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Mechanistic and thermodynamic insights into binding
and activation of small molecules on metallozeolites —
relevance for adsorption and catalysis

Filip Zasada, 2 Piotr Pietrzyk, /2 Mariusz Radon 2 and Zbigniew Sojka ‘= *

Metallozeolites exchanged with 3d transition metal ions (TMI) are versatile catalytic materials due to their well-
defined framework structures, redox flexibility, and remarkable adsorption and catalytic properties. These features
make them invaluable for both fundamental and applied research, underpinning numerous catalytic
technologies. The binding and activation of small reactant molecules is governed by the complex mechanistic
interplay of involved intrazeolite reactions, whose course is influenced by the flexible valence, spin, and
coordination states of the encaged metal ions and the metal—oxo entities. Despite significant advances, the nat-
ure of active sites, confinement effects, and the complex activation mechanisms of reactant molecules, which
act as both innocent and non-innocent ligands, remain subjects of ongoing debate. This has driven extensive
research into the thermodynamic constraints and molecular-level insights into activation processes with orbital
and spin resolution. This review critically examines the thermodynamic and molecular aspects of intrazeolite
speciation of transition-metal ions and metal-oxo active sites, their structural dynamics, and reactivity toward
catalytically relevant small molecules, including NHz, H,O, CO, N, O,, NO, N,O. Particular emphasis is placed
on ligand coordination, redox activation, and the role of electronic and spin states in dictating the catalytic beha-
viour of metallozeolites. The discussion integrates insights from site-selective spectroscopies and computational
methods to elucidate the structural, thermodynamic, and molecular aspects of metal-ligand interactions and
activation pathways, with an emphasis on the role of spin states in binding and reactivity. We hope that this
review can serve as a relevant and valuable reference for researchers working with zeolite catalysts, providing
new insights and inspiration.
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1. Introduction — context, theoretical
and experimental background

Shortly after the development of synthetic zeolite materials,
they were ion-exchanged with various transition-metal ions
(TMI)"* to acquire new, and often unique functionalities and
reactivities, providing a solid foundation for their widespread
applications in adsorption and redox catalysis.>”® In this con-
text, the numerous zeolite frameworks’ have provided a large
variety of molecular architectures with the degree of perfection
required for sensible molecular-level studies of the fundamen-
tal events in chemisorption and catalytic chemistry.® Due to
their unique structural features, metallozeolite catalysts pro-
vide an opportunity to investigate the transition from simple
(molecular ligation via lone pair donation with spin conserva-
tion) to complex (dissociative redox processes with a change in
spin state) adsorption events, as well as from single-site to
multiple-site chemistry. They also made it possible to explore
the intermediate reaction steps both stoichiometrically and
structurally, using spectroscopic methods in combination with
theoretical modelling at various levels of sophistication.’*% ™!

As a result, a large variety of promising research areas has
emerged over the past few decades, including specific issues
related to the substitution of TMI for the framework AI** or Si**
ions, extra-framework accommodation of TMI, as well as cap-
ture, redox activation, and catalytic transformations of reactant
molecules into desired products.>®'*™** The coupled redox and
acid-base chemistries, as well as space-confined effects, signifi-
cantly impact the latter processes. In this context, the unique
properties of the encaged bare transition-metal ions and the
metal-oxo active centres result from their flexible valence, spin,
and coordination states, which, in conjunction with the space
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confinement effects, lead to specific catalytic performance not
encountered in the counterpart homogeneous catalysis.'*"?
Among the catalytic processes involving small-molecule gas-
phase reactants, NH;-SCR,'**® HC-SCR,'®'” CH, oxidation,'®"°
and N,O decomposition®®*! are the most notable.

The zeolite framework type, the Si/Al ratio, and the distribu-
tion of Al atoms within the cavities and channels (constrained
by the Léwenstein rule*?), essentially govern the intrazeolite
speciation of TMI. It is manifested in the simultaneous
presence of exchanged cations in various valence and coordina-
tion states. The mutually related intrazeolite hydrolysis, ola-
tion, and oxolation processes lead to the formation of
oligomeric metal-oxo entities, particularly for the high valent
cations. Besides the framework and extra-framework oxygen
ligands (oxo-centers), reactant molecules (such as NO, NO,, O,,
H,0, and NH3;) can also be captured in the coordination sphere
of encaged transition-metal ions in various modes of hapticity
and stoichiometries. Therefore, the successful delineation of
TMI speciation in metallozeolite catalysts requires the applica-
tion of a broad suite of spectroscopic techniques. Nevertheless,
due to common speciation effects, single spectroscopic techni-
ques rarely provide a thorough insight into the complex struc-
ture of the intrazeolite TMI species in their particular
framework locus, including valence and oxidation states. Thus,
a combination of dedicated techniques is typically required for
the successful resolution of the geometric, electronic, and
magnetic structures of the active sites.'”>°

The chemical states of transition-metal ions and their
agglomeration can be monitored with several conventional
and commonly available spectroscopic techniques such as
UV-vis/UV-vis-NIR,>**%3% EPR, 37 MAS-NMR,** IR,%>?® Raman
(RS) and resonance Raman (rR),>” and luminescence (PL),*®

applied directly or with using suitable probe molecules.*"*?
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More advanced methods include correlation 2D IR,* pulse EPR
(HYSCORE,** ESEEM,** ENDOR®®), and high-field EPR,*” as
well as a toolbox of powerful synchrotron X-ray absorption
techniques (XAFS, XANES, EXAFS*®), which have been of grow-
ing importance, recently.>® In addition to the wide-ranging
applications of these methods, various techniques have been
developed to study zeolites in operando/in situ modes, providing
valuable insights into intrazeolite coordination chemistry and
elucidating the catalytic reaction mechanisms based on the
establishment of functional structure-property-performance
relationships. Operando characterization techniques enable
monitoring of the adsorption and desorption of reactants, as
well as the identification of surface intermediates and their
dynamics. Additionally, they aid in understanding how and why
zeolite catalysts behave differently under working conditions in
real-life applications in comparison to static experiments.'®>°
However, the actual capacity of operando techniques to deliver
definitive mechanistic insights is often limited by a compromise
between the optimal circumstances for recording the high-quality
spectra and the reaction conditions. The imposed constraints are
particularly due to the temperature dependence of peak positions,
line broadening effects, loss of the signal-to-noise ratio, and
accumulation of spectator species. As a result, static and often
low-temperature spectroscopic techniques still play a crucial role in
providing high-quality reference spectra and reliable spectroscopic
fingerprints, which can be used not only to guide the interpretation
of operando results but also as crucial experimental constraints for
ab initio molecular modelling.

Experimental studies on metallozeolites and their adsorp-
tion properties, as well as their catalytic chemistry, are consis-
tently corroborated by theoretical modelling for the advanced
interpretation of their intrinsic catalytic performance at both
molecular (DFT, post-HF calculations) and phenomenological
(ab initio thermodynamics) levels. Various quantum-chemical
methods have been productively applied to characterise
catalytically-relevant TMI systems, starting from commonly
used and well-grounded density functional theory, progressing
to more involved post-Hartree-Fock (post HF) methods, such as
complete active space (CAS)*® or coupled cluster (CC)*"** for
proper treatment of correlated electron systems. Due to its
overall good compromise between accuracy and computational
cost, DFT remains the method of choice in computational
catalysis. However, one should be aware of the limitations in
currently available density functionals, which are approximated
in their accuracy.”™* Examples of particularly challenging
problems in computational catalysis, where DFT methods
may not be sufficiently precise, include the prediction of
chemically accurate adsorption energies and barrier heights
in extended systems,**™*® binding of noninnocent ligands to
TMI,**~" and the spin-state splittings in mononuclear®>** and
polynuclear complexes.>*>* In such cases, a critical evaluation
of the DFT results may be necessary, including cross-checking
with the results of post-HF wave function calculations and
comparing them with experimental spectroscopic or thermo-
dynamic quantities, wherever available. When properly used,
quantum-chemical calculations have been of crucial importance
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in developing a comprehensive molecular description of the coor-
dination chemistry of TMI in zeolites, explaining their structure,
dynamics, reactivity, and spectroscopic features, which are not
directly accessible by experimental techniques. Supplemented by
molecular simulation methods including molecular dynamics
(MD) at various sophistication levels,>* first-principles thermo-
dynamics (FPT),°>®" advanced methods of electronic structure
analysis, including natural orbitals for chemical valence combined
with extended-transition-state method (ETS-NOCV),**** crystal
orbital Hamiltonian population COHP,*>*® and machine learning
(ML) approaches,””®® they define a robust panoply of modern
computational chemistry of zeolites.

In this review, we focus on the interfacial coordination
chemistry of 3d transition-metal cations encaged in zeolites
and its relevance for adsorption and catalysis, with the follow-
ing topics that are covered: (1) accommodation and spectro-
scopic characterization of intrazeolite transition metal (TMI)
centres (bare single, dual, and polynuclear metal-oxo), (2)
survey of their structure and spectroscopic fingerprints, (3) first
principles thermodynamic account of TMI speciation and
stability at various po, and pyo conditions, (4) coordination
of extra-framework non-redox (H,O, NH3, N,, CO) and redox
(NO, 0,, N,0) molecules and their activation with the specific
accent on the role of electronic and spin state of the active sites
and (5) thermodynamic and molecular orbital interpretation of
the binding and activation processes. The emphasis is placed
on the utility and diagnostic capacity of selected molecular
spectroscopies, particularly CW-EPR and related pulsed var-
iants, UV-vis, Raman/resonance Raman, and IR techniques
commonly applied in such investigations, and on ab initio
thermodynamic and molecular modelling, supplemented by
spin-resolved analysis of the nature of metal-ligand bonds
using natural orbitals for chemical valence (NOCV).

The examples discussed herein demonstrate the capacity of
these spectroscopies to probe the interaction of the reactant
molecules with intrazeolite first-row 3d transition metal ions,
and unravel various ways of their activation, particularly when
the spin of TMI plays a crucial role. In selected cases of special
relevance, this review is expanded to include non-transition
metal ions (such as Zn) dispersed in zeolites. However, the
framework cations obtained by isomorphous substitution,
which form corner-sharing MO, tetrahedra fully integrated with
the zeolite structure through covalent framework M-O-Si
bonds, are only scarcely considered. Lastly, we do not aim to
provide a comprehensive review herein, but rather present
illustrative examples that demonstrate the value of advanced
concepts in establishing the rational basis of redox catalysis on
metallozeolites, which complements the previous notable
reviews devoted essentially to copper and iron.>'*?%773

2. Localisation, structure, and speciation
of cationic metallic active sites

The unique structural and topological features of zeolites, such
as 3D and 2D channel networks, accessible void space, space

This journal is © The Royal Society of Chemistry 2026
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confinement, the presence of ion-exchange sites, and Bregnsted
acidity, make them versatile catalysts of enormous importance
for both fundamental investigations and wide-ranging practical
applications, particularly when functionalized with transition
metal ions.'®7*7¢

The introduction of transition-metal ions to zeolite matrices
gives rise to four broad types of accommodation scenarios: (1)
substitution of alien cations for the framework Al or Si ions, (2)
formation of charge balancing ionic pairs with the framework
O-Al"-O centres, (3) encapsulation of metal species and enti-
ties within the channels and cages, (4) support of nanoparticles
on the external zeolite surface. Depending on the Si/Al and M/Al
ratio, zeolite topology, Al distribution, and the preparation
method used, a variety of confined species of various site
topologies, structures, and nuclearity, such as single and dual
bare cations, and a diversity of polynuclear metal-oxo species,
can appear (Fig. 1).

2.1. Isolated TMI centres

Hydrated metallozeolites are usually catalytically inert, but
elevated temperature (prevailing during catalyst pretreatment
and reaction conditions) drives off the labile ligands and
generates coordinatively unsaturated active 3d metal (and/or
metal-hydroxo and -oxo) centres. The resultant charge-
balancing extra-framework cations hosted in the zeolites exhi-
bit diverse low coordination states depending on their electro-
nic configuration, charge, and spin (Fig. 2a). The topology of
the sitting sites, size of the rings (Fig. 2b,), Si/Al ratio, and Al
spatial distribution (Fig. 2b, and b;) play a decisive role in the

View Article Online

Chem Soc Rev
accommodation mode of these cations.®” This issue is
illustrated by various coordination patterns of the bare 3d”
cations in the MFI matrix, as well as for selected single and
dimeric Cu and Fe cations hosted in the CHA and FER
frameworks, which from DFT
optimization (Fig. 2b-d).** Generally, ligation to more basic
Al-O-Si oxygen atoms is preferred over Si-O-Si.” Furthermore,
the Al pairs (i.e.,, Al atoms arranged in the Al-O-(Si-0O),-Al
sequences) are capable of stabilising M>" cations, whereas the
single Al atoms (present in the Al-O-(Si-O),, sequence, n > 2)
can charge-balance only the monovalent ions or hydroxylated
divalent cations, M>*~OH ™, and any other oxo species of an
effective charge q = 1.%* As a result, zeolite hosts with abundant
Al-O-(Si-0),-Al sequences are needed to obtain catalysts with
an enhanced content of the divalent redox sites. Accommoda-
tion of TMI cations leads to significant deformation of the rings
where the alien cations are sited, and the associated lowering of
the local site symmetry. In this way, the flexible zeolite frame-
work acting as a polydentate ligand tends to maximize the
coordination number (M,,, n = 1, 2, 3 ...) of TMI, yet at the
expense of forming appreciably strained bonds.

The resultant structural deformations are well reflected in
the IR spectra of the T-O-T asymmetric skeletal vibrations (T =
Si or Al).*” The extent of this perturbation and the ensuing shift
of the perturbed asymmetric T-O-T vibration varies with the
valence state, size, particular exchangeable position the hosted
ion occupies in the zeolite framework, and the presence of co-
ligands as well.®® The corresponding IR bands appear between
two strong bands of antisymmetric and symmetric T-O-T
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Fig. 1 Selected preparation methods applied for synthesizing the metallozeolites, including one-pot synthesis (illustrated with TEM/EDX imaging of Cu
in $5Z-13),%77 chemical vapour deposition (with EPR spectrum of Zn* cations dispersed in ZSM-5),”® dealumination and impregnation (with UV-vis of
VO,* species incorporated in Si-BEA),”® aprotic and ionic exchange (with H,-TPR profiles of Ni/BEA),8 dry impregnation (with Méssbauer spectra of iron
in ZSM-5),8L and solid state exchange®® (with TEM image of segregated oxide nanocrystals). The figure was drawn based on data published in the quoted
references. The microscopic images were adapted from ref. 33 with permission from Elsevier, Copyrights 2023.
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Fig. 2 Exemplary (DFT optimized) coordination patterns of selected isolated TMI hosted in MFI frameworks with the illustrative spin density distribution
for Co®* cation in the high (S = 3/2) and low (S = 1/2) spin states (a). Coordination environments of single Cu?* cations showing the effect of site topology
(by), and Al distribution (b) and (bs) on the TMI relative stability (based on data published in the ref. 82). Dimer Cu—Cu sites in CHA (c) and Fe—Fe sites in

FER (d).

vibrations, and are shifted from 1020-1100 cm ™ to about 800~
1000 cm ™' upon accommodation of the alien cations. This
effect can be exemplified by the Cu®", Ni**, and Mn>" hosted in
the FER matrix (Fig. 3a), and Cu®**, Cu”’~OH ™ and Cu" in ZSM-5
(Fig. 3b) and SSZ-13 (Fig. 3¢).**®® In the case of small charge
cations (Cu’, Cu**-OH~ or Zn"), these deformations and the
associated T-O-T frequency shifts are less pronounced
(Table 1). The perturbed T-O-T vibrations can be used, for
instance, to differentiate between the single Cu®* species
located in 6MR (900 cm™') and the Cu”>~OH ™ centres in SMR
(~950 cm™") rings present in the CHA zeolite.

Direct insight into the ligation of TMI in zeolites can be
derived using classic continuous wave CW-EPR*'™ or
advanced pulse and high-field techniques (HYSCORE, ESEEM,

Co?INi*/Mn*-FER

Intensity of T-O-T vibration / a.u.

az

b Cu?/Cu*-ZSM-5 c

ENDOR).”>?® For the series of Ti*" (3d"), V** (3d?), Cr*" (3d*),
cr** (3d%), Mn*, Fe** (3d°), Fe** (3d®), Co** (3d”), Ni*" (3d)
Cu”", Ni* (3d°) and Zn" (3d*°4s") ions of the first row, which can
be hosted in zeolites, all tend to assume the high-spin configu-
ration, noting the position of the zeolite oxygen (O,) ligands in
the spectrochemical series (AlO) < (0,) < (SiO) ~ (H,O)
proposed by elswhere.”” Among them, those with § = 1/2 are
amenable to straightforward investigations using the com-
monly available X-band CW-EPR technique.

The hyperfine coupling A- and the g-tensor values obtained
from the EPR spectra are strongly affected by the local environ-
ment of the encaged TMI. Apart from the 3d” configuration, the
g- and A-tensor anisotropies are sensitive to the local symmetry
and the covalency of the M-O, bonds with the zeolite
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IR spectra of the perturbed T-O-T antisymmetric mode for dehydrated ferrierite substituted with Co (ay), Ni (a»), and Mn (az),” for ZSM-5 zeolite

loaded with Cu?* (by) and Cu?*/Cu* (b,),%° and for Cu-S5Z-13 with the Si/Al ratio of 6 (c;) and 30 (c).88 The figure was drawn based on data published in

the quoted references.
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Table 1 Antisymmetric T-O-T vibrations (cm™?) for selected cations accommodated in the FER, CHA, and MFI zeolites

Zeolite framework FER MFI CHA

Cation a-site B-site a-site B-site o-site T-site Ref.

Fe?* 935-940 913-915 927 ‘ 89 and 90
Co** 942-945 918-920 970 931-935 895 924, 948(7*%) 23, 87 and 89
Mn>* 953 928 89

Ni* 940 918 930 89

Zn** 935 915-917 84

Cu' 977 86 and 89
cu* 937 900-892 86 and 89
Cu**-OH~ 950 88

framework oxygens. Simple perturbation theory treatment
within the crystal field approximation allows for a straightfor-
ward (yet coarse) molecular interpretation of the g-tensor (g
values of the S = 1/2 TMI hosted in zeolites, based on eqn (1):°®

SOMO|L;|n){|L;|SOMO)
Esomo — E,

o
8 = 80y + 21y

For further discussion, upon a rudimentary account for the
M-0, bond covalency, gauged succinctly by the « coefficient (it
accounts for the extent of delocalisation of the unpaired
electron from the metal core into the ligands (Fig. 4d), for
more details see ref. 99), this equation may be reframed in a
simplified handy form as; g = g. + mi0*/(Esomo — En), Where m =
2, 6, 8 (depending on the 3d orbital involved in SOMO - singly-
occupied molecular orbital), g. = 2.0023, 1 is the one-electron
spin-orbit coupling constant, and L; L; are the orbital
angular momentum operators that couple SOMO = «|3d), with
the |n) states of E, energy. The requisite energy differences
(Esomo — Ey) can be derived from the d-d transitions observed
in the complementary UV-vis spectra, as illustrated in Fig. 4a
and b. Their relation with the corresponding EPR spectrum is
shown in Fig. 4c.

The ligand field symmetry around the intrazeolite TMI in
the hosting site imposes distinct constraints on the g-values.
Axial signals with g = g.. # g1 = gx = g, are expected for the

local Dy, Cayy D3n, Cay, Dya symmetries, whereas for lower
symmetries (D,n, Cay, Con, Cs) orthorhombic (or monoclinic)
signals with g, # gux # g, are anticipated. As a result, for a 3d"
(Ti*") cation with the d,, SOMO in an exemplary tetragonal Cy,
environment, g, < g < ge is expected, and indeed experi-
mentally observed, whereas for a 3d° cation (Ni*), g, > g, > ge
for d,2_,» SOMO (Fig. 5a and b) and g, > g ~ g. for d,. SOMO
are typical. The hyperfine (hf) coupling constants for the
unhybridized d,._,, SOMO can be expressed as A, = As +
P[—4/70% + Agy,) and Ay, = A + P[—4/70° + Agy,)], Aw = As +
P[—4/70% + Ag,], where the « coefficient accounts again for the
M-0, bond covalency, P = gegnpistin/(r’), neglecting smaller
terms.'®" Thus, the value of the « coefficient can be assessed
from the analysis of the A-tensor, using the calculated atomic
values of the P parameters, which are tabulated for a given TMI
elsewhere.”’

More ionic bonds of the encaged TMI with the framework O,
(small spin density delocalisation) increase the hyperfine Apjecal
values on the metal core and decrease the superhyperfine
splitting on the ligands with magnetic nuclei (Ar;gana), such
as 70 (I = 5/2) labelled O, framework oxygen atoms, and vice
versa (see Fig. 4d). In the latter case, the superhyperfine patter
due to 70, can be used to ascertain the coordination environ-
ment of intrazeolite TMI (see below, Fig. 6).

A comprehensive listing of the equations that can be used
for molecular interpretation of the g and A tensors of TMI in
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Fig. 4 UV-Vis-NIR spectrum of dehydrated Cu-SSZ-13 (a), together with the 3d energy levels (b) and the corresponding simulated EPR spectrum (c)
(panels a, b, and c inspired by ref. 100). Structural model showing influence of a shift of spin density between Cu- and ligand-based states on the

magnitude of hyperfine coupling gauged by « coefficient (d). The road map showing the origin of the off-axis features in the EPR spectrum of Cu

hosted in the CHA matrix (e), based on ref. 83.
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Fig. 5 EPR spectra of Ti/MFI (a) Ni/BEA (b). EPR spectra of the dehydrated Cu-mordenite samples of various Si/Al ratios (Si/Al = 5, 15, 46) and Cu
exchange levels (2Cu/Al = 38, 24, 70) (c). Room temperature EPR spectra of Cu- - -Cu pairs in CuCe/Y zeolite oxidized at 450 °C and evacuated at 600 °C
(d). Blumberg—Peisach-type (P-B) plot for the EPR active Cu®* species stabilized within different zeolite environments (e), (colours indicate various bare
Cu?* species hosted in different zeolite matrices. In the case of CHA, yellow and blue colours correspond to various Cu?* and Cu?*—~OH~ species). The
corresponding spin density contours are provided for exemplary Cu?*/6MR and Cu?*—OH/8MR structures. EPR spectrum of Cu-SSZ-13 zeolite
activated at 250 °C in vacuo (f), resolved into the contributing signals. The A; and g values for the species identified in (f), labelled as (f;_4), are shown in
the P-B plot as CHA1-4. The figure was drawn based on data from ref. 80, 83, 91, 92, 104 and 105 respectively.

ligand fields of various symmetries can be found elsewhere.'®> where v is the microwave frequency and m, is the nuclear
It should be noted, however, that except for the regular features magnetic spin number (Fig. 4¢).'®® These extra features, which
along the z and x, y directions, shown in Fig. 4c, additional off-  correspond to additional extrema in the angular dependence of

axis lines may appear in the powder EPR spectra when the magnetic resonant field (0B/00 = 0 and 9B/d¢ = 0), may

247 — mAim; < (8247 — gPAD(g — g7) < 247 — hvAjim, exhibit significant intensity in the copper EPR spectra and
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Fig. 6 Experimental (black) and simulated (red) Q-band O ENDOR spectra, recorded at different magnetic field settings, of 7O isotopically enriched
and fully dehydrated Cu-CHA (aj), together with the schematic representation of the isotopic enrichment of the zeolite framework (a,). Comparison of
experimental (grey) and computed (red) maximum hyperfine coupling values (Amay) for O and 2’Al nuclei for the three different Al distributions: 2Al-
3NN, 2AL1-3NN, and 1AL (b) (the black dashed lines represent the experimental range of Amax for O nuclei). Adapted from ref. 95 under the terms of the
CC-BY 4.0 license, copyright 2021, published by Springer Nature.
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Broadening of the EPR signals caused by local strain (structural
inhomogeneity of the siting environment) and the presence of
abundant magnetic >’Al (I = 5/2) atoms for zeolites of low Si/Al
ratio, along with the high TMI loading, lead to loss of the
hyperfine structure A and g-anisotropy, which can be illustrated
by the EPR spectra of copper hosted in mordenite of various Si/
Al (5, 15, 46) ratios, and copper exchange (2Cu/Al x 100% = 38,
24, 70) levels (Fig. 5c), where the perpendicular hyperfine
structure of copper remains unresolved, and the parallel hyper-
fine structure becomes barely visible.”" Furthermore, at higher
loadings, the decreased distance between the copper cations
may result in Cu®" pairs formation, which is manifested in the
EPR spectrum by the appearance of additional fine structure
features on both sides of the perpendicular component of the
single-ion signal of Cu®", separated by D/g | ug."** They can be
used for assessment of the distance between the two adjacent
copper ions (D/cm ™" = 0.433g%/r° for r in A) when the direct
exchange interactions (~/) are small. The presence of a half-
field signal due to the forbidden AM; = 2 transition and the
appearance of 2] + 1 = 7 lines of the hyperfine structure with
half-splitting are other important characteristics of the Cu
dimer formation (Fig. 5d).

The M-O, covalency depends primarily on the presence of Al
in the coordination environment of the encaged TMI. The
framework oxygen atoms in the Si-O,-Al entities are more
negatively charged than those in the Si-O,-Si motives. These
factors make g and A values structure sensitive, which can be
illustrated concisely in the form of Blumberg-Peisach-type
diagrams'®® for Cu®" in various zeolite frameworks and differ-
ent Si/Al ratios.”>'®” Although the application of such a dia-
gram to zeolites, due to the absence of suitable model
compounds, requires some caution, it demonstrates its useful-
ness for the preliminary sorting of the intrazeolite copper
species based on their EPR fingerprints.

Overall, copper ions in the more positively charged environ-
ments are found in the lower right part (smaller A, and bigger
g), whereas Cu®" species in the more negative coordination
environments are located in the upper left end (bigger A; and
smaller g|) of the trend line in the Blumberg-Peisach-type
diagram (Fig. 5e). This is well exemplified by the different
positions in the plot of two types of the Cu-MFI zeolites, with
two Al atoms in a MR6 ring generating a higher charge (MFI2)
and with only one Al atom in the MR6 ring with the resultant
lower charge (MFI1).°> For the particular case of Cu-CHA, the
EPR parameters for the MR6 ring (o-site) fall in the middle of
the trend line. The scattering of the positions in the plot reflects
the sensitivity to the local symmetry of copper ligation (4,(C,,)
> A)(C4)), yet the position of the Al atoms within the 6MR
appears to be of less importance. The presence of a hydroxy
OH" co-ligand in the coordination sphere of Cu®" located in the
MRS (t-sites, see CHAS5 in Fig. 5e) considerably lowers the value
of the hyperfine structure, providing a straightforward means
for the distinction between the bare Cu** and hydroxylated
Cu**-OH™ species.

As a result, the structural sensitivity of the g and A values can
not only reveal the speciation of the TMI hosted in zeolites, but

This journal is © The Royal Society of Chemistry 2026
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also provide a rational basis for unambiguous site-specific
assignment, particularly using the benchmarking parameters
calculated by DFT or post-HF methods. This is well illustrated
for the most extensively investigated Cu®* hosted in CHA, MFI,
and BEA zeolites, as shown in Table 2.

As an example, the diagnostic A region of the EPR spectra of
CuSSZ-13 shows pronounced speciation of copper (Fig. 5f)%,
which has been resolved into two tetracoordinate Cu”* cations
of the local C; and C,, symmetry in the o-rings (marked as
CHA-3 and CHA-4 in Fig. 5e, respectively), and two types of the
Cu”"OH species hosted in the t-sites of the CHA matrix (CHA-5
and CHA-6 in (Fig. 5e).

The local structure of single-site TMI cations hosted in
zeolitic structures, and quantification of the covalency of the
Cu-O, bonds with an accuracy unattainable for other site-
sensitive methods, can be ascertained using advanced EPR
techniques combined with the 'O isotopic labelling of the
zeolite framework.”® Of particular note here is the study of the
CuSSZ-13 zeolite using 70, ?”Al ENDOR spectroscopy (Fig. 6a;),
supported by DFT modelling.”>'"” The requisite 17-O labelling
of the zeolite framework can be achieved quite readily using
isotopic exchange with H,'”O (Fig. 6a,).

In contrast to the metal A values, the '"O superhyperfine
couplings depend significantly on the Al distribution in the
6MR ring, allowing for unambiguous discrimination between
various Al tetrahedra locations. Their presence and number can
be directly probed by >”Al HYSCORE or ENDOR spectroscopies.
In particular, the o-rings characterized by 2 Al atoms separated
by two Si (2Al-3NN) or one Si atom (2Al-2NN), as well as the
rings with one Al atom only, exhibit characteristic patterns of
the 7O and *’Al superhyperