated, and the net effect is
a weak derivative-shaped feature (an _4-term, figure 20b). At low temperature
(keT~gpH), the lowest Zeeman-split component of the ground state becomes
preferentially Boltzmann-populated, resulting in a temperature-dependent, absorption
shaped MCD feature called a ¢-term (figure 20c). ¢-term intensity generally dominates

at low temperature (by a factor of 100-1000). This is evident from equation 7, which
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Figure 20. MCD c-term (A-C) and temperature-dependent 8-term mechanisms (D).
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shows (-term intensity is inversely proportional to temperature in the linear limit
(ksT>gpH). Similar behavior occurs when there is a low-lying thermally accessible
excited state that interacts with the ground state through an off-diagonal matrix element
in the magnetic field (figure 20d). This leads to equal and oppositely-signed 3-term
MCD intensity from the interacting levels. Since the ground state is preferentially
Boltzmann-populated at low temperature, this leads to a temperature dependent @-term.
If the interacting levels are separated by an amount that is comparable to the Zeeman
splitting (AE~gBH) this results in a non-linear temperature dependent @-term (see 3.3.3,
figure 22).

The information content of ¢-term MCD intensity is high.1?? It reflects magnetic
properties of the ground state and excited state involved in the MCD transition, including
ground state spin Hamiltonian parameters (see 3.3.3) and excited state g-values and
spin-orbit coupling. This can be seen from the expression for orientation averaged (-

term intensity for a transition between the ground state A and excited state J:

1

Co = YAA|L + 28|A) - ((Alfe1]) % (J1delAN) (8)

[3d4l

In this expression, da is the degeneracy of the ground state, e is the electric dipole
operator, and the sum is carried out over all components of the ground state A and
excited state J. For the cross product in this expression to be non-zero, two non-zero
perpendicular transition moments are required. This condition is satisfied if either the

ground or excited state carries orbital angular momentum. On the other hand,
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transitions between orbitally non-degenerate states can only have a transition moment
in a single direction. Paramagnetic species with orbitally non-degenerate ground states
can exhibit significant ¢-term intensity, however. In this case, spin-orbit coupling mixes
states with different polarizations, satisfying the requirement for two perpendicular
transition moments. (Note that the spin-orbit mixing must occur along a third, mutually
perpendicular direction.) The magnitude of spin-orbit coupling is high for transition
metal centers relative to e.g. organic ligands. This, combined with the inherently strong
spin-orbit mixing of ligand field states means that d-d transitions can be significantly
enhanced in low-temperature MCD relative to Abs. The ability to resolve these
otherwise weak features is a key advantage of MCD. Since the spin-orbit mixing of
charge-transfer states is generally weaker, charge-transfer enhancement in MCD
(relative to Abs) is not nearly as pronounced. It is therefore possible to discriminate
between ligand field and charge transfer excitations based on their relative intensities in
MCD and Abs. Finally from eqn 8, if the g-values (derived from (L + 2S)) are known
(e.g. from EPR — see 3.4.1), it is possible to experimentally determine the polarization of
an MCD transition even in a randomly oriented sample. If the orientation of the g tensor
is known relative to the molecular axes, this can greatly facilitate spectral assignments —

especially for charge-transfer transitions, which tend to be polarized along M-L bonds.
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3.3.3 — Saturation Magnetization: Variable-Temperature Variable-Field MCD. For a
paramagnetic transition metal site, ¢-term MCD intensity reflects the magnetization of
the metal center. MCD can therefore provide the same ground state information as
magnetic susceptibility, but with a number of distinct advantages. First, there is no
diamagnetic contribution to ¢-term intensity. It is therefore straightforward to study the
magnetization of <1 wt% metal in diamagnetic matrix using MCD. This is particularly
important for metal centers in metalloenyzmes and metallozeolites. Second, a
component in a mixture can be studied selectively through its characteristic MCD
features. This makes it possible to focus on the ground state of a single species, even if
it exists within a distribution of paramagnetic spectator sites (as is often the case in
metallozeolite chemistry). Finally, MCD offers additional information concerning the
polarization of electronic transitions.19113.122

Saturation magnetization occurs when the thermal energy is on the order of, or
smaller than the Zeeman splitting of the ground state and the system is no longer in the
Curie limit. Like magnetic susceptibility, ¢-term MCD intensity is studied using a
saturation magnetization experiment conducted over a range of magnetic fields and low
temperatures (typically 0-7 Tesla, 2-50 K). This is known as variable-temperature
variable field MCD (VTVH-MCD). In the limit of low temperature or high magnetic field,
there is a deviation from Curie Law behavior (intensity linear in 1/T), and at high
magnetic fields and low temperature, ¢-term intensity becomes field- and temperature-
independent. This corresponds to the case where the Zeeman splitting gfH is large
relative to ksT, and only the lowest component of the ground state is Boltzmann

populated. This approach to this limit is described by the Brillouin curves shown in
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figure 21, which are sensitive to spin state . S

and molecular g-values, but only depend on B

H/T. The saturation magnetization MCD of

_~— Brillouin curves
[ /

S=1/2

MCD-intensity

S>1/2 metals is generally more complicated

than the behavior shown in figure 21,

T T T

0.0 0.5 1.0 15
BB/2KT

however. This is a consequence of ZFS Figure 21. Simulated MCD Brillouin curves for
isotropic S=1/2-5/2 ground states. Adapted from
reference 122 with permission. Copyright 1999
American Chemical Society.

(see 3.1.1). For systems with axial ZFS oleme —(oofieids
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transition moments (e.g. <Sz> for an Xy- Figure 22. VTVH-MCD saturation magnetization

isotherms (left) and isofields (right) for a rhombic S=2
polarized transition), differential system, including the effects of rhombic ZFS and
magnetic field H on a Ms=+2 non-Kramers doublet
(bottom right).  Analagous VTVH-MCD data are
presented for an S=5/2 Kramers system (middle).
The S=2 and S=5/2 isotherms display nesting
with different <S.:> leads to nested behavior (i.e. do not overlay) due to differential
Boltmann population of zero-field split levels with
different spin expectation values. The S=2 isofields
show field dependence in the low temperature
saturation limit, reflecting variation of the non-Kramers
non-superimposed curves in the H/T ground state with field. No such effect is seen in the
S=5/2 isofields, reflecting the lack of field dependence
in the ground state of Kramers ions.

Boltzmann population of Zeeman levels

saturation magnetization isotherms (i.e.

plots shown in figure 22). The
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magnitude of this effect reflects the magnitude of D. For non-Kramers ions, there are
additional effects due rhombic ZFS (E#0). For these systems, the ground state, which
is an equal mixture of |+2) and |-2) (see bottom of figure 22) will have a spin expectation
value <S.>=0 resulting in no MCD intensity (see 3.1.1). In the presence of a magnetic
field, however, the ground state becomes MCD active through a field-induced mixing of
the zero-field split levels.'?® As shown in the bottom right of figure 22, these become the
pure |+2) and |-2) states at high magnetic fields. This results in a non-zero <S.> when
the Zeeman interaction becomes large relative to the rhombic splitting (6 in figure 22,
bottom right). Evidence for this is seen in the saturation magnetization isofields of
integer-spin metals (figure 22, middle right), where variation of the ground state
wavefunction with magnetic field leads to magnetic field dependence in the low-
temperature (large 1/T) saturation limit (figure 22, bottom right). This effect can be
guantified by VTVH-MCD, and then related to the energetic separation ¢ between the
field-mixed Zeeman levels (figure 22, bottom right). For both Kramers and non-Kramers
systems, Spin Hamiltonian parameters (see 3.1.1) are extracted by fitting VTVH-MCD

isotherms/isofields.

3.4 — Other Spectroscopic Methods With Single-Site Resolution. While site-
selective spectroscopy provides the most reliable data on metallozeolite active sites,
useful insight is also derived from techniques where features of single sites can be
resolved from a mixture. In metallozeolite chemistry, electron paramagnetic resonance

spectroscopy and Mossbauer spectroscopy have proven to be particularly useful.
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Nuclear resonance vibrational spectroscopy also holds significant potential for Fe-

zeolites.

3.4.1 — Electron Paramagnetic Resonance Spectroscopy. Electron paramagnetic
resonance spectroscopy (EPR) is used to probe transitions between Zeeman-split
sublevels of a paramagnetic ground state.1097.108.110.115 FPR can be used to measure g
values and ZFS parameters reflecting the electronic structure of the metal center (see
3.1.1) with high accuracy. The high energy resolution of EPR also enables detection of
small magnetic couplings between unpaired electrons and metal/ligand nuclear spins
that are inaccessible using saturation magnetization experiments (e.g. magnetic
susceptibility, VTVH-MCD). These hyperfine and superhyperfine interactions provide a

direct experimental handle on metal-ligand covalency (see 3.1.1).
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Figure 23. (A) Orientation-dependence of the Zeeman splitting of an S=1/2 ground state due to g
anisotropy. (B) Simulated EPR absorption spectrum of an axial Cu(ll) center (top), its first derivative
(middle), including effects from hyperfine coupling to the 1=3/2 nuclear spin of Cu (bottom).

In the standard EPR experiment, the sample is irradiated with a fixed microwave
frequency (X band, at 9 GHz = 0.3 cm™) in the presence of a magnetic field oriented
perpendicular to the microwave B field. The magnetic field is swept, and microwave
radiation is absorbed when the Zeeman splitting between levels with AMs=+1 is brought
into resonance with the microwave energy. As shown in figure 23a, this induces a
magnetic dipole transition between Zeeman-split levels, and the resonance field
associated with this transition is a function of the molecular g values and the orientation
of the molecule with respect to the magnetic field. For a frozen solution or powder, the
EPR spectrum is a weighted sum of contributions from all orientations (contribution
increasing from || to L, as shown in the top of figure 23b). Since each orientation is
weighted differently, it is possible to measure anisotropic quantities (e.g. g-values and
hyperfine couplings) from a randomly oriented sample. High sensitivity is achieved by

modulating the external field and using lock-in detection, which leads to a 15t derivative
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spectrum. For example, a spin % system such as Cu(ll) will have an absorption
spectrum similar to 23b (top), whose first derivative dy/dH (23b, middle) shows distinct
features at the resonance fields corresponding to g and g..*® (These deviate from the
free electron g-value of 2.0023 due to spin-orbit coupling with ligand field excited states
- see 3.1.1.) Additional features arise due to hyperfine interactions between the
unpaired electron spin and the nuclear spin of the metal (see 3.1.1). For Cu(ll), the
S=1/2 ground state couples to the 1=3/2 nuclear spin of Cu, splitting spectral features
into 21+1=4 lines (figure 23b, bottom). The hyperfine splittings of the g and g.
resonances will in general be different, reflecting the anisotropy of the hyperfine
interaction. In some cases, it is also possible to resolve small superhyperfine couplings
arising from interactions between the unpaired electron spin and the nuclear spin of
ligands (see 3.1.1). Hyperfine and superhyperfine coupling provide a direct probe of the
covalency of the ligand-metal bond. For molecules with S>1/2, the ground state will
experience zero-field splitting when the molecule has axial or lower symmetry. This is
described by the phenomenological ZFS spin Hamiltonian discussed in 3.1.1, and
characterized by the ZFS parameters E and D introduced in equation 5. In the limit that

the zero-field splitting is large relative to the Zeeman splitting (|D|>>g BH for magnetic
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field strengths used in X-band EPR), the
zero-field split sublevels behave as
isolated doublets with unusual effective
g-values. For example, for an axial high
spin Fe(lll) site with molecular g-values
g1=0|=2, the Ms=£1/2,+3/2,+5/2 Kramers
doublets will have anisotropic effective g-
values ranging from 0-10 (figure 24a).
This significantly impacts the resonance

positions observed in EPR for high spin

Fe(lll) relative to a simple S=1/2 system
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Figure 24. (A) Orientation-dependent response of an
axial zero-field split S=5/2 spin to magnetic field
applied along the x,y,z directions. (B) Simulated EPR
spectra from axial (i, E/D=0), rhombic perturbed (ii,
E/D=0.06), and maximally rhombic (iii, E/D=1/3 S=5/2
ground states. The Rhombicity parameter E/D is
defined based on the zero-field splitting parameters E
and D in equation 5. E/D deviates from zero for
geometries in which the x and y directions are
inequivalent.

(figure 24b). The resonance positions of high spin Fe(lll) are also highly sensitive to the

presence of rhombic ZFS (figure 24b), and EPR enables direct quantification of

rhombicity (E/D), and temperature-dependent studies can be used to assign the sign

and magnitude of D.

In contrast to Fe(lll), integer spin metals such as high spin Fe(ll) are generally

inaccessible using

experiment. This is because the zero-field splitting

between levels with AMs=%1 is generally too large to

be brought into resonance with

microwave energy (0.3 cm™).

field split non-Kramers ground states, it is in some

cases possible to probe the transition between

the standard X-band EPR
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Figure 25. Non-Kramers doublet with
rhombic splitting & smaller than the
microwave frequency, enabling
detection of the AMs=0 transition.
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components of the lowest non-Kramers doublet due to the rhombic mixing of the spin
sublevels (figure 25).127.128 This is done using parallel-mode EPR, where the B field of
the microwave is oriented parallel to the external magnetic field resulting in the selection
rule AMs=0. Note that, while non-Kramers ions are generally difficult to study using
EPR, they are amenable to saturation magnetization experiments such as VTVH-MCD

(see 3.3.3).19.116

3.4.2 — Mossbauer Spectroscopy. Mossbauer spectroscopy is an element-specific
technique that probes the resonant absorption of y photons by Mdssbauer-active
nuclei.’'® It is most commonly used to study the chemical environment of the °Fe
nucleus, which is sensitive to oxidation state, spin state, and coordination geometry
(vide infra). This experiment uses a °’Co source, which decays through electron
capture to form a metastable nuclear excited state of >’Fe. The excited °’Fe nucleus
subsequently relaxes to its ground state, emitting a 14.4 keV gamma ray. This y almost
exactly spans the gap between the 1=1/2 ground state and metastable 1=3/2 nuclear
excited state of the >'Fe nucleus (°’™Fe, figure 26a). However it will not be in exact
resonance due to the differing chemical environments of the source and the absorber.
The y can be brought into resonance using the Doppler effect, accomplished by varying
the velocity of the >’Co source toward or away from the sample (usually over a range of
+10 mm/s, corresponding to Doppler shifts ranging over +3.87x10-2 cm™™).

As shown in figure 26b, the Mdssbauer spectrum of an isolated (mononuclear)
iron center will generally appear as a doublet of Lorentzian lines. (Additional features

arise for slowly-relaxing paramagnetic sites, or with the application of an external
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Figure 26. (A) The Mdssbauer transition, including effects due to a non-zero electric field gradient (EFG)
at the 5“Fe nucleus (AEq>0). (B) Simulated Mdssbhauer spectral data, with the isomer shift () and
guadrupole splitting (AEq) indicated.

magnetic field.) The center point of the doublet, 6, is known as the isomer shift. As
shown in equation 9, ¢ reflects the difference in electron density at the nucleus of the
absorber |¥o|’a versus the source [Wo|’s, as well as the relative change in nuclear radius

upon nuclear excitation (0R/R):

o =(constant)(6R/R)(|Wo’a— [Po|?s) 9)

For iron, 6R/R is negative. A positive ¢ therefore reflects reduced electron density at the
nucleus. Since |[Wo|* derives mostly from electrons in core s orbitals, electrons in
valence 3d orbitals affect ¢ indirectly, decreasing |¥o|> through shielding effects (mostly
from 3s). o is therefore sensitive to oxidation state and spin state. The Mdssbauer

transition is generally split into two lines, reflecting the interaction between the electric

guadrupole moment of the >™Fe nuclear excited state with the electric field gradient
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(EFG) at the nucleus. This interaction splits the 1=3/2 excited state into Mi=+£1/2,£3/2
doublets separated by the amount AEq (figure 26). The interaction energy, called the
guadrupole splitting, will be non-zero for sites with non-cubic distributions of electron

density:

2
AEq =2y, (141 (10)

In this expression, e is the electron charge, Q is the nuclear quadrupole moment
(positive for °"MFe), n=(Vxx-Vy)/Vz is the asymmetry parameter, and the Vi are
eigenvalues of the EFG tensor. For sites with cubic molecular symmetry, differential
population of the valence 3d orbitals leads to non-cubic electron density, and the Vi will
become non-zero. This ‘valence’ contribution to AEq is highly sensitive to oxidation
state and spin state, as these affect d orbital occupancy. Deviations from cubic site
symmetry lead to an additional ‘lattice’ contribution to AEq arising from a non-cubic
distribution of ligand electron density. (While AEq can be separated into valence and
lattice contributions for ionic complexes, this distinction is less meaningful for highly

covalent active sites.)

3.4.3 — Nuclear Resonance Vibrational Spectroscopy. Whereas Madssbauer
spectroscopy is used to probe resonant absorption by the 5’Fe nucleus, nuclear
resonance vibrational spectroscopy (NRVS) is a synchrotron-based technique used to
study vibrational side-bands of the Mossbauer transition.??13% Since NRVS involves

inelastic absorption, conservation of momentum dictates the excess linear momentum
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of the photon be transferred to the
absorbing %’Fe nucleus. As a result,
vibrations that contain iron motion are

active in NRVS, and NRVS intensity

correlates to the magnitude of Fe
displacement in a particular normal
mode at a given energy. NRVS is

therefore sensitive to low-energy (150-
600 cm™) core vibrations of Fe active
sites.131-133 These vibrations are highly

sensitive to coordination geometry, and
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Figure 27. NRVS spectral changes associated with
the protonation of the side-on peroxoferric complex
[(TAML)Fe(OO)]* (blue) to form the corresponding
end-on hydroperoxide complex (red). Reproduced
with permission from reference 240. Copyright 2016
American Chemical Society.

can be difficult to resolve using other vibrational techniques such as resonance Raman

spectroscopy (sensitive to higher energy vibrations reflecting excited state distortions).

NRVS has therefore been used to evaluate structures for intermediates across many

mono- and binuclear Fe enzymes and model complexes (see figure 27 for example).

These studies are now being extended to iron active sites in zeolites, and this will

provide detailed structural information that is currently inaccessible using other

techniques.
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4 — Cu/O Active Sites in Zeolites. Cu-zeolites carry out diverse functions ranging from
reduction of NOx pollutants to selective hydrocarbon oxidation using atmospheric Oz2.
The best-studied system, Cu-ZSM-5, is notable for hydroxylating methane rapidly at low
temperatures (150 °C) to form methanol.?637 Reactivity occurs at a binuclear extra-
lattice Cu active site, which is activated by either O2 or N20 to form the reactive
intermediate in methanol synthesis. An experimental approach based on site-selective
spectroscopy was developed to distinguish this minority species from 95% spectator
Cu, and coupled to DFT, this defined the geometric and electronic structure of the active
site and elucidated its reactivity toward strong C-H bonds.?” These studies were
extended to analogous active sites in other lattice topologies — notably Cu-MOR - as
well as the precursor intermediates formed during the activation of O2/N20.66:134-136
Different catalyst preparations are also believed to result in methane-reactive Cu sites
with different nuclearities (e.g. trinuclear, mononuclear).%>’4 However these possibilities

have not yet been evaluated using site selective spectroscopy.

4.1 - Methane Hydroxylation by Cu-ZSM-5. Activating Cu-ZSM-5 under an
atmosphere of either Oz at 450 °C or N20 at 150-200 °C leads to the formation of an
intense absorption feature centered at 22,700 cm? (figure 28A) that decays in the
presence of methane (figure 28B).%37 This absorption feature is correlated with the
production of methanol, and is therefore a spectroscopic handle of the Cu active site of
methanol synthesis.3” As shown in figure 28C, the decay of the absorption feature can

be used to track the kinetics of methane hydroxylation. This provided an apparent
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activation energy of 15.7 kcal/mol, and an H/D kinetic isotope effect that is consistent

with C-H cleavage in the rate limiting step (see section 4.2 for detail).
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Figure 28. A) Growth of the 22,700 cm-! absorption feature of the active site during O2 activation and B)
its subsequent decay upon interaction with methane. C) kinetics of methane hydroxylation from decay of
the 22,700 cm' band. Time interval between spectra is 15 seconds. Adapted from reference 212 with
permission from the Royal Society of Chemistry.

The 22,700 cm™ Abs feature was used to selectively probe this active site that
exists in a dominant (95%) distribution of spectator Cu.3” Tuning a laser into the 22,700
cm? band enabled its study by resonance Raman spectroscopy (figure 29, inset A).
This selectively resonance enhances vibrations of the active site, shown in figure 29.
Work from the Solomon group has defined the characteristic resonance Raman
vibrations of all known structures in Cu/O chemistry (table 5), and these were compared
to data from activated Cu-ZSM-5. The active site was originally thought to be a bis-p-
oxo 2Cu(lll) species based on the energy of its 22,700 cm™ absorption feature,3®
however this was excluded by rR, as there is is no intense '9'8Q-sensitive vibration at
600 cm™ in figure 29 (characteristic of a bis-p-oxo core — table 5).137:138  Cu(ll)-
superoxide structures were also excluded due to the absence of an isotope sensitive
vibration at ~1100 cm! (table 5).13%140 On the other hand, the vibration at 870 cm* with
a %180 jsotope shift of 40 cm™ in figure 29 is in the correct range for a Cu/OOH
species.’* To evaluate this possibility, mixed-isotope %180 labeling studies were

performed to test for the presence of an O-O bond. Cu-ZSM-5 was activated with a
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statistical (1:2:1) mixture of

160,/161180,/180. If an O-O bond were
present, vibrations would be observed at

870 cm, ~845 cm™, and 830 cm™ with a

1:2:1 intensity distribution. As shown in

figure 29 inset B (green spectrum), no

intermediate  frequency mode is
observed, indicating that no O-O bond is
present in the reactive intermediate.3” All

known structures (table 5) were therefore

site was a new species in Cu/O chemistry.
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Figure 29. Resonance Raman spectra (Aex=458 nm
— see inset A) of Cu-ZSM-5 activated with 602 (red)
and 1802 (blue). Inset (B) shows a comparison of
spectra in the 800-900 cm-! region following activation
with a 1:2:1 statistical mixture of 160:16180,:180;
(green) with summed spectra following %02 and 180:
activation (black). Reproduced from reference %.
Copyright 2009 United States National Academy of
Science.

excluded for Cu-ZSM-5, indicating the active

In the rR spectrum of activated Cu-ZSM-5, the most intense isotope sensitive

vibration is observed at 456 cm! (A16180=8 cm™). There is also a weak vibration at 870

cm? that exhibits a large %180 isotope

shift (40 cm). Based on frequency and

isotope shift, the second quantum of this

vibration is seen at 1725 cm?t

(A16180=83 cm), and it is six times as
intense as the fundamental. The same
intensity distribution is seen in mono-p-

oxo bridged diferric sites.#? This led to

the assignment of the active site as a

Table 5. Characteristic resonance Raman vibrations
and their 18180 isotope shifts for known Cu/O
intermediates. Reproduced with permission from
reference 37. Copyright 2009 United States National
Academy of Sciences

Cu/O2 species R vibrations
(A0,) Iem™
0, activated Cu-ZSM-5 456 (8)
870 (40)
. " O,
bis(u-oxo) dicopper(lll) Ou,;\{ >CJJ“I veu-0=606 (23)
o)
p-(n*n?) peroxo dicopper(ll) “’(I)\ " veucu=284 (0)
R vo.0=763 (40)
n'-superoxo copper(ll) 1% veu.0=472 (20)
Cu vo.0=1121 (63)
f-superoxo copper(ll) Cu“’? veuw0=554 (20)
~0 vo.0=1043 (59)
n'-hydroperoxo copper(ll) o veu0=624 (17)
Cu'” OH vo.0=843 (44)
trans-p-1,2-peroxo dicopper(ll) o ,Cu” veu-0=561 (26)
cul” o v0.0=832 (44)
p-1,1-hydroperoxo dicopper(ll) ™ veu-0=322 (10)
cd”™ Doy vo-0=892 (52)
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mono-u-oxo bridged dicopper site. The intense 456 cm™ feature therefore corresponds
to the symmetric stretch of the Cu20 core, while the 870 cm feature corresponds the
antisymmetric stretch, which is forbidden in resonance Raman and therefore weak. At
higher frequency, the 1725 cm feature is the second quantum of the antisymmetric
stretch, which is symmetric and therefore rR allowed and intense relative to the
fundamental. Finally, based on frequency and isotope shifts, the 1852 cm-! (A16/180=52
cm) feature is assigned as the 4™ quantum of the symmetric stretch. This gains
intensity through Fermi resonance with the 2 vas feature.

The symmetric and antisymmetric

900 | — 1

modes of the Cu20 core are particularly = 800/ Vasym = 870 €M

E 1Vas‘.ym
important as they are sensitive to the bridge £ 7%

[2]

c 600
angle of the three-atom core. A normal g Vv

8 s00 - SYM Vom = 456 cm-!
coordinate analysis of these modes and it \
their isotope shifts provided an estimated 100 110 120 130 140 150 160

Cu-0O-Cu angle

. o e 37 .
bridge angle of 140° (figure 30).°” There is Figure 30. Predicted vsym and vasym frequencies

as a function of <CuOCu.
only one location in the ZSM-5 lattice where: 1) Cu is known to bind'*® and 2) a

methane-accessible Cu20 site with a 140° bridge angle can be accommodated. This is
the 10-membered ring motif shown in figure 31A. Within this ring, there are two
aluminum T-sites separated by two silicon T-sites (i.e. an Al-O-Si-O-Si-O-Al sequence)
that mediate metal binding. DFT indicates a Cu(lll)-O-Cu(lll) site is electronically
unstable at this site, oxidizing the lattice.3” On the other hand, this site does stabilize a
Cu(I)-O-Cu(ll) core with a 139° bridge angle (figure 31B; versus 140° from experiment)

which reproduces the experimental Abs and resonance Raman spectroscopic features
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of the active site (figure 31C). In this structure each Cu is three coordinate, bound in a
bidentate fashion by two lattice O atoms derived from one Al T-site, as well as the
bridging oxo ligand. The lattice modes seen in the experimental rR spectrum at
514/540 cm™ were assigned to the symmetric stretching mode of the bidentate Al T-site
ligands. This site is highly covalent, with two electron holes delocalized over the
[Cu20]%* core. TD-DFT predicts an intense oxo —Cu(ll) charge transfer at 23,400 cm™
for the triplet [Cu20]?* model — in good agreement with the intense 22,700 cm™ band in
Abs spectroscopy. (The singlet and triplet models have nearly identical geometries,
energies within 0.5 kcal/mol, and highly similar predicted spectral features). The low

energy and high intensity of this charge transfer band reflects the high covalency of the

~
(HO);Si Si(OH);
(HO)aSi\O }3\ A, Si(OH),
Py },,\ -d
(HO)Si—0O 2K
HO'§i\o/Si\OH O—Si(OH)s
10-membered ring H H
C Abs features rR features Geometric parameters
\Y V, Vatti 2 o
LMCT (A1303n}cm'1 (A‘aoa:)yr;cm" (A‘Soljilc/ecm* <Cu-O-Cu  Cu-O(A) Cu-Cu (A)
experiment 22,700 456 (-8) 870 (-40) 514/540 (0) 140°
[Cu0F 53 400 4 °
odel , 56 (-5) 852 (-37) 556/568 (0) 139 1.75/1.76 3.29

Figure 31. A) 10-membered ring motif in the ZSM-5 lattice, with the Al-O-Si-O-Si-O-Al sequence
implicated in Cu binding highlighted and B) the [Cu20]?* cluster model derived from this motif.
This model was generated by excising the cluster from the lattice in A, and capping its peripheral
oxygen atoms with protons. C) Comparison of experimental and DFT-predicted [Cu20]%* spectral
features and geometric structure.
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[Cu20]?* core, which is important for reactivity (see section 4.2, 6.3.1).%7

4.2 — Reactivity of [Cu20]?>* Active Sites in Zeolites. The kinetics of methane
hydroxylation were evaluated by monitoring the disappearance of the 22,700 cm™ Abs
feature in the presence of methane (figure 28B,C).3” The reaction was performed at
temperatures ranging from 110-200 °C, and the resulting Arrhenius plot gave an
apparent activation barrier of 15.7 kcal/mol. Performing the same experiment with CD4
resulted in a 3.1 kcal/mol higher barrier, leading to a large H/D kinetic isotope effect
(KIE) of 3.1 at 175 °C - consistent with NMR product analysis of the reaction performed

with mixed-isotope substrate (CHz2D2).

60%

The observation of a large H/D KIE [CU-O™CU ey,

indicates C-H cleavage occurs during the e L3 2 /e

rate-limiting step, and this includes a small

activation barrier for the strong, 104 kcal/mol o0 4 24%0
C-H bond of methane. The spectroscopically 154 S
, . , € 2[Cu,0OHJ?*
validated model of the Cu-ZSM-5 active site 510 4 *CH3
X
(vide supra) was used to computationally T 5] 00 kealikiol OH Bord
/ FMO pofrization
evaluate the ability of a [Cu20]** core to 0+ - 18.5 keal/mol AH*
3[Cul-O-Cul2+
CH4

cleave the C-H bond of methane. On the v

triplet surface, the [Cu2012* model reacts with '\ngh B LUMO

methane through H-atom abstraction with a Figure 32.  Methane H-atom abstraction
reaction coordinate on the triplet surface,
predicted activation barrier of 18.5 kcal/mol highlighting changes in electronic structure that
occur at the transition state geometry — in

(versus 15.7 kcal/mol experimentally — see particular, polarization toward [Cu(l)-O™-Cu(t}*
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figure 32).37 This produces a mixed-valent S=1/2 [Cu20OH]?** site coupled to a methyl
radical, and the reaction is endothermic by just 13.8 kcal/mol. The 13.8 kcal/mol
reaction enthalpy reflects the difference in the strengths of the C-H bond of methane
(104 kcal/mol) and the O-H bond of the hydroxo-bridged product. The driving force for
forming a strong 90 kcal/mol O-H bond lowers the barrier for H-atom abstraction. The
electronic structure of the [Cu20]?* core was also found to be intrinsically activated
toward H-atom abstraction. In the triplet ground state, the electron holes from each Cu
are significantly covalently delocalized onto the bridging oxo. These low-lying
unoccupied orbitals therefore have high oxo 2p content, and are good acceptor orbitals
for H-atom abstraction. As shown in the top of figure 32, methane interacts with the
SOMO with oxo 2p character oriented out of the Cu-O-Cu plane. At the transition state
geometry, this hole localizes onto the bridging oxo, resulting in a Cu(l)-oxyl-like
electronic structure that is highly activated for HAA.37
Other Cu-zeolites are known to react with 21900 cm™ 23100 cm™?

methane at low temperature,36:66.134 including Cu- . \, ,/

MOR, where methane reactivity is also correlated

with an absorption feature at ~22,000 cm.36.134

Absorption

Unlike Cu-ZSM-5, the absorption maximum for Cu-

o~ |

MOR shifts during reaction with methane.3* This is ;
25000 30000

15000 20000
Wavenumber (cm™)

Figure 33. DR-UV-vis difference
spectra of activated Cu-MOR showing
components lost during heating in O2
atmosphere at 450 °C (red trace), and
temperature. In figure 33, heating Cu-MOR to 450 then switching to 450 °C He atmosphere
(blue trace). Adapted from reference 134
with  permission. Copyright 2015,
American Chemical Society.

also seen in spectral changes accompanying

desorption of the Cu-MOR active sites at high

°C in an atmosphere of Oz results in loss of an Abs
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feature centered at 21,900 cm™ (red trace).

-9 1 21900 cm! band
AH*=14.7 kcal/mol, AS*=-36 EU
The remaining Abs component centered at 9.5 1
-10 - 23100 cm™* band
23,100 cm?® (blue trace) decays upon 105 - P RS S
o : e 11
switching from O2 to He atmosphere (still at = A1E -
==L
450 °C). This indicates two Cu/O 12 1
-12.5
components contribute to the 22,000 cm -13 A
-13.5 |
Abs feature, and kinetics studies show these 14
2.05 2.25 2.45 2.65

1000/T

components react with methane at different Figure 34. Eyring plot for the decay of the
21,900 cm-1 (red) and 23,100 cm-1 (blue)

components of the Cu-MOR Abs feature during
reaction with methane. Adapted from reference
134 with permission. Copyright 2015, American
Arrhenius plot of the decay of this absorption Chemical Society.

rates. Two rates are required to fit the

feature shown in figure 34. One of these components (MOR 1, red) has reactivity
comparable to ZSM-5, while the other (MOR 2, blue) exhibits a significantly lower
activation barrier (by 3-4 kcal/mol) and significantly higher entropy of activation (by 8-9

EU). This showed Cu/O active sites with perturbed reactivity exist in Cu-MOR.*34

Resonance Raman studies summarized in figure 35 were preformed to
determine the origin of this difference in reactivity.'** From data shown in figure 33, the
22,000 cm Abs feature was resolved into two components with absorption maxima at
21,900 and 23,100 associated with MOR 1 and MOR 2, respectively. Tuning a laser
into the 22,000 cm! Abs feature also results in resonance enhancement of vibrations
associated with both components. As shown in figure 35, the rR spectrum of Cu-MOR
strongly resembles that of Cu-ZSM-5. However some features in the Cu-MOR spectrum

are clearly split into two components (see marked peaks in figure 35) — consistent with
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5 . o )
two types of [Cu20]“* active sites in Cu-MOR. Voyrm Cu-MOR
I Cu-ZSM-5

Since MOR 1 reacts more rapidly at 200 °C

(due to the smaller entropic contribution to

the Gibbs free energy of activation), it was

L \Raman intensity

AN

_ . 300 500 600 700 800 900 1000
this enabled assignment of the rR features of Raman shift (cm")

possible to enrich samples in MOR 2, and

ey
o
o

ZSM-5 MOR1 MOR 2
22,700 21,900 23,100

)

) 456 465 450
m') 870 850 870

)

)

each component. This showed the rR
Abs feature (cm
cm-

features and Abs features of MOR 1 and Viyin (C

asym (

157 147 1141
-35 -36 -44

MOR 2 are highly similar to each other, as AH? (kcal/mol
AS* (cal/moleK

well as to Cu-ZSM-5. Thus from Abs and rR
Figure 35. Comparison of rR spectra from Cu-
MOR (blue) and Cu-ZSM-5 (black). Peaks
corresponding to vsym and Vasym are indicated,
) o . _ showing two components are present in Cu-
have highly similar geometric and electronic MOR. The table summarizes the spectroscopy
and reactivity of [Cu20]?** cores in Cu-ZSM-5
structures.37:134 and Cu-MOR.

spectroscopy, the three [Cu20]?* active sites

The differences in geometric and electronic structure defined experimentally
across the [Cu20]?* cores in Cu-ZSM-5 and Cu-MOR are too subtle to explain the 25-
30% reduction in activation barrier of MOR 2. This indicates there is a contribution to
reactivity that does not manifest in the ground state spectral features of MOR 2. The
differential reactivity of MOR 2 is therefore ascribed to a second-sphere effect, however
the precise nature of this interaction is not yet understood.3* This raises a parallel to
biology, where for example the coupled binuclear Cu enzymes (i.e. hemocyanin,
tyrosinase, catechol oxidase, and NspF) carry out diverse functions ranging from O2
binding to aromatic hydroxylation using [Cu2(02)]** intermediates with highly similar

geometric and electronic structures (see 6.3 for detail).*®
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4.3 — Activation of O2. The ability of Cu-

zeolites to activate atmospheric Oz for

selective oxidation chemistry is highly
significant, as this is the most appealing
for industrial-scale

oxidant applications.

Reduced Cu(l)-ZSM-5 and Cu(l)-MOR bind

and reduce Oz by four electrons during
[Cu20]?* formation,6:37:13% and an oxygen

precursor in the [Cu20]?* formation reaction

Absorbance

Absorbance
o
[\S]

0.0
15000

25000 30000

Energy (em™)

20000

Figure 36. DR-UV-vis spectral changes during
Oz activation of Cu(l)-ZSM-5 (top), and
subsequent heating to form [Cu20]?* (bottom).
Reproduced from reference 136 with permission.
Copyright 2010, American Chemical Society.

has been trapped in Cu-ZSM-5.13¢ As shown in figure 36 (top), reacting Cu(l)-ZSM-5

with O2 at room temperature results in formation of an intense absorption feature at

29,000 cm™.

Upon heating, the 29,000 cm™ absorption feature decays with the

concomitant growth of the 22,700 cm™? band of the [Cu20]?* intermediate (figure 36,

bottom).

Tuning a laser into the 29,000 cm*
Abs band selectively resonance enhances
vibrations of the oxygen precursor.13® The
resulting resonance Raman spectrum in

figure 37 (left, Lex=364 nm) shows an intense

isotope insensitive vibration at 269 cm, as

v(Cu-Cu) 269

>
@

x v(sym) 456

Oxygen Precursor
A e = 364 M

Active Intermediate
A oe = 458 NM

v(0-0)

695 736 v(anti-sym) 870

7

400 500 800 900
Raman Shift (cm™)

\\‘

¢, Raman Intensity

X
;
3
Waman Intensity

200 250 300 700
Raman Shift (cm™)

750 300

Figure 37. A) rR data from Cu(l)-ZSM-5
activated at room temperature with 1802 (black)
and 1802 (blue), and B) after heating the oxygen
intermediate to form [Cu20]?*. Reproduced from
reference 136 with permission. Copyright 2010,
American Chemical Society.

well as a weak feature at 736 cm™ that shifts down by 41 cm™? with 02, These rR

features decay upon heating, and shifting to 458 nm laser excitation, the resonance
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Raman vibrations of the [Cu20]?* intermediate grow in (figure 37, right). The above Abs
and 364 nm rR features are therefore correlated with the oxygen intermediate, which
converts directly to [Cu20]?".

The rR and Abs spectral features of the oxygen precursor in Cu-ZSM-5 are
characteristic of u-n%m? peroxo-bridged dicopper sites (see table 5). The 29,000 cm*
Abs band was therefore assigned as an 022 (n*s—Cu(ll) charge transfer transition, while
the 269 cm™ and 736 cm* features in the resonance Raman spectrum are assigned as
the Cu-Cu stretching mode and O-O stretch (respectively) of a [Cuz(O2)]** core.
[Cu2(02)]?* cores with highly similar spectral features are stabilized in the coupled
binuclear Cu enzymes (i.e. hemocyanin, tyrosinase, catechol oxidase, and NspF —

discussed in section 6.1).18

Spectral changes in Abs and rR that
occur upon heating demonstrate this
[Cuz2(O2)]?* site converts directly into the
[Cu20]?* intermediate.’*® Oz temperature-

programmed  desorption studies were

performed to clarify the mechanism of this

300 350 400 450 500
conversion — in particular, the fate of the Temperature (°C)

second O atom of the [Cu2(O2)]** precursor. Figure 38. 0O, temperature programmed
desorption quantifying release of Oz isotopomers

Heating activated Cu-ZSM-5 leads to during [Cu2*®O]J?* desorption. Reproduced from
reference 136 with permission. Copyright 2010,

. e American Chemical Society.
desorption of the bridging oxo of the [Cu20]%* merican ~hemical Soclely

core, forming the reduced 2Cu(l) active site and releasing O2. Through microscopic

reversibility, the molecular-level details of this process relate directly to the mechanism
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of O-atom loss from the peroxide intermediate. As shown in figure 38, O2 TPD of 180o-
activated Cu-ZSM-5 results in release of three isotopomers — 1602, 16180;, and 180..
Since 802 activation is known to produce fully-labeled [Cu280]?*, only the 11802 and
1802 MS signals reflect desorption of [Cu2'80]?*. As the core desorbs between 350-420
°C, the ratio of 16180,:180: released is greater than 10:1. This indicates most [Cu2®0]**
recombines with a 0 atom, and not an O atom (derived from [Cu2(*¥02)]?*). The
isotope scrambling observed in O2 TPD therefore reflects the ability of the zeolite lattice
to act as a reservoir of mobile O atoms.144-146 This reservoir includes 80 atoms derived
from the [Cu2(*802)]?* oxygen precursor, but from experiment the ratio of *0:180 in this
O-atom reservoir is greater than 10:1. The ability of the zeolite lattice to accept

exogenous atoms is therefore critical to the conversion of [Cu2(02)]?* into [Cu20]?*.136
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The conversion of [Cu2(02)]** into

Cu* Cu* 0Oz

[Cu20]?* requires two additional electrons to \(
cleave the O-O bond and liberate O%. Oxo CHsOH _O_

e | ~Cu?*
loss from [Cuz(O2)]** would form a CH, Precursor

= 20 +5 or
[Cu(Il)20]** site that is predicted by DFT to O% etcs " specta
be electronically unstable, oxidizing the e O~cuz 2 Cu?' pectator

Reactive Intermediate

zeolite lattice to form [Cu()20]>*.3" The Figure 39. Proposed reaction cycle for O
activation and CH4 hydroxylation by Cu-zeolites.
capacity of the zeolite lattice to serve as an Reproduced from reference % with permission.

Copyright 2010, American Chemical Society.

electron donor/acceptor has been

established,'#’149 indicating the electron holes generated by [Cu(ll)20]?* formation can
propagate over significant distances to spectator Cu(l) sites. Thus spectator Cu(l) sites
would provide the two exogenous electrons required to cleave the O-O bond to form
[Cu20]?* during O2 activation of Cu-zeolites. This has led to the model of active core
formation summarized in figure 39.13¢ In this model, O2 binds to a reduced 2Cu(l) active
site, which reduces O2 by two electrons to form a [Cu2(02)]>* oxygen precursor. Upon
heating, spectator Cu(l) centers provide two additional electrons to cleave the O-O
bond. This results in formation of the [Cu20J?* reactive intermediate, as well as Cu(ll)
spectator sites, and an oxo that enters the pool of ‘mobile’ lattice O atoms (vide supra).
Methane then in principle reduces the active site by two electrons, forming methanol,
which is released to return the active site to its reduced 2Cu(l) state. These steps

subsequent to H-atom abstraction still need to be explored as does the role of spectator

Cu in the conversion of [Cu2(02)]?* to [Cu20]?*.
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Recently, an oxygen intermediate has also been identified in Cu-SSZ-13 using
Raman spectroscopy.'®® In this system, O2 activation is correlated with the appearance
of absorption and Raman features characteristic of a u-1,2-peroxide-bridged 2Cu(ll) site
(see table 5). In the same study, Raman and absorption features assigned to a [Cu20]**
core with an acute bridge angle of ca. 100 were reported. It will be interesting to
evaluate whether this end-on-bridged peroxide intermediate converts to the [Cu20]?*
core, and once quantitative reactivity data on this acute [Cu20]?* site become available,
it will be also interesting to see how this change in geometry alters the reactivity of the

[Cu20]?* core.

4.4 — Activation of N20. In addition to Og,

reduced form

oxidized form ([Cu,0]*) (Cu'--Cu')
H H - - _ Cu—-0-Cu i Vantisyin Cl 6 to bindin: Ay Cu
the 2Cu(l) active sites of Cu-ZSM-5 and Cu gy > s et B e
exp. 139 456/870 22700 2or3 4.43
. . 24 CN

MOR also aCtlvate NZO’ formlng [CUZO] site 1 134 445/855 23159 ILIII 4.56
site 2 143 426/857 23 502 IL,11I 5.03

intermediates through O-atom transfer with 3 o dozfres  2ress .
site 4 144 417/850 22280 11,111 5.02

site § 133 447/859 22617 LI 248

release Of N2_37,134,135 In contrast to O-O bond site 6 135 451/842 22926 I, 1T 4.17
site 7 145 415/856 21 300 ILIII 5.85

. . site 8 147 391/860 22 841 LI 3.54

cleavage of Oz, which requires four electrons, si9 145 419/843 20077 LI 357
site 10 145 408/815 22 897 LI 4.76

only two electrons are required to cleave the
Table 6. Predicted geometric structures and

_ : spectroscopic features of the ten [Cu20]** and
N-O bond of N2O. In this case, the 2Cu(l) 2Cu(l) active sites stabilized in a 10MR of ZSM-

) ) ) ) 5. Reproduced from reference 3% with
active site provides both electrons directly, permission. Copyright 2014, American

Chemical Society.
and exogenous electrons from spectator sites
are not required (unlike Oz activation, vide supra). To define the geometric and

electronic structural requirements for N2O activation by Cu-zeolites, DFT models were

constructed of [Cu20]?* intermediates stabilized by each of the ten possible Al-O-Si-O-
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Si-O-Al sequences in a 10-membered ring of the ZSM-5 lattice (see figure 31A, right).*3®
These all feature three-coordinate Cu(ll) centers, each ligated by two lattice oxygen
atoms derived from an Al T-site, as well as the bridging oxo ligand. The geometric
structures and predicted spectroscopic features (Abs/rR) of the ten [Cu20]?* models are
given in table 6, and these are highly similar across the ten models. The corresponding
2Cu(l) sites were generated by deleting the bridging O atoms of [Cu20]?>* cores and
geometry optimizing the resulting structures. There is significant variability in the Cu(l)
coordination environment across the ten 2Cu(l) models (see table 6 and figure 40b),
and this leads to a large spread in relative stabilities of the 2Cu(l) sites (>40 kcal/mol,

see figure 40a, left). This is in contrast to the [Cu20]?>* models, where their similar
E (keg/mol) (A) <Cul.Cu'> (O

geometric structures lead to a small spread in | ;| se==s

90 +

relative energies (15 kcal/mol, figure 40a, | .| ,==2|#*a

{1 —

180 417 103
Cu Cu

—

70l d====-

right). It was also found that 2Cu(l) sites with

60+ 6 —

50+

approximately linear Cu(l) coordination were i <Cull-0-Cull> (D)

found to be most stable, while two- and three-

9
10

4—
coordinate Cu(l) structures featuring more | ~mm/;§§
2 e—
6
-10+ <Cu-0-Cu'l>

acute O-Cu-O angles were destabilized

(B) I 1 it V"
(204D (204+10g)  (104+10¢)) (()20,\,)
(figure 40b).13° Oniy Os;, Osiy Rk
OM/CU 0—Cu /('u /( u
' 0,f O O
The most stable [Cu20]?* and 2Cu(l) e QuCHOU=TIE OGOy OOy 14
(kcal/mol) 24 ~32 11 ~21 0

sites (site 6 in table 6) correspond to the Figure 40. A) relative energies of the reduced

and oxidized active site DFT models and B) their
active site discussed in 4.1, which was Cu(l) coordination modes. Structures of the
reduced (C) and oxidized (D) model assigned to
the active site seen in experiment. Si atoms are
colored dark grey, Al atoms white. Reproduced
from reference 13° with permission. Copyright
based on results from X-ray 2014, American Chemical Society.

initially identified as a candidate structure
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(A) <Exp. activation energy barrier> (B) A <Calc. activation energy barrier>
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36
_|2cut+ N,y Py 11
34t . B 0 O m— \
(o £ . . '
2t e S-10+ et |
= u-1,1-0
L = :
-’ .. £6-20- '
sza -, g )
’ . e =30+ ..
26 » 404 \
Wt o . y=-12616x+6.7525
E, =2.5 keal/mol R = 0.08262 50+ :
00025 0.0027 00029 00031 00033 ooss 00 [Cu,O* + N,
YT(K) Reaction Coordinate

Figure 41. A) Arrhenius plot for N2O activation by Cu(l)-ZSM-5 to form [Cu20]?* and B) summary of DFT
reaction coordinate for N2O activation. Reproduced from reference 3 with permission. Copyright 2014
American Chemical Society.

diffraction.37.135143 This 2Cu(l) site is at least 12 kcal/mol more stable than the others,
and the corresponding [Cu20]?* accurately reproduces the spectral features of the
reactive intermediate defined experimentally (see 4.1).37.135 Based on this, the [Cu20]?*
site observed experimentally was assigned to site 6, and the reduced and oxidized
structures of this site are shown in figure 40c and 40d, respectively.*® In the reduced
site, both Cu(l) centers are bound in an approximately linear fashion by one lattice O
atom derived from an Al T-site, and another derived from the neighboring Si T-site (i.e.
motif Ill in figure 40b). The Cu centers are separated by 4.17 A, which is sufficiently

short to enable bridging required for

. . . . N o
facile N20 reduction (vide infra).13° N N o
o. 9 o o 0 ol | o
/Cu C /Cu Cg /Cu C\g
The reduced 2Cu(l) active site ° il e °1° °
binding modes u-1,1-0 n'-N #-1,3-ON
model was used to evaluate the binding energy” -9 -13 -1
E® 2 >60 5
N—N-O angle 178 178 173

mechanism of N20 activation by Cu-

ZSM-5.1% First, the kinetics of N-O Figure 42. Binding modes of N:0, their associated
binding energies, and apparent activation energies (Ea)
cleavage were evaluated for N-O cleavage. 2given in kcal/mol
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experimentally by tracking the growth of the 22,700 cm™ during reaction of Cu(l)-ZSM-5
with N2O. The resulting Arrhenius plot shown in figure 41A gave an apparent activation
barrier Ea=2.5 kcal/mol. Note that this apparent barrier includes the enthalpy of N20O
adsorption, and is therefore reduced from the value for N-O cleavage. As shown in
figure 42, N20O can bind in three ways to the 2Cu(l) active site. In all cases, N20 binding
is exothermic by 9-13 kcal/mol. While monohaptic binding through the terminal nitrogen
to a single Cu(l) center is most stable, there is no reaction coordinate for O-atom
transfer resulting in a [Cu20]%* for this intermediate. The p-1,1-O and p-1,3-O,N
structures in which N20 bridges adjacent Cu(l) centers, on the other hand, lead to low

apparent barriers (2-5 kcal/mol) that are consistent with experiment (2.5 kcal/mol).135

(A) 90 - <Potential Energy Surface> (B) <TS-Geometry>
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— O J ® \ pie 1430 N 1.21
Z o] e~ '1.46 S
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< 1 19372 5 56 \1
‘->’ -920 1 ' OAl 2~00Al
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Figure 43. A) Singlet (black) and triplet (red) potential energy surfaces associated with N-O elongation.
B) Geometric structure of the N-O cleavage transition state, with the associated electronic structure (C)
showing delocalization of the N2O =n* LUMO into the Cu centers of the active site. Reproduced from
reference 135 with permission. Copyright 2014, American Chemical Society.
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The p-1,1-O intermediate leads to the lowest barrier for N-O cleavage (figures
41B, 42).135 As shown in figure 43A, the transition state for N-O cleavage lies on the
singlet surface, with the N-O bond elongated from its equilibrium length of 1.21 A to
1.46 A. At the transition state geometry (shown in figure 43B), the N-N-O angle is no
longer linear, but instead bent to 143°. The electronic structure associated with this
geometry is shown in figure 43C, where the ©* LUMO of N20 is significantly delocalized
onto one of the Cu centers. This reflects transfer of a single electron from Cu1 to N20 at
the transition state. With further N-O elongation past the transition state, the second
electron is transferred from Cuz, completing the reaction and releasing N2. Two factors
contribute to the low barrier for N-O cleavage. First, the 2Cu(l) site has a sufficiently
short Cu...Cu separation to enable N20 to bridge adjacent Cu(l) centers. This
geometric structure provides a direct orbital pathway for the sequential two-electron
reduction of N20O, whereby each Cu(l) center donates a single electron to cleave the N-
O bond. On the other hand, for longer Cu...Cu distances where N20O cannot bridge the
Cu(l) centers, there is no such orbital pathway for transfer of the second electron and
this results in a 14 kcal/mol higher barrier for N-O cleavage. Second, the formation of
two strong Cu(ll)-oxo bonds during O-atom transfer provides the strong driving force for
N-O cleavage, tuning down the reaction barrier.13> In nature, the same reaction is also
performed with a low barrier using a multinuclear Cu center — the Cu: cluster of nitrous
oxide reductase.'® Parallels and differences between Cu; and the Cu(l)-zeolites are

discussed in section 6.1.

4.5 — Other CuxOy Active Sites of Methane Hydroxylation. Thus far, the [Cu20]?*

sites in MFI and MOR (vide supra) are the only active Cu-O species identified in zeolites
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with site selective spectroscopy. However, other reactive Cu-O species of varying
nuclearity and with variable activation and reaction constraints have been
proposed.36:66.77.152.153 Thjs s indicated by the extraction of additional methanol after
high temperature activation with Oz or N20 and methane reaction at = 473K, or at
elevated pressure, in several copper-zeolites (e.g. FER, SSZ-13, SSZ-16, SSZ-39,
MOR, ZSM-5, BEA, FAU) and zeotypes (SAPQO-34) 6684152154155 \whjch lack known
spectroscopic features. Only recently, anaerobic reoxidation of the active site with H20
was observed, forming Hz as a side product.'>® The clarification of the unknown active
site structures and reactivity is a work in progress, and an overview will be given in this
section. The interest in these active sites is linked to their attractive properties from an
engineering point of view. Tomkins et al, for example, detected methanol (up to 55.4
pmol/g) upon steaming of over-exchanged Cu-ZSM-5, Cu-MOR and Cu-Y after O2
treatment at 200°C and methane reaction at 200°C and 36 bar.'®>57 The isothermal
conditions of oxidation and methane activation, as well as the consistent yield in
subsequent reaction cycles are promising characteristics for industrial applications.
Influential parameters in obtaining different active sites are the zeolite topology,
aluminium distribution and counterbalancing cations, exchange conditions (pH,
concentration, salt precursor) and total copper loading. These are discussed in sections
2.2-2.5. Copper speciation is furthermore dependent on environmental conditions, such
as temperature and atmosphere composition and pressure.’® Therefore, operando
characterization techniques are imperative for reliable detection of active sites. Often, a

multitude of reactive sites is encountered within the same material %6:152154  the majority

91



of which lacks site-specific spectroscopy for unambiguous identification of the active
sites.

A high spin density localized on the reactive oxygen consistently appears to be
crucial in determining the reactivity of Cu active sites in zeolites. Also the stabilization of
the oxidized product and confinement effects induced by the zeolite lattice play a role
(vide infra). Extra-lattice oxygen sites with radical character in copper zeolites have
already been described by the group of Ismagilov et al. in a 2002 study in the context of
NO decomposition.'%® They reported the formation of near-linear copper-oxygen chains
in the channels of the MFI zeolite. Upon high temperature vacuum treatment, a
distinctive EPR signal (gi=2.02, g1=2.05) lacking typical copper hyperfine splitting is
formed and attributed to an anionic oxyl radical [O+].1%° The origin is proposed to be the
autoreduction of linear [...-Cu?*-0%-...] chains in the zeolite channels to form a new
mixed Cu?*/Cu* species with [...-Cu*-O+-...]. An absorption feature at 15800 cm in the
vacuum treated sample is linked to Cu?*-Cu* intervalence transitions (IVT) in the

partially autoreduced copper oxide linear chains.

4.5.1 - Trinuclear [CusOs]?* Active Sites. The active site of particulate methane
monooxygenase is presently defined as binuclear by the X-ray crystallography studies
of Rosenzweig et al.'6%-162 However, due to challenges involving the instability of the
enzyme in preparatory steps prior to analysis, arguments for a trimeric copper oxide
cluster are postulated by Chan et al.'53-1%¢ Furthermore, A mononuclear active site

resembling that of the Iytic polysaccharide monooxygenases is also under
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consideration.?! In zeolites, a tricopper oxide species with high reactivity toward

methane was recently proposed by Grundner et al.>®

Single-site tricopper species were synthesized in copper exchanged MOR and ZSM-5
67.79 zeolites by aqueous exchange at a controlled pH of 5,7 followed by activation at
450°C in Oz (section 2.4). A linear 1:3 relation of oxidised CHas (calculated from the
carbon balance in oxidised products CH3OH, CO2 CO and (CH3)20) versus the total
copper content and a linear 2:3 ratio of consumed BAS per added copper is observed
over a range of copper loadings on Cu-MOR (figure 44A). This is an indication for a
single-site cationic cluster composed of three coppers per two exchanged protons, and
is compatible with an extra-framework divalent tricopper cluster at a cation exchange

site with two nearby lattice Al tetrahedra. A broad absorption band around 31 000 cm!
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Figure 44. A) The relation between copper concentration in the MOR zeolite versus consumed BAS and
the quantity of methane converted into oxygenated products (CO2, CO, CH3:OH and (CHz)20. B) The
experimental EXAFS spectrum (red) and the EXAFS spectrum calculated for the model in D of this figure
(black). C) the proposed location of the trinuclear copper cluster in the sidepocket of the MOR framework.
D) The DFT model of the trinuclear copper cluster with Bader charges indicated. Al atoms are in yellow
color, Si atoms in dark blue and Cu atoms in light blue.5®> Adapted with permission from reference 5.
Copyright 2015 Nature Publishing Group
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in the UV-Vis spectrum has been linked to the tricopper site in the initial paper reporting
the tricopper site, although without computational support. The band was observed to
dissipate upon stoichiometric reaction with methane and to re-emerge upon reoxidation
of the catalyst with O2.%°

A structure of the tricopper site was proposed by DFT simulation and is depicted
in figure 44C,D. Formally, the charge on the atoms can be written as [Cu(ll), 2Cu(lll),
30(-IN?* or [3Cu(ll), 20(-1), O(-IN]?*. The latter was preferred because it expresses the
oxyl character of the extra-framework oxygen ions, proposed by Woertink et al. to be
necessary in the transition state for methane C-H activation by mono-p-oxo dicopper.3’
This is also reflected by the spin densities of the calculated structure.>® The structure
assignment is further supported by fitting the experimental Cu K-edge EXAFS spectrum
of the material with the simulated spectrum of the [CuzOs]?* (figure 44B). The EXAFS
spectrum below 2A can be fitted with two distinct Cu-O metal-ligand bonds,
corresponding to the Cu-OFrramework and the Cu-Oextraframework bonds.>>7°

The assignment of the [CuzOs]?* active site was based on sample averaging X-
ray techniques and reactivity studies, using the reaction products of methane as a titrant
for active site quantification (figure 44A). This method is reliant on the presence of a
single site only. It is worthwhile to note that similar arguments were made in initial
attempts to identify the a-Fe site 88, first identified by Panov et al., as a binuclear iron
site. Per contra, thorough spectroscopic investigation recently showed this site to be
mononuclear % (see section 5). Site selective spectroscopy on the trinuclear cluster
would circumvent the necessity of a single site and is required for the full

characterization of the [Cuz03]?* cluster in Cu-MOR, Cu-ZSM-5 and other materials.
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Moreover, no spectroscopic data in support of the absence of any spectator copper are
given (e.g. UV-Vis, EPR). Additionally, CO2 and CO were observed in the reaction
products, while the oxidation sites required to further oxidise the activated methane
species to deeply oxidized CO and CO:2 were not accounted for.

Finally, given the susceptibility of copper speciation to reaction conditions,
operando techniques should be employed to ensure that the observed [CuzOs]?* site, if
present, is the actual active site at the basis of the catalytic function and not a precursor

of, for example, a dinuclear active site formed under reducing CH4 atmosphere.

4.5.2 — Other CunOx Copper Clusters, n > 3. Larger copper oxide clusters, with a
nuclearity greater than three, have also been suggested as reactive sites.’®® These
clusters form within the zeolite micropores of over-exchanged Cu-zeolites by exchange
of aqueous copper hydroxo oligomers with the zeolite Bronsted acid sites (Si(OH)AI)
and silanol nests (Si(OH)). This process is influenced by solution pH and the parent
material’s Si/Al ratio. Alternatively, intraporous copper oxide nanoclusters can be
formed during dehydration and calcination of over-exchanged copper zeolites via
migration and sintering of CuOH™* species (vide supra, section 2.3). In ZSM-5, copper
clusters have been detected in the 5.5 A micropores by N2 sorption and magnetic

susceptibility measurements.6”

No experimental study has so far demonstrated a conclusive link between
methane C-H activation and large (n>3) CunOx clusters in the zeolitic micropores.
Tomkins et al. suggest highly dispersed, sub-nanometer copper oxide clusters as active

sites based on TEM and EXAFS results 155, and XPS confirms the reduction of a large
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fraction of the Cu?* in the sample over 13 hours of methane reaction at 200°C at 6 bar.
The same oxidized copper clusters may also be active in the catalytic methane to
methanol conversion reported by Narsimhan et al.*>* They observe absorption bands at
20800, 26800 and 30000 cm! during steady-state methanol production with in situ DR-
UV-Vis spectroscopy, which may be related to sub-nanoscale copper oxide species.
DFT results indicate a positive effect of increased nuclearity on the activation of
methane and support the stability of CunOx, 2<x<5 species in the 8MR channels of MOR
and ZSM-5, with an increase in stability with increasing nuclearity.>* Verma et al.
showed with DFT that CuxOx, x<8 clusters can grow from nucleated dimers in the 8MR
of CHA.1%8 It should be noted that the aluminium atoms in this DFT model are placed on
opposite sides of the 8MR. This is unlike the AI-Si-O-Si-O-Al chain in the 8MR,

proposed to preferentially stabilize the dinuclear [Cu20]?* active site.3’

4.5.3 — Comparative Reactivity of CunOx Clusters. The mono-p-oxo dicopper sites
and tricopper sites identified on Cu-MFI and Cu-MOR and discussed respectively in
section 4.1 and section 4.5.1 require high temperature activation to form a reactive
oxygen which abstracts a hydrogen atom from methane at T<200°C. At this reaction
temperature, a strongly chemisorbed product is formed rendering the reaction
stoichiometric. At reactivation temperature, the product is thermally decomposed to form
CO:2 and H20. Yields of methanol upon extraction and apparent activation energies of
HAA are given in table 7 for various materials. Regardless of the existence of a
stoichiometric regime, some copper exchanged zeolites perform methane activation

under a catalytic regime at T>200°C in the presence of CHs, O2 and steam, although
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conversion and selectivity towards methanol remain very low. Active catalysts and their
corresponding reaction rates are given in table 8. The active sites in the catalytic regime
are unlikely to be the same as those of the stoichiometric regime, and it has to be
investigated whether the di- and trinuclear clusters are stable under reaction conditions

above 473K.

Table 7. Yields of methanol and activation energies for the stoichiometric conversion.

catalyst Si/Al  Cu/Al  Yield (umol g) Ea (kcal/mol) Ref.
CuNaMFI 12 0.58 8.2F; 21.78 15.8% 36,37
CuHMFI 14 <0.67 <389M 15.17 67,79
CuNaMFI  13.6 0.37 37s / 154

CuHMFI 13.2 0.31 825 / 154

CuNaMOR 8.8 0.43 11.34F MOR1: 14.7; MOR2: 11.1X 36,63
CuHMOR 11 <0.40 <140M 17.77 55,79

EYield as measured by methanol from liquid phase extraction; B Yield as measured by oxidized carbon
desorption upon thermal treatment; X Experimental apparent activation enthalpy; M Yield as measured by
total activated methane; T calculated activation energy; S Yield as measured by methanol from steam
extraction at 483K, P20 = 3.2 kPa.

Table 8. Rates of methanol formation in the catalytic regime

catalyst Si/Al Cu/Al Temperature (K) Rate (umol h-ig )2 EsAP(kcal/mol) Ref.
CuNaMFI 13.6 0.37 483 0.88 12.9+1.2 154
CuNaMFI 131 0.17 483 0.51 11.240.5 154
CuHMFI 14.1 0.38 483 1.51 19.1+0.5 154
CuHMFI 139 0.13 483 0.84 21+1.4 154
CuNaMOR 114 0.14 483 0.30 22+0.7 154
CuHMOR 11.1 0.14 483 0.84 35.6+0.5 154
CuHMFI 115 0.44 543 6x1 / 152
CuNaMOR 5 0.33 543 2+0.1 / 152
CuHMOR 5 0.30 543 1043 / 152
CuHSSZ-13 13.8 0.50 483 3.12+0.01 23.9+0.5 154
CuHSSZ-13 12 0.41 543 28+1 3447 152

a Rate is given in umol methanol desorbed from the catalyst per hour per gram of catalyst at 483K, P20 =
3.2 kPa.

The most reliable apparent activation energies are those determined from the decrease
of the LMCT band of the [Cu20]?* band around 22000 cm* identified on CuNaMOR and

CuNaMFI (figure 35), for which the corresponding mechanism was discussed in section
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4.2. For the proposed trinuclear active site only a theoretical activation energy is
calculated. The tricopper [Cus(u-O)z]?* active species is expected to hold a substantial
radical character on the extra-framework oxygen ligands in the ground state, resembling
the radical character found in the transition state of the mono-u-oxo dicopper site. It is
proposed that a SOMO mainly consisting of the p-orbital of a bridging oxygen ligand
cleaves the C-H bond through interaction with the empty antibonding o*(CH) orbital with
an activation barrier of 17.7 kcal/mol.>® The proposed orbital interaction is nucleophilic in
nature, however the reaction results in reduction of a bridging oxyl to a hydroxide-level
species. This is electrophilic chemistry, consistent with other metal/oxo active sites in
zeolites 3537134 and other late transition metals %°. A similar activation energy of 17
kcal/mol was calculated for the hydroxylated [Cus(u-OH)2(u-O)] species.”® The methyl
radical produced in HAA can either form an adsorbed methanol via a rebound 17° of the
hydroxyl, bind to another extra-framework oxygen, bind to a framework oxygen, or
heterolytically bind to one of the coppers in the cluster.” An equivalent rebound
mechanism was proposed for the mono-p-oxo dicopper sites.3’

The data in tables 7 and 8 reveal two trends. First, at comparable Si/Al and
Cu/Al, the methanol yield of the CuH-zeolites exceeds that of the CuNa-zeolites both in
the stoichiometric and in the catalytic regime. Second, the apparent activation energies
measured for the CuH-zeolites are higher than those for the CuNa-zeolites in the
catalytic regime. Two reasons can be advanced to explain the difference in activation
energy of CuH-zeolites and CuNa-zeolites; the first is a difference in active site
composition and structure; the second is a difference in the siting of the active site in the

zeolite structure. In H-zeolites the protons are preferentially located in the most open
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parts of the zeolitic structures.8-83 This means that the di- or trinuclear Cu clusters are
formed in the more confined parts of the zeolitic structures, where confinement effects
more strongly influence the stability of reaction products and transition states. For MOR
these are the 8MR side pockets. Analogous to observations on the mono-pu-oxo
dicopper in Cu-MOR, a 50% lower methanol yield obtained per copper from CuHZSM-5
hosted [Cus(u-O)s3]?* active sites compared to that from CuHMOR hosted [Cus(u-O)s]?*
was hypothesized to be related to confinement effects.®’ In mordenite, the preferential
substitution of AIP* in the 8MR side-pocket pore-mouth would limit the speciation of
[Cus(u-O)3]?* to these specific locations, where confinement effects enable their
reactivity and selectivity. In ZSM-5, aluminium pairs can be situated in various zeolite
positions, only half of which would sustain [Cus(u-O)3]?* in a suitable environment to
enable its reactivity towards methane activation at 200°C and 1 atm.®’ Periodic DFT
calculations on [Cuz(u-O)]J?* sites in MFI and small-pore zeolites CHA, AEI and AFX
further indicate the influence of zeolite confinement on the site geometry and on the
activation barrier for methane C-H cleavage.’!

Expansion of the copper oxide cluster model to [CusOs]** and [CusOs]?*
demonstrates a further stabilization of the bound CHsz and OH fragments resulting from
methane HAA with increasing cluster size. It is suggested that larger clusters, with more
linkages between copper atoms and extra-framework oxygen ligands can be expected
to be more resistant to disturbances caused by the stabilization of reaction
intermediates®. This does not, however, take into account the energy of the transition
state in activating the C-H bond, and therefore cannot be seen as a direct indication for

improved active site reactivity. It is possible that reactivity of such sites is enhanced by
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oxide were calculated by Varghese et al. to cleave the methane C-H bond with a barrier
of only 14.4 kcal/mol in a DFT simulation (figure 45).12 In this case, high surface area
copper oxide particles, preferably with a large availability of the most active surface
face, would be the only requisite regardless of the support material. The zeolite matrix
then does not contribute to the intrinsic reactivity of the active site, and its role would be
limited to the stabilization of the most active copper phase. All considerations about the
reactivity of these copper clusters remain, however, purely computational, and

experimental corroboration is needed.

4.5.4 — Mononuclear [Cu(OH)]* Active Sites. Mononuclear copper sites in zeolites are
usually considered spectator species in partial methane oxidation, or their role is limited
to a co-catalyst effect.!”® With the observation of undefined, water stable active sites in
various microporous materials in mind 84152154173 researchers should, however, keep
the option open. [CUOH]* extra-framework cations have been experimentally confirmed
to be present in Cu-CHA upon high temperature activation in an O2 atmosphere by the
observation of the v(OH) stretch vibration of [CuOH]* at 3650 cm™ in FTIR 7276 and
have been proposed as active sites in low temperature SCR.” The location of [CUOH]*

in the CHA 8MR with a single AI®* substitution was proposed by a combination of
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experimental (XAS, FTIR, chemical titration) and theoretical DFT work.’* A [CUOH]* site
has been calculated to be stable in the 8MR of the CHA topology in the presence of
moisture, and is predicted to exhibit a reactivity towards methane HAA comparable to
the experimental Cu-SSZ-13 catalyst 1> by quantum chemical calculations 7 (Ea = 26.3
kcal/mol by DFT vs Ea® = 23.9 kcal/mol, table 7). Likewise, ligated [CuO]* and [CuOH]*
sites for methane C-H activation have been identified outside of zeolite catalysis 17417,
and their reactivity and electronic properties have been evaluated with theoretical post-
Hartree-Fock and DFT methods.'’”” Nevertheless, a conclusive experimental link

between [CuOH]* and methane activation is still lacking.
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5 — Fe/O Active Sites in Zeolites.

5.1 — Introduction. The most widely studied Fe-zeolite, N2O-activated Fe-ZSM-5, is
notable for oxidizing methane to methanol rapidly and selectively at room temperature
and pressure.33178-180 Fe-zeolites also catalyze the low temperature hydroxylation of
benzene to form phenol,33:94.181.182 gand for this reaction, Li and coworkers have identified
a spectroscopic intermediate assigned as a ferric-phenolate species.®* Selective
hydroxylation of methane and benzene occurs at an extra-lattice active site called o-
Fe(ll), which is activated by nitrous oxide to form the reactive intermediate o-O.'81.183
Analogous active sites are stabilized in a number of other lattice topologies.>®181.182 The
geometric and electronic structures of these sites, and factors contributing to their
reactivity were defined recently using VTVH-MCD spectroscopy (see section 3.3)
coupled to experimentally-validated DFT models — the first application of MCD to
distinguishing an active site in a heterogeneous system.3®> These studies showed the
exceptional reactivity of a-O derives from a constrained coordination geometry enforced
by the rigid zeolite lattice (see 5.3.1, 5.3.2), producing what is referred to in bioinorganic
chemistry as an ‘entatic’ state (see 6.3.3).3>1%8 |t has also been shown that Fe-ZSM-5
converts methane to methanol using aqueous peroxide at low temperature (see 5.4.1).%
Here, reactivity occurs at active site(s) that are distinct from a-Fe(ll)/a-O, but the nature

of the active Fe component in this system is unclear.%3184
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5.2 — The a-Fe(ll) Active Site

5.2.1 — a-Fe(ll) Structure. Combined spectroscopic and computational studies of Fe-
zeolites have defined a-Fe(ll) to be a mononuclear, high-spin Fe(ll) center with square
planar geometry (figure 46).3° This extra-lattice site binds in beta-type 6-memebered
rings (B-6MR - figure 46 left),3® which are present in a number of lattice topologies
(notably MFI, *BEA, and FER).40:185186 o-Fe(ll) binds to the B-6MR through two Al T-
sites, each of which binds in a bidentate fashion. Thus the Fe(ll) center is bound to four
AlOsi ligands, each carrying a partial negative charge. Other configurations of Al T sites
within the active site fail to reproduce the spectroscopically-defined spin Hamiltonian
parameters of a-Fe(ll) (see 5.2.2). Currently, no structural data exist for a-Fe(ll),
although spectroscopically-calibrated DFT models predict Fe-O bond lengths of 1.99-
2.01 A for a-Fe(ll) in Fe(ll)-BEA.3® In most Fe(ll)-zeolites, one face of a-Fe(ll) is

sterically unencumbered, while the other is sterically protected.*® (An exception is FER,

polymorph A

polymorph B

square planar S=2 Fe(ll)

Figure 46. B-6MR motifs in BEA, with T-site labels (left). The predicted structure of a-Fe(ll) sited in ring
Al is shown to the right, with Al T-sites at positions T6 and T6’. Adapted from reference .
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whose B-6MRs are accessible from both faces).'®’ a-Fe(ll) therefore has a readily-
accessible open coordination site that is required for function: accepting an O atom from
N20 to form a-O, the reactive intermediate in selective hydrocarbon oxidation (vide
infra).

Based on variations in B-6MR structure, some structural perturbations are
expected for a-Fe(ll) across different zeolite lattices. The crystal structure of BEA
shows three species of B-6MR (figure 46, left).*®¢ Ring A1 and A2 are rigorously Co-
symmetric, while ring B1 is slightly perturbed from ideal C2 symmetry. The T-sites that
bind Fe are separated by 5.1-5.6 A, and the plane defined by the bidentate bite of these
T-sites is angled out of the plane defined by the ring. Spectroscopy coupled to DFT
shows this leads to rhombic distortions of the active site, resulting in two inequivalent
pairs of (trans) Fe-O bonds, and an out-of-plane displacement of the Fe(ll) center.® In
the MFI lattice (ZSM-5), the B-6MRs are Cl-symmetric, and also show significant
distortions from planarity.*® In contrast to the BEA and MFI topologies, a single species
of D2n-symmetric B-6MR exists in FER.187 The T-sites that bind Fe(ll) are separated by
5.9 A, and the plane defined by the bidentate bite of these T-sites lies in the plane
defined by the ring. The face-to-face separation of neighboring B-6MRs in FER is also
relatively short (7.5 A versus >9 A in other lattices), and it has been proposed that this
allows neighboring o-Fe(ll) sites in FER to act cooperatively in the activation of
N20.5818 For FER and MFI, it is not yet understood how these differences in lattice

geometry perturb the geometric/electronic structure and reactivity a-Fe(ll).

104



5.2.2 — a-Fe(ll) Spectroscopy. Several spectroscopic methods have been used to
focus on the reduced a-Fe(ll) active site and define its geometric and electronic
structure.®® These studies have defined unique spectral features that reflect the unusual

combination of square planar geometry and high spin (S=2) ferrous electronic
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Figure 47. a) Comparison of 298 K DR-UV-vis data (* = OH overtone) and variable-field 3 K MCD data
from Fe(I)-BEA (Si/Al = 12, 0.3 wt% Fe). b) Top, Saturation magnetization isofields for the 15,100 cm™
band of a-Fe(ll) (1o error bars are in black; the fit is in blue). Bottom, Saturation magnetization isotherms
for a-Fe(ll) (fit in blue), including best-fit spin Hamiltonian parameters. c¢) Top, effects of rhombic ZFS ()
and external magnetic field on a non-Kramers doublet. Bottom, comparison of +ZFS and —ZFS S = 2
spin manifolds, including effects due to axial (D#0) and rhombic (E#0) ZFS. Levels identified with the non-
Kramers doublet model shown in the top of the figure are highlighted in blue. Adapted with permission
from reference 35. Copyright 2016 Nature Publishing Group

structure.3>190-195 Fe(I])-BEA contains the most extensively characterized a-Fe(ll) site,
while limited data exist for a-Fe(ll) in other zeolite lattices. In DR-UV-vis (figure 47a,
top), a-Fe(ll) in Fe(ll)-BEA exhibits a single, high energy ligand field band at 15,900 cm-
1, As shown in figure 48, a similar feature is observed in Fe-ZSM-5 and Fe-FER but not
Fe-MOR.%®> Based on Abs spectroscopy of structurally-defined high spin Fe(ll) sites

coupled to electronic structure calculations, the red band of a-Fe(ll) was assigned as
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the 3dz2—3dx-y- ligand field transition of a square planar site.3>190.193.195 The high energy
of this transition reflects the axial/equatorial anisotropy of the ligand field provided by
the B-6MR, as well as the unique stability of 3dz: in square planar geometry brought
about by 3dz/4s mixing in the absence of axial ligands. DR-UV-vis bands at lower
energy (<12,000 cm™) are also present in Fe(ll)-zeolites, but these are assigned as

ligand field bands of spectator Fe(ll) sites.3®

In low-temperature MCD (figure 47a,

Fe(ll)-BEA bOttom), the 3d22—>3dx2-y2 transition of o-
B-6MRv/

Fe(ll) in Fe(ll)-BEA appears as a positive

band at 15,100 cm™.3%> This feature is

i \J/\/\/ sensitive to both temperature and field due

to the paramagnetic ground state of -

Ry J//\/ Fe(ll). It gains intensity through what is

Fe(ll)-MOR rJ/\,—/ formally a temperature-dependent B-term
no B-6MR

stol  1G00N IS0 EIeW)  ZEEo0 mechanism (see 3.3.2), as is evident from

energy (cm)

Figure 48. Ligand field spectra of three zeolites VTVH-MCD isofields from the 3dz—30xy:

known to stabilize o-Fe(ll) (BEA, ZSM-5, FER) as . . i )
well as Fe(Il)-MOR, which does not contain - transition (figure 47b, top), which show field

Fe(ll). Adapted with permission from reference 3.

Copyright 2016 Nature Publishing Group dependence in the low-temperature
saturation limit. This reflects changes to the ground state wavefunction brought about
by field-induced mixing of Zeeman sublevels — a characteristic behavior of non-Kramers
(integer spin) systems.113116 At zero field, a non-Kramers doublet ground state is split by

the amount ¢ due to rhombic ZFS (figure 47c, top). The £Ms wavefunctions also mix

equally, forming linear combinations |X) and |Y). The levels undergo an additional
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Zeeman splitting in the presence of a magnetic field, and the pure |-Ms) and |+Ms)
states are recovered in high fields (figure 47c, top). A ge=8.6 indicates a-Fe(ll) is an
S=2 system, and a large 6=9.0 cm™ indicates this is a positive zero-field split system
(see figure 47c, bottom). VTVH-MCD isotherms from the 15,100 cm transition (figure
47b, bottom) are highly nested due to a large and positively-signed axial zero-field
splitting (D=13+1 cm™) of the S=2 ground state of a-Fe(ll).3® This large positive D — a
characteristic of high-spin square planar Fe(ll) — is a consequence of spin-orbit coupling
between the dz ground state and low-lying dxz/dy: ligand field excited states. VTVH-
MCD data also indicate a rhombic site distortion (E/D=0.14) of a-Fe(ll) due to deviations
from ideal square-planar
geometry (see 6.2.1).

In room-temperature Mdossbauer

spectroscopy (figure 49), o-Fe(ll) in Fe(ll)-BEA

- . . . components:

exhibits a single quadrupole-split doublet with an 5 AEy %

1.17 256 4

isomer shift of ca. 6=0.89 mm/s and quadrupole |[1.07 184 3
0.89 055 93 ] 19% as

splitting |[AEq| = 0.55.%% Similar features have been

. o-Fe(ll)

4

reported for Fe(ll)-FER (6=0.94 mm/s, |AEg| = 0.69 B = -2 0 2

velocity (mm/s)

mm/s) and Fe(ll)-ZSM-5 (6=0.89mm/s, |AEq| = 0.74 )
Figure 49. 300 K Mdossbauer

) . spectrum of Fe(ll)-BEA (Si/Al=12, 0.3
mm/s), but at the time these were not assigned t0 - wto% Fe), with the a-Fe(ll) doublet

shown in blue. Adapted with

Fe(I).180 These are unusually small quadrupole Permission from  reference .
Copyright 2016 Nature Publishing

- . . G
splittings for S=2 ferrous sites, where |AEgq| typically roup

exceeds 1.5 mm/s. For S=2 square planar Fe(ll) sites, however, an equatorial

distribution of ligand electron density together with an axial distribution of d electron
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density due to a doubly-occupied 3dz: orbital (see section 3.1.2) leads to near-
cancellation of large, oppositely signed lattice and valence contributions (respectively)

to AEq.1%

5.2.3 — Reactivity of a-Fe(ll). Studies of the reactivity of a-Fe(ll) are currently limited to
its role in O-atom transfer from N20.5818 |n this reaction, a-Fe(ll) donates two electrons
to cleave the N-O bond of N20, releasing N2 and forming a-O. This occurs rapidly at
moderate temperatures (e.g. 200 C), with an apparent activation enthalpy of 10 kcal/mol
in Fe-ZSM-5.32 Similar reactivity is observed for Fe(ll)-BEA.%®18 Fe(ll)-FER has
improved reactivity relative to other Fe(ll)-zeolites (vide infra).588 Molecular-level
insight into the activation of N2O by a-Fe(ll) is lacking, however two general factors
enabling rapid N20 reduction have been defined in studies of Cu-zeolites (Cu-ZSM-5)
and the Cu: cluster of N2OR.13%151 First, N2O must bind to the active site with a
geometry that facilitates the transfer of two electrons required to cleave the N-O bond.
(Unlike the multinuclear Cu active sites of N20 reduction, however, the mononuclear a-
Fe(ll) active site can reduce N20 by two electrons without the participation of a second
metal center.) Second, the formation of a strong metal-oxo/hydroxo bond in the
oxidized product creates a large driving force for O atom transfer.

The thermodynamics of N20 reduction have been explored computationally for a-
Fe(ll) sites in Fe(ll)-FER.*®® N20 can bind to o-Fe(ll) terminally by either the O or N
atom, forming a square pyramidal intermediate. The N-bound sites are predicted to be
more stable (8-12 kcal/mol binding energy versus 6-9 kcal/mol for O binding), but are

unproductive in O atom transfer. The O-bound intermediates feature axial Fe-O bond
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lengths of 2.16-2.26 A, bent Fe-O-N angles (ca. 120°-130°), and minimal changes to O-
N and N-N bond lengths. The predicted electronic structure of this intermediate was not
discussed. The transition state for O-atom transfer lies 18-19 kcal/mol above the
ground state, translating to an apparent activation enthalpy of 9-13 kcal/mol. This
agrees well with the value from Fe(ll)-ZSM-5,%2 however no experimental kinetic
parameters exist for N2O activation by Fe(ll)-FER. Electronic structure contributions to
N-O cleavage also have not yet been defined, and the strength of the product iron-oxo
bond has not been evaluated (however see section 5.3). The geometry of the FER
lattice is unique in that it may allow neighboring a-Fe(ll) sites to act cooperatively in N2O
reduction. This has been proposed as an explanation for the ~3-fold enhancement of
rate in N20 reduction for Fe(ll)-FER relative to Fe-BEA and Fe-ZSM-5 (at 230 C).%8:189
In this scheme, N20 forms a u-1,3-O,N bridge between adjacent a-Fe(ll) centers. The
apparent barrier for O-atom transfer calculated for this bridged intermediate is 3-4
kcal/mol (versus 9-13 kcal/mol for the mononuclear site). No explanation is provided for
how N20 bridging tunes down the barrier, however, and no experimental kinetics data
exist for comparison.

While the N20 reactivity of Fe-zeolites has been studied extensively, it is
currently accepted that O2 does not function in O atom transfer to a-Fe(Il).32182 (02 may
react with sites distinct from o-Fe(ll), however.)%® This is in contrast to the Cu-zeolites,
where Oz does transfer an O atom to the 2Cu(l) active sites of Cu-ZSM-5 and Cu-MOR
(see section 4.3).37:134136 A key intermediate step to O atom transfer in the Cu-zeolites
is reduction of O2 by two electrons to form a peroxy-level [Cu2(02)]?* intermediate.3® In

this case, the Cu(l) centers are oxidized by one electron, meaning two electrons can be
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readily transferred to Oz without the formation of a strong metal-oxo bond. (This is in
contrast to the reduction of N2O, where Fe(IV)-oxo or Cu(ll)2-oxo bond formation drives
electron transfer). The ability of a-Fe(ll) to transfer two electrons to O2 has not yet been
evaluated. Many mononuclear non-heme Fe(ll) centers that bind Oz exist in biology and
model chemistry, but in the absence of exogenous electrons these generally activate Oz
at the superoxy level, and do not go on to form stable peroxo-Fe(IV) species. Whether

a-Fe(ll) fits with this trend remains to be experimentally evaluated.

5.3 — The a-O Reactive Intermediate

531 - oa-O Structure. Combined o-Fe() -0

Electronic
structure:
Fe(v)=0
S§S=2

spectroscopic and computational studies

of N2O-activated Fe-zeolties have defined

a-O to be a mononuclear, high-spin (S=2)

Fe(IV)=0O species (figure 50).3° In this

. ) . L. Figure 50. DFT-predicted structure of o-O in Fe-
square pyramidal site, equatorial ligation Bga.  Adapted with permission from reference 2.
Copyright 2016 Nature Publishing Group

is provided by the p-6MR. The oxo ligand

occupies the axial position of the exposed face of the active site, and is thus readily
accessible to substrates as large as benzene. Spectroscopically-calibrated DFT models
of a-O in Fe-BEA predict equatorial Fe-Olatice bond lengths of 2.00-2.02 A — highly
similar to the Fe-Oiatice bonds of a-Fe(ll). The Fe=0O bond is predicted to be short (1.59
A) and highly covalent due to the absence of a trans axial ligand. A similar geometric
structure has been predicted for a-O in Fe-ZSM-5.178 Currently, no structural data exist

for a-O in any zeolite lattice, however.
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a-O is the first S=2 Fe(IV)=0 site with axial square pyramidal geometry to be

identified. This geometry is inherently unstable for a high spin d* site with a single

strongly-bound ligand (oxo) and four weak ligands (lattice O).1°61%7 As shown in figure

51, shifting an equatorial lattice O ligand to the vacant trans axial position would

exchange a destabilizing equatorial o-antibonding interaction (occupied o* dx-y2) for a

stabilizing axial o-bonding interaction (vacant o* dz), resulting in stronger bonding

between the Fe(IV) and the zeolite lattice. The strong ligand therefore prefers to bind in

the equatorial plane. This creates a driving force for geometric distortion (ca. 6 kcal/mol

by DFT) toward square pyramidal
geometry with the oxo ligand in the
equatorial plane.®® The role of the zeolite
lattice is therefore twofold. First, the weak
equatorial ligand field provided by the
zeolite lattice stabilizes the S=2 Fe(IV)=0
electronic structure of o-O. The rigid B-
6MR then opposes the distorting force
associated with this electronic structure,
enforcing the vacant trans axial position

that is key to function. This defines an

z2 -

\
T S S— N
""""""""" - center of

gravity

Xy + __________________ y maintained

Figure 51. Walsh diagram illustrating the ligand
field origin of the distorting force experienced by an
axial square pyramidal S=2 Fe(IV)=0 site (left)
toward an equatorial square pyramidal structure
(right).

entatic state for a-O, whereby rigid lattice constraints maintain an electronic structure

that is associated with high reactivity (see 6.3.3 for detail).
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5.3.2 — a-O Spectroscopy. «-O has been studied in detail by DR-UV-vis, MCD, VTVH-

MCD, and Mossbauer spectroscopy.3®
Fe(ll)-BEA contains the most extensively
characterized o-O site, but some data
also exist on o-O in Fe-ZSM-5 (including

DR-UV-vis, and resonance Raman).%

These studies have defined unique
spectral features that reflect the (S=2)
ferryl oxo electronic structure of a-O. In
DR-UV-vis (figure 52, top), a-O in Fe-BEA
exhibits three absorption features below
22,000 cm™. The shoulder of a weak, low
energy feature is seen between 5000-9000
cm?. At higher energy, there is a more
intense 16,900 cm? band with a high
energy shoulder at ~20,000 cm?®. A

similar absorption band is seen in N20-
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Figure 52. Comparison of 298 K DR-UV-vis data
(top, * = OH overtone) and variable-field 3 K MCD
data (middle) from N20-activated Fe-BEA (Si/Al =
12, 0.3 wt% Fe), along with saturation magnetization
isofields for the 20,100 cm™! band of a-O (bottom
left, 10 error bars are in black; the fit is in blue) and
saturation magnetization isotherms for a-Fe(ll)
(bottom right, fit in blue) with best-fit spin
Hamiltonian parameters. Adapted with permission
from reference 35. Copyright 2016 Nature Publishing
Group

activated Fe-ZSM-5 at 16,500 cm*, but this feature has not yet been correlated to a-O

through methane reactivity.®* In Raman spectroscopy of Fe-ZSM-5 (vex=16,500 cm™?), a

feature at 867 cm™ is observed that is not present before N2O activation, and decays in

the presence of benzene. This feature has been assigned to o-O, but is misattributed

as the O-O stretch of a binuclear oxo/peroxo-bridged diferric site.% The 16180 sensitivity

of the 867 cm vibration feature has also not been evaluated, and it has not yet been
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shown to be in resonance with the 16500 cm absorption band of a-O.

In low temperature MCD (figure 52, middle), the lowest energy absorption band
of a-O in Fe-BEA appears as a weak negative feature in the 5,000-9,000 cm region
with fine structure.3® For mononuclear non-heme S=2 Fe(IV)=0 sites, the lowest energy
MCD features are the dn—dz: ligand field excited states, which show fine structure due
to vibronic progressions in the Fe-O stretch.1%81%® However, these transitions generally
occur at energies >12,000 cm™. The low energy of the o-O band may result from the
stability of dzz in the absence of a trans axial ligand, reflecting the entatic geometry of
the active site. This possibility has not yet been evaluated. At higher energy, there is a
positive band at 20,100 cm with a low-energy shoulder at ca. 16900 cm™. These MCD
bands correspond to the DR-UV-vis features at 16,900 and ~20,000 cm, but with an
inverted intensity ratio.

Like a-Fe(ll), the MCD features of a-O are temperature-dependent non-linear B-
terms (see 5.2.2 and 3.3.2).3511 This is evident from field dependence in the low-
temperature saturation limit of VTVH-MCD isofields for the 20,100 cm transition shown
in the bottom left of figure 52. VTVH-MCD isotherms (figure 52, bottom right) are
nested due to the positively-signed axial zero-field splitting (D=8+1 cm™) of the S=2
ground state of a-O. This value of D is comparable to other S=2 mononuclear Fe(IV)=0
sites, where spin-orbit coupling to low-lying triplet excited states contributes dominantly
to the zero-field splitting.2°° Importantly, VTVH-MCD indicates o-O is not an Fe(lll)-O™
species as has been proposed extensively in the literature, as a D=8+1 cm™ is well

outside the range possible for this electronic structure (D<2 cm-1),19:109
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5.3.3 — Reactivity of a-O. «o-O is remarkable for its ability to hydroxylate the strong,
unactivated C-H bonds of methane and benzene rapidly at room temperature, making
o-O one of the most reactive metal-oxo sites known. Due to the extreme reactivity of a-
O, no experimental estimates of activation barriers for selective hydrocarbon oxidation
currently exist. The barriers for methane hydroxylation here are significantly lower than
those observed for the Cu-zeolites (AH*=11-16 kcal/mol — see section 4.2), which react
only sluggishly at room temperature. The H/D KIEs for methane and benzene
hydroxylation have been evaluated in Fe-ZSM-5 using mixed-isotope substrates (e.g.
CH2D2 and CeH3sDs - intramolecular KIEs are not susceptible to H/D isotope effects on
diffusion).®® The intramolecular H/D KIE for CH2D2 hydroxylation is 1.9 at 100 C,
increasing to 5.5 at -50 °C (the temperature dependence of the KIE indicates an H/D
AAH* of 1.2+0.1 kcal/mol), indicating the rate-limiting step in methane hydroxylation is
C-H cleavage. On the other hand, the intramolecular H/D KIE for CeHsD3s hydroxylation
is close to unity at 25 °C (1.05), indicating C-H cleavage does not occur in the rate-
limiting step of benzene hydroxylation, characteristic of an electrophilic aromatic
substitution mechanism (EAS, vide infra). For Fe-zeolites, the methane reaction is
generally considered to be stoichiometric (although conditions enabling multiple
turnovers have recently been reported).?°? o-Fe-OH and a-Fe-OCHs sites have been
identified by isotopically-perturbed IR studies following reaction with methane.?°? The —
OCHs species are described as product-trapped sites formed by methyl radical
recombination with a-O. These must be hydrolyzed with steam, releasing methanol.
The benzene reaction on the other hand does not suffer from product trapping.*® There

are however issues related to coke formation with aromatic substrates.
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models of a-O have provided insight into
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how its entatic state (vide supra) leads to

*Fe=0
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3.6
high reactivity with methane.®® Reacting 0 TS
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a-O (BEA) with CHa4 in silico shows the

. . . 2% CH, 35% HeCH, 86% *CH,
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which yields an Fe(lll)-OH product and a

methyl radical (figure 53). HAA occurs on rigyre 53. «-O/CH: HAA abstraction reaction

coordinate (top), including geometric structures and
the quintet surface with a low activation reactive FMOs for the reactants (bottom left),
transition state (bottom middle), and products
(bottom right).  Adapted with permission from
reference %5 Copyright 2016 Nature Publishing
Group
consistent with the room-temperature CHa

barrier of 3.6 kcal/mol (figure 53, top)—

reactivity of a-O. A similar barrier is predicted for Fe-ZSM-5.18 Two factors contribute
to this exceptionally low barrier. First, the HAA reaction is nearly isoenthalpic, indicating
the O—H bond of the Fe(llIl)-OH first product and the C—H bond of CH4 are comparable
in strength. There is therefore an unusually large driving force for O-H bond formation
with a-O, and this substantially lowers the barrier for HAA. The exceptional strength of
the product O—H bond is related to the entatic geometry of a-O (see 5.3.1), which
destabilizes the S=2 Fe(IV)=0 active site over the S=5/2 Fe(lll)-OH product, increasing
the driving force for O—H bond formation by about 6 kcal/mol. This additional driving
force would be quenched by adding a trans axial ligand, or by spin pairing (i.e. for the
reaction on the S=1 surface, see top of figure 53). The enatic state of a-O also leads to

high intrinsic reactivity in HAA. The site’s entatic geometry (vacant trans axial position)
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stabilizes the Fe(3dz) orbital, resulting in a highly covalent Fe=O unit. This, combined
with a large exchange stabilization of the Fe(3d) manifold (associated with the S=2
electronic structure), lead to an Fe(IV)=0 bond that strongly spin-polarizes towards an
Fe(Il)-O" electronic structure at the transition-state geometry for HAA (where the Fe—
O bond elongates from 1.59 A to 1.72 A).

Unlike methane, the reaction of benzene with «-O (ZSM-5) results in the
formation of a spectroscopic intermediate with abroad absorption feature centered at
14,500 cm™.%4 Using 16500 cm™ laser excitation, Raman vibrations are observed that
have been assigned to a ferric phenolate chromophore. How this spectroscopic
intermediate fits with the catalytic cycle for benzene hydroxylation is not yet understood,
although it has been proposed that this represents a product-trapped state.®* The
reaction of a-O with benzene has not yet been explored using a spectroscopically-
validated DFT model. For mononuclear S=2 non-heme Fe(IV)=0 sites, the rate-limiting
step in aromatic hydroxylation is believed to be the initial electrophilic attack of the oxo
on the aromatic ring.1°6203 This occurs through a radical EAS mechanism, forming a o-
complex with an S=5/2 Fe(lll) center. Whether a-O follows this trend remains to be
seen. In this case, the same factors that activate o-O for HAA would be relevant, as the
radical EAS mechanism and HAA both generate an axial square pyramidal S=5/2 Fe(lll)

first product.

5.4 — Selective Hydrocarbon Oxidation with H202. In addition to the gas-phase
oxidation chemistry performed by Fe- and Cu-zeolites using N20O/O2, Fe-ZSM-5 has

been shown to perform aqueous-phase methane hydroxylation using H20: at low
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temperature and high pressures (e.g. 50 °C at 30.5 bar).°2 In contrast to the gas-phase
chemistry, the H202/Fe-ZSM-5 system is catalytic (TOF = 14,000 hrt). The initial steps
in methane activation are also distinct here, forming MeOOH instead of MeOH. (MeOH
is formed via subsequent decomposition of the MeOOH first product.) It is believed that
MeOOH formation proceeds via H-atom abstraction.?®* The activation of methane is
unaffected by the presence of radical traps. This indicates free peroxyl or hydroxyl
radicals (from Fenton chemistry) do not contribute to MeOOH formation, and that
reactivity occurs at a bound Fe/O or Fe-OOH intermediate. H-atom abstraction is
proposed to be mediated by an activated Fe/O intermediate with an inactive peroxide
ligand that does not participate directly in C-H cleavage.?** The methyl radical product
of H-atom abstraction is then proposed to recombine with the peroxide ligand to form
MeOOH. This represents a deviation from the mechanisms proposed for the N20O/O2
gas-phase oxidation of methane, where the methyl radical recombines directly with the
active oxygen. In addition to MeOOH and MeOH, higher oxygenates (formate and COz,
but not formaldehyde) are observed in the product distribution — sometimes contributing
dominantly. This issue has been resolved with the addition of Cu as a co-cation.%?
Methanol selectivities exceeding 95% have been achieved for this system, referred to

as Cu-promoted Fe-ZSM-5. The role of

DR-UV-vis Raman |
As-synthesized
lattice Fe active Fe heat treated -
Cu in improving selectivity is not
) M, h t; d
currently understood. Jf et freate
| Mebyy o P, +H,0,
The iron active site(s) in the " e
200 300 400 s00 | 20 500 75 | 1000 1250 1500
wavelength (nm) Raman shift (cm™)

H202/Fe-ZSM-5 system are extra-lattice Figure 54. DR-UV-vis changes during heat treatment
(left); and UV Raman features (Aex=325 nm)

. - lated with H.O> activation (right, marked peak
species that are distinct from o-Fe(ll)/a- Zﬁ!ﬁ?nifed),vevs',zos 202 activation (right, marked pea
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0.2% The nature of the active iron component and its activation by H202 are not
currently understood. Active sites are generated during heat treatment of Fe-ZSM-5
containing isomorphously substituted lattice Fe(lll) sites. This causes some Fe(lll) to be
extruded from lattice, forming cationic (extra-lattice) Fe(lll) sites. The migration of
Fe(lll) is evident from DR-UV-vis spectral data shown in figure 54 (left). Tetrahedral
lattice Fe(lll) sites exhibit a pair of lattice—Fe(lll) CT transitions in the 40,000-50,000
cm? region, and these decrease in intensity following heat treatment.?%® This is
associated with the growth of a new band centered around 33,000 cm that is
correlated with activity. While the peroxide sensitivity of this band has not yet been
evaluated, tuning a laser (325 nm) into this absorption feature enhances a vibrations at
521 cm* that is not present before heat treatment and decays in the presence of
peroxide (figure 54, right).%® This vibration may be related to the Fe(lll) precursor to the
reactive intermediate in MeOOH synthesis. Peroxide-induced loss of the 521 cm™
vibration is correlated with growth of a new vibration at 631 cm seen only with visible
excitation (514 nm). It has been proposed that this is the Fe-O stretch of a Fe(ll)-OOH

site. This proposal has not been fully evaluated.

6. Correlation of Metallozeolites to Metalloenzymes. Parallels have been drawn
between metallozeolite and metalloenzyme catalysis, particularly with respect to
selective oxidation of methane. Analogies have been proposed between Cu-zeolites
and the dicopper active site of particulate methane monooxygenase (pMMOQ),56:160.206

and between Fe-zeolites and the diiron active site of soluble methane monooxygenase
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(sSMMOQ).33.94.202207 These analogies can now be evaluated and amended based on

emerging insight into metallozeolite and metalloenzyme active sites.

6.1 — Cu-Zeolites and pMMO. Particulate methane

monooxygenase is an enzyme expressed across

methanotrophs that performs the first step of their

metabolism, oxidizing methane to methanol under

physiological conditions.?22%® Like the Cu-zeolites,

methane hydroxylation in pMMO is believed to occur at a

binuclear Cu active site.'%1:162 |n resting (as isolated)

=N
N\
P
-

Figure 55. Binuclear Cu active
site of pMMO. Reproduced
from  reference 212 with
permission from the Royal
Society of Chemistry.

e

pMMO, crystallography and **N ENDOR indicate bis-His ligation for one Cu center,

while the other is bound by a terminal histidine and its amine (figure 55).162299 No

water/hydroxide ligand is detected by ESEEM.?%° Finally, in the reduced 2Cu(l) state of

the pMMO active site, EXAFS shows a short Cu-Cu separation of 2.65 A (versus 4.2 A

for the geometry optimized reduced 2Cu(l) active site in Cu-zeolites).135210
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Adding O2 or peroxide to the reduced active
site of pMMO results in formation of an absorption
feature at 345 nm that decays in the presence of
methane (figure 56).21* (Note that only the
solubilized active protomer of pMMO reacts with Oz,

and not the full membrane-bound protein — an

asP3ys trimer which only reacts with H202). This Abs
feature is suggested to derive from a p-nZn?

peroxodicopper(ll) intermediate, but this possibility

has not been evaluated experimentally. It is also not
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Figure 56. Comparison of absorption
data before and after H2O2 binding in
solubilized pMMO from Methyloc.
capsulatus (Bath) (absorption at 410 nm

due to heme contaminants).
Reproduced from reference 211 with
permission. Copyright 2012, American

Chemical Society.

yet understood how the O2/H202-derived species relates to the reactive intermediate in

methanol synthesis.

In Cu-ZSM-5, a 345 nm Abs feature also forms in the presence of

O2 at room temperature, and using isotopically-perturbed rR spectroscopy, this was

shown to correspond to a up-n?n? peroxodicopper(ll) species that upon heating

converts to the [Cu20]?* reactive intermediate
(see section 4.3).13%¢ Since the [Cu20]?* cores in
Cu-zeolites are the

only spectroscopically

characterized dicopper sites that react with
methane, there is interest in evaluating whether a

[Cu20]%* core is a viable intermediate in pMMO

catalysis.

£k
5

o

ﬂ,/(h

The methane reactivity of a Figure 57. Transition state structure for H-atom

abstraction by a [Cu20]?* core stabilized at the

[Cu20]?* core stabilized in the pMMO active active

site of pMMO. Reproduced from

reference 212 with permission from the Royal
Society of Chemistry.
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site has been explored using DFT, and like |
Cu-ZSM-5, it was found that polarization
toward a 2Cu(l/l)-oxyl electronic structure
was key to the high reactivity of this model
(figure 57).2'2 The lack of spectroscopic data

on the reactive intermediate in pMMO makes

it difficult to evaluate this proposal, however.

A more complete comparison can be Figure 58. Active site of oxytyrosinase.
Adapted from reference 8 with permission.

made to the binuclear Cu enzyme tyrosinase, C°PYrght 2014, American Chemical Society.

where extensive spectroscopic and structural data already exist.’® Tyrosinase activates
O:2 to hydroxylate monophenols and oxidize the resulting diphenols to quinones. The
active site of tyrosinase ligates each Cu center with three His residues (figure 58), and

in the reduced active site the Cu centers are separated by ca. 4 A — similar to the Cu-

absorption resonance Raman
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Figure 59. Comparison of absorption (left) and 16180-perturbed resonance Raman spectra (right, Lex=364
nm) of the [Cu2(02)]?* cores of oxy-Cu-ZSM-5 (top) and oxytyrosinase (bottom).
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zeolites.13>213 | jike Cu-ZSM-5, Oz binds to the reduced active site in a bridging peroxo
fashion, forming a side-on p-n%n? peroxodicopper(ll) species that is the reactive
intermediate in aromatic hydroxylation.?!® Both the low temperature oxy-Cu-ZSM-5 and
oxytyrosinase intermediates are associated with intense 29,000 cm™® O2>—Cu(ll) CT
transitions, and tuning a laser into these charge transfer bands enhances similar rR
vibrations (figure 59).1%6.214 For oxytyrosinase, the O-O stretch of the peroxide core
appears at 755 cm? (A1180; = 41 cm), along with an isotope insensitive Cu-Cu
stretch at 274 cm™.214215 For Cu-ZSM-5, analogous features appear at 736 cm
(A%1802 = 41 cm™) and 269 cm™. The geometric and electronic structures of these
sites are therefore highly similar. The activation of the Cu-ZSM-5 peroxo core for
aromatic hydroxylation has not yet been explored, and it will be interesting to see how
this compares to oxytyrosinase. However in contrast to the enzyme, in the zeolite there

are spectator Cu sites that can donate two electrons

to the u-nZn? peroxodicopper(ll) intermediate to M
cu, 5 »
reductively cleave the O-O bond and generate a { l‘g o
[Cu20]?* core.13¢ " g," o
Cuy g7 T§Cu
A second role fulfiled by binuclear active vy ‘C .
< (,... o
sites in Cu-zeolites, in addition to selective K't Cu, e
oL _ ¢ ¥ C OL
hydrocarbon oxidation, is reduction of N20.37135 © o~
\ @

While the reactivity of pMMO with N20O has not been _
Figure 60. Resting structure of Cu:

. . cluster from P. denitrificans N20R

explored, direct comparisons can be made between (purified  aerobically).2l’ Copper is
colored in green, sulfide in yellow, iodine

Cu-zeolites and nitrous oxide reductase (N2OR), a in purple, and oxygen in red. Adapted
from reference 18 with permission.
Copyright 2014, American Chemical

Cu-containing enzyme that catalyzes reduction of Society.
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N20 to N2 and H20 in the final step in TS Geometry TS Bonding

bacterial denitrification.?'® The active site ,;I;f J‘
. 143 ];\Jl.% S ° [ )
of N20OR is a tetranuclear CusS cluster O<’,84 O, .04 /0‘ R .} .
PSP o
Cuy----- Cuy « ©
(Cuz), which features a u4-sulfide and Cu el 326N Spin density *  Mulliken charge

20
oAl oAl N,0: 0.22 N,0: -0.40
Cuy: -0.25; Cuy: 0.06 Cuy: 0.97; Cuy: 0.87

1

CU| go/o/y ? 5

ligation provided by histidine residues

(figure 60).217:218 The reduced 4Cu(l)
form of Cu: has a vacancy on the Cui-
Cuv edge that is the site of N20
activation.?821® As with Cu-ZSM-5, the
ability of N20 to bridge the adjacent Figure 61. Comparison of transition state structures
(left) and bonding (right) for N-O cleavage by reduced
Cul/Cuv centers is key to function, Cu-ZSM-5 (top) and reduced Cuz (bottom).
facilitating 2e- reduction during N-O cleavage (figure 61).13%15%219 The mechanisms of
N20R and Cu-ZSM-5 are not comparable, however. In Cu-ZSM-5, N-O cleavage is
calculated to proceed from a u-1,1-O bridged intermediate, where sequential transfer of
two electrons from different copper centers to cleave the N-O bond is driven by the
formation of strong Cu(ll)-oxo bonds.'*® In N2OR, N20 bridges in a p-1,3-O,N fashion
and a proton is transferred from a second-sphere residue to the O atom of N2O during
N-O cleavage (figure 61, bottom), and the electrons are transferred sequentially through
one Cu of the Cu: cluster to N20.*®! The driving force for O-H bond formation is
therefore an important contribution to N-O cleavage in N20OR. This highlights an

important difference between enzyme and zeolite catalysis. Whereas proton-coupled

electron transfer and sequential proton/electron transfer mechanisms are commonplace
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in biology, protons are not readily available in gas-phase metallozeolite chemistry and

likely do not contribute to reactivity.

6.2 — Fe-Zeolites and sMMO. Soluble methane monooxygenase (sSMMO) is a diiron
enzyme expressed across methanotrophs that oxidizes methane to form methanol
using atmospheric 02.2! Based on reactivity, structural analogies have been proposed
between sMMO and the active site of methane hydroxylation in Fe-zeolites.33:94.202,207
Combined results from crystallography and spectroscopy have defined the geometric
and electronic structure of key catalytic intermediates in SMMO. In contrast to the
mononuclear active site of the Fe-zeolites, the sSMMO active site is binuclear. The
reduced 2Fe(ll) state features two five-coordinate Fe centers with histidine and
carboxylate ligation, along with two bridging carboxylates, one binding in a p-1,3

fashion, the other binding p-1,1 (figure 62, left).??° O2 binds to the vacant coordination

positions of the 2Fe(ll) active site forming intermediate P, a cis-u-1,2 peroxodiferric site

intermediate P

0—0
I
< ads N T
OH @]
Vo b Q B
O\Fe”’o\Fe” -0 _ Fell Fel Felv FelV
- ~
7 \ | Ny o
I\IHis 0 ') reduced intermediate Q
HZO Fe“' Fe|||
reduced sMMO active site 2e- \o/ CH,OH

intermediate T
Figure 62. Structure of the reduced sMMO active site (left), along with key intermediates in catalysis

(right).
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(figure 62, right).?2> This converts to the active species in methanol synthesis, the high-
valent bis-p-oxo diferryl intermediate Q, which features antiferromagnetically-coupled
high spin Fe(lV) centers.??2223 |Intermediate Q reacts rapidly with methane at room
temperature (AH=8.5+0.3 kcal/mol) with a H/D KIE of 23+1 indicating C-H cleavage
(with tunneling) as the rate-limiting step.??* This forms methanol, as well as the oxo-
bridged diferric intermediate T.22}

The ability to bind and reduce O2 by four electrons is key to reactivity in SsMMO.
This is in contrast to Fe-zeolites, where the reduced a-Fe(ll) active site does not bind
02,%2 but does bind and reduce N20 by two electrons to form a-O, a mononuclear S=2
terminal Fe(IV)=0 species.3® The geometric and electronic structures of a-O and sSsMMO
Q are distinct, and there are differences in the strategies used by each site to achieve
high reactivity. Whereas o-O is a mononuclear site held in a reactive ‘entatic’ geometry
by the rigid zeolite lattice (see section 6.3.3 for detail),3> the reactivity of SMMO Q is
related to the intrinsic activation of the [Fe202]** diamond core motif having two
antiferromagnetically coupled high spin Fe(lV) centers. Like a-O, it is likely that one of
the bridging oxos in sMMO Q evolves oxyl character at the methane HAA transition
state geometry.??> However the mechanism of FMO polarization, the driving force for O-
H bond formation, and how these relate to the coupling between the Fe centers has not
yet been presented.

For a-O, a more direct comparison to biology can be made with the mononuclear
S=2 Fe(IV)=0 active intermediates in the a-keto acid-dependent non-heme Fe enzymes
4-hydroxyphenylpyruvate dioxygenase (HPPD) and 4-hydroxymandelate synthase

(HmaS).226227 HPPD and HmaS have comparable active site structures and act on the
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Figure 63. Analogous catalytic intermediates for HPPD and Hma$S (R = 4-hydroxybenzyl).

same substrate (4-hydroxyphenylpyruvate — HPP), but react differently: HPPD performs
electrophilic aromatic hydroxylation, while HmaS performs aliphatic hydroxylation
through H-atom abstraction. This difference in function is ascribed to differences in the
orientation of the substrate by the HPPD/HmaS active site pockets, and not to
differences in intrinsic reactivity of the Fe(IV)=0 cores.®® HPPD/Hmas can therefore be
compared directly to o-O, which is also a mononuclear S=2 Fe(IV)=0 intermediate
active in aliphatic and aromatic hydroxylation.333%

For HPPD/HmaS, the reduced Fe(ll) form of the active site is six-coordinate,
with three protein-derived ligands (2 His, 1 carboxylate) and three weakly coordinated
waters (figure 63A).228229 The HPP substrate binds in a bidentate fashion to the reduced
active site, displacing two bound water molecules, and labilizing the third (figure 63B).
This results in a mixture of water-unbound (five-coordinate) and bound (six-coordinate)
forms.23° The coordinatively unsaturated five-coordinate site then reacts with Oz (figure
63C). Itis believed that this forms a transient FeO2 species that nucleophilically attacks
the o carbon of the a-keto acid substrate, forming a peroxide bridge that subsequently
decays through oxidative decarboxylation to generate an S=2 Fe(lV)=0 reactive
intermediate with a monodentate-bound hydryoxyphenyl acetate (HPA,; figure 63D,E).1%

For these Fe(IV)=0 intermediates, two different reaction pathways are possible

depending on the orientation of the benzyl group of the HPA substrate (R in figure 63)
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imposed by the active site protein pocket.%®
For HPPD, the ipso carbon of the HPA
aromatic ring is oriented along the dz-derived
o LUMO of the S=2 Fe(IV)=0O core, which
has significant (28%) O(pz) character (figure
64, top left). This orbital pathway for
reactivity defines the o channel in HPPD,
which is associated with a 16 kcal/mol
predicted barrier for C-O bond formation
(transition state shown in figure 64, top
right).1% For HmaS, a benzylic hydrogen of
HPA is oriented along a dz-derived 3 LUMO,

which has significant (32%) O(px) character

TS

HPPD

28% O
43% Fe

37% phe
48% O

‘ 6% Fe

Fe-O o* "~

Hma$S TS
25% Cp,

40% O

”14% Fe

32% O
59% Fe

Fe-O n*
Figure 64. The active sites of HPPD (top) and
HmaS (bottom) orient different atoms of the
substrate toward different reactive molecular
orbitals of the Fe(IV)=0O core, resulting in
different  reactivity  (electrophilic  aromatic
hydroxylation — top right, H-atom abstraction —
bottom right). Adapted from reference 19,
Copyright 2006, National Academy of Sciences.

(figure 64, bottom left). This defines the = channel in HmasS, which is associated with a

14 kcal/mol predicted barrier for H-atom abstraction (transition state shown in figure 64,

bottom right). Thus low barriers are accessible through both the ¢ and = channels, and

in both cases an important contribution to reactivity is evolution of ferric-oxyl character

with Fe=0 elongation at the transition state.%
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Compared to HPPD/HmasS, the S=2 @0 HPPD

50% O(2p) 28% O(2p)
35% Fe(3d) 43% Fe(3d)
Fe(IV)=0O core of a-O is significantly more e
Ce ) o
. . . e o
reactive due to its constrained geometry.3® !
The enzyme intermediates are predicted to 72— s @
higher energy
less oxo 2p
have square pyramidal geometry with an X2-y2 ?
equatorial oxo ligand,*®® and this is the most
. [e] (0]
stable geometry for a 5-coordinate S=2 I I
L— g —L -6 kcal/mol b—a —t
. . L
Fe(IV)=O site.1%.197 |n contrast, the axial - - I
axial oxo equatorial oxo

square pyramidal geometry of a-O s Figure 65. Variation of the reactive LUMO (red)

of a square pyramidal S=2 Fe(IV)=0 site upon
inherently unstable (figure 51), and is shifting the oxo ligand from the axial (left) to the

equatorial position (right).

enforced by rigid constraints from the zeolite lattice.3® Differences in geometric
structure lead to differences in electronic structure and thus reactivity. With respect to
H-atom abstraction, placing the oxo in the axial position destabilizes the S=2 Fe(IV)=0
over the S=5/2 Fe(lll)-OH product, increasing the driving force for O-H bond formation.3®
As shown in figure 65, this geometry also leads to higher Fe=0O covalency, resulting in a
more stable o-LUMO with higher O(pz) content (50% for «-O versus 28% for
HPPD).3%1% The o-O electronic structure also evolves ferric-oxyl character at shorter
Fe-O distances relative to Hmas, resulting in a significantly lower barrier for HAA from a
much stronger C-H bond (14 kcal/mol barrier for a ~90 kcal/mol benzylic C-H bond for
Hmas versus a 4 kcal/mol barrier for a 104 kcal/mol methane C-H bond for a-O).351%

With respect to electrophilic aromatic hydroxylation, it is known that a-O is

extremely reactive, converting benzene to phenol under mild reaction

conditions.33:94.181182 The molecular-level details of the reaction mechanism for «-O
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have not yet been determined. Whereas the approach of methane along the © channel
is sterically unencumbered, the o channel may be important for the more sterically
demanding benzene substrate. When experimental insight into the benzene reaction
becomes available, it will be interesting to draw comparisons to electrophilic aromatic
hydroxylation by HPPD — particularly with respect to ¢ versus n channel reactivity, which

has not yet been evaluated experimentally or computationally for a-O.

6.3 — From Bioinorganic to Zeolite Catalysis: Tuning the Reactivity of Metal Active
Sites. While metallozeolite and metalloenzyme active sites are not structurally
comparable (vide supra), there are important parallels regarding their activation for
reactivity. These include high metal-oxygen covalency (6.3.1), tuning of reactivity by
second-sphere atoms (6.3.2), and entatic effects (6.3.3). These parallels, emerging
from recent spectroscopic insight into metallozeolite and metalloenzyme active sites,

highlight potentially useful mechanisms to tune the reactivity of catalysts.

6.3.1 - Metal-Oxygen Covalency. Reactive oxygen intermediates across
metalloenzymes and metallozeolites exhibit spectroscopic features reflecting high
metal-oxygen covalency (e.g. intense, low energy oxygen—metal charge transfer
transitions in absorption spectroscopy).'®1® Combined spectroscopic and computational
studies have shown that this is an important contribution the activation of these
intermediates, increasing the oxygen 2p content of the unoccupied metal 3d-derived

orbitals that participate in electrophilic reactivity. Nature has therefore evolved active
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site architectures that lead to highly covalent Cu and non-heme Fe reactive oxygen
intermediates.

For Fe enzymes, these involve ligands that donate strongly enough to stabilize
high-valent oxidation states (e.g. ferryl iron), but also weakly enough to stabilize high-
spin electronic structures. Zeolites can also perform this balancing act, stabilizing high-
valent high-spin Fe(IV)=0 intermediate using a weak zeolite lattice ligand field (a-0).%°
For both the Fe enzymes and zeolites, high oxidation states are associated with
electron-deficient metal centers, and exogenous oxygen ligands will donate strongly to
compensate for this, resulting in high metal-oxygen covalency and low-lying unoccupied
acceptor orbitals. For the mononuclear Fe(IV)=0 intermediates, a high spin electronic
structure makes it possible to achieve low barriers through covalency-activated = and o
channels.35131,196,199.200 (Thjs is in contrast to S=1 Fe(IV)=0 intermediates, where only
the © channel is accessible).1% For the binuclear [Fe2(0)z2]** intermediate Q in SMMO, it
is not yet understood how the exchange coupled high spin state of the Fe(IV) centers
relates to the activation of this site for H-atom abstraction from methane.

For both the Cu enzymes and Cu-zeolites, there is no evidence that high-valent
Cu(lll) contributes to catalysis. Instead, high reactivity is achieved with Cu(ll) species.!®
For example, a direct comparison can be made between oxytyrosinase and oxy-Cu-
ZSM-5, which contain highly similar p-n2n? peroxodicopper(ll) cores (vide supra). For
these sites, high covalency is achieved through good orbital overlap and energy match
between the filled 7* orbitals of peroxide and the 3dxy: holes of the Cu(ll) centers. The
role of the zeolite lattice in tuning the covalency of the mono-oxo [Cu20]?* site is

different, however, and not comparable to the Cu enzymes. In this case, the O(2p)
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orbitals of the bridging oxo are stabilized relative to a bridging peroxide ligand. To
counteract this, the zeolite lattice keeps the Cu(ll) centers under-coordinated, and thus
electron deficient. This brings the unfilled 3d orbitals of the Cu(ll) centers closer in
energy to the filled O(2p) orbitals, tuning up covalency. (This is in contrast to small
molecule [Cu20]?* sites in the literature, which are coordinated by three or more
strongly-donating nitrogen ligands, and display significantly reduced reactivity.)?31-235
While the use of a low coordination number to achieve a high covalency is not
significant in Cu/O biochemistry,!® this is a key facet of the the blue Cu electron transfer

site (see 6.3.3).117:121

6.3.2 — Second Sphere Effects. Atoms outside of the first coordination sphere can
contribute significantly to reactivity in metalloenzyme active sites. This was seen in 6.1,
where N2OR facilitates N-O cleavage using a proton transferred from a second-sphere
lysine residue,’® and also in 6.2, where the steric environments of the active site
pockets of HPPD/HmMaS guide reactivity through substrate orientation effects.'°® The
latter effect — second sphere influences based on sterics — may have direct parallels in
metallozeolite chemistry.'®* This builds on the concept of shape-selective catalysis,?3®
where the zeolite lattice and protein fold play analogous roles in guiding entry of
substrate and release of product. For zeolites, this has mostly focused on the role of
the lattice in tuning product distributions, especially with respect to hydrocarbon
isomerization and alkylation catalyzed by acid sites. Recent studies of Cu-MOR have
extended this concept to include second-sphere influence on the reactivity of metal sites

in zeolites.’3* In Cu-MOR (Si/Al=5), two [Cu20]?* cores are present with highly similar
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absorption and resonance Raman spectral features, and thus highly similar geometric
and electronic structures. The reactivity of these sites with CHas is distinct, however.
One site has kinetic parameters similar to Cu-ZSM-5 (AH*=15 kcal/mol, AS*¥=-36
cal/molK), while the other has a lower barrier (AH¥=11 kcal/mol) and larger entropy of
activation (AS*=-44 cal/molK). Spectroscopy shows this difference in reactivity does not
derive from differences in electronic structure. Instead, it was observed that site with
the smaller AH*=11 kcal/mol has a larger AS*=-44, and this entropic compensation is
consistent with the confined reaction environment predicted for this site (buried in the
side pockets or compressed 8-MR channels of the MOR lattice). Here, there is a direct
parallel to the coupled binuclear Cu enzymes hemocyanin, tyrosinase, and catechol
oxidase.*® These stabilize u-n2n? peroxodicopper(ll) cores with highly similar spectral
features yet different reactivity based on how the active site pocket guides the approach
of substrate. The nature of the second-sphere effect in Cu-MOR is not yet understood,
however. This may be related to steric effects, or alternatively to direct participation of

second-sphere atoms in tuning the HAA reaction coordinate.

6.3.3 — The Entatic State. The entatic concept evolved from studies of metalloenzyme
active sites, where protein constraints enforce an otherwise unstable geometry that is
associated with high activity.'® This was first defined for the type 1 ‘blue’ Cu active site
of biological electron transfer found in plastocyanin and the multicopper oxidases,
among others (see figure 66, top right).1*” This is a mononuclear Cu center with trigonal
pyramidal geometry, where the trigonal plane is defined by two histidine ligands and a

cysteinate with a short (2.13 A), covalent Cu-S bond.!” At ~2.9 A, there is an axial
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Figure 66. Comparison of ‘normal’ (left) and ‘entatic’ (right) metal active sites. Each ‘normal’ site
undergoes a 5-6 kcal distortion that primes the corresponding ‘entatic’ site for function.

methionine that tunes down the reduction potential of the site to match biological
electron transfer partners. Comparison to the analogous green Cu site (figure 66, top
left), which has a less constrained Cu(ll)-Swvet bond, showed constraints from the protein
backbone keep the weak Cu(ll)-Swet bond in the blue Cu site intact by opposing the
entropic contribution to the Gibbs free energy for Met dissociation.*?! Protein constraints
play a similar role in enforcing the weak axial Fe-Swet bond in cytochrome c, keeping the
axial Met bound to the iron center under physiological conditions.?®” The entatic
stabilization of the Fe-Swet bond has been directly quantified at ~4 kcal/mol, and this
prevents ligation by a nearby His residue or water, which would lower the reduction
potential of the active site. (Stabilization of the Fe-Swmet is important for function in

electron transfer, however the bond remains weak enough to be broken, which activates
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cyt c for its role in initiating apoptosis).?*” Protein constraints also play an important role
in tuning the O2 binding affinity of the binuclear type 3 Cu active sites in hemocyanin
and the multi-copper oxidases (figure 66, middle).?*® In hemocyanin (figure 66, middle
right), the active site enforces a short Cu(l)...Cu(l) separation of ~4 A and this allows for
high-affinity O2 binding. In the multi-copper oxidases (figure 66, middle left), the type 3
Cu site has a longer Cu(l)...Cu(l) separation of ~6 A, and this causes O binding to be
thermodynamically disfavored.?3® (The type 3 site of the MCOs is part of a trinuclear
cluster that only reacts with Oz with the participation of the 3" metal center.) Relative to
the 2Cu(l) site in the MCOs, protein constraints in hemocyanin destabilize the 2Cu(l)
site by ~6 kcal/mol due to increased electrostatic repulsion, and this increases the
driving force for Oz binding.?%® Thus entatic contributions of ~5 kcal/mol play an
important role in activating a range of metalloenzyme active sites for function.

Similar concepts emerge for the a-O site in Fe-zeolites and its activation for rapid
H-atom transfer (see section 6.3).3° a-O is a mononuclear, high spin Fe(IV)=0 site with
square pyramidal geometry, where the oxo ligand bound in the axial position (as in
figure 66, bottom right). This geometry coupled to a high spin d* electronic structure
activates o-O for rapid H-atom abstraction from strong C-H bonds (e.g. methane). The
high spin state results in occupation of the dx-y= orbital, which is strongly antibonding
with respect to the equatorial ligands. The weak interaction with the equatorial ligands
coupled to a vacant trans axial position is compensated for by strong donation of the
oxo, resulting in an unusually covalent Fe=O bond that efficiently polarizes toward an
ferric-oxyl electronic structure with minimal Fe-O elongation. This results in high oxo 2p

content in the reactive molecular orbitals, making «-O intrinsically activated for H-atom
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transfer. There is also an unusually strong O-H bond in the Fe(lll)-OH first product
(over 100 kcal/mol), and this results in a large driving force for of H-atom transfer
associated with axial square pyramidal geometry.

The geometric/electronic structure of a-O that leads to high reactivity is inherently
unstable, as a high spin d* square pyramidal site with a strong axial ligand will
experience a distorting force to shift an equatorial ligand to fill the vacant trans axial
position (see figure 5.6 and figure 66, bottom left).3>1°7 This distortion would result in
stronger bonding to the zeolite lattice, stabilizing the site by 6 kcal/mol. Placing a ligand
trans to the oxo would result in a weaker Fe=O bond, and thus a deactivated electronic
structure, as well as a decreased driving force for O-H bond formation. The zeolite
lattice therefore activates o-O by providing enough distortion energy to enforce a high
spin square pyramidal site with an axial oxo - similar in magnitude to the entatic effects

guantified for metalloenzyme active sites (vide supra).
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7 - Concluding Comments. In this review, we have discussed the current state of the
art in selective hydrocarbon oxidation by metallozeolites. These catalysts carry out
remarkable chemistry, activating Oz (and N20) to form intermediates that selectively
hydroxylate the highly inert C-H bonds of methane and benzene under mild conditions.
Copper and iron active sites have taken a central role in this review, as these are
associated with the highest activity in selective hydrocarbon oxidation. We note that
Cu- and Fe-zeolites perform a number of other interesting reactions not discussed here,
including selective catalytic reduction of NOx pollutants.?®® Zeolites containing other
metals are also known to activate methane, but at higher temperatures and with
diminished selectivity for methanol. Studies discussed in this review demonstrate that
molecular-level insight from site selective spectroscopy is vital for understanding the
geometric and electronic structure, and therefore reactivity of metal active sites in
zeolites. While we have focused on the coupling spectroscopic data to initial steps in H-
atom abstraction and electrophilic aromatic hydroxylation, we anticipate spectroscopy
will soon elucidate subsequent steps in these reaction coordinates (i.e. C-O bond
formation in methanol and phenol synthesis). These relate directly to issues with
catalyst performance, such as deactivation through product trapping.

Advances in spectroscopic methodology discussed in this review have elevated
the insight available for heterogeneous active sites to the level achieved in bioinorganic
chemistry. Cu- and Fe-zeolites (Cu-ZSM-5/MOR and Fe-BEA, in particular) are now
among the most thoroughly characterized systems that activate methane and benzene.
This has enabled direct comparison to biology, where iron and copper active sites are

also used to activate methane and aromatic compounds (figure 67). While there are
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significant differences between metallozeolites and metalloenzymes — in particular, that
a-O is mononuclear while intermediate Q in sMMO is binuclear — we have also
highlighted three parallels between heterogeneous and biological chemistry: 1) the
tuning of metal-oxygen covalency to access highly reactive intermediates; 2) second
sphere effects on catalysis; and 3) entatic effects leading to active site geometric and
electronic structures that are associated with high reactivity. It will be interesting to see

how these features can be used to tune the reactivity of metallozeolite catalysts.
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Figure 67. Comparison of Fe and Cu enzymes and zeolites that hydroxylate strong C-H bonds at low
temperature, including their active site structures and catalytic intermediates defined from spectroscopy.
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EXAFS
ZFS
ZSM-5

absorption spectroscopy

Bronsted acid sites

Complete active space perturbation theory
circular dichroism
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diffuse reflectance

electron nuclear double resonance
electron paramagnetic resonance

electron spin echo envelope modulation
faujasite

ferrierite

H-atom abstraction

hydroxymandelate synthase
hydroxyphenylpyruvate dioxygenase
kinetic isotope effect

ligand field

ligand to metal charge transfer

Linde type A zeolite

magnetic circular dichroism

mordenite framework, inverted

mordenite

membered ring

National Institutes of Health, named after the place where the NIH-
shift was first observed

near ifrared

nuclear resonance vibrational spectroscopy

particulate methane monooxygenase

resonance Raman spectroscopy
soluble methane monooxygenase
spin-orbit coupling

transmission electron microscopy
transition metal ion

ultraviolet

visible

variable-temperature variable-field
X-ray absorption spectroscopy

X-ray photoelectron spectroscopy

X-ray absorption near edge spectroscopy
extended X-ray absorption fine structure
zero-field splitting

zeolite Socony Mobil-5
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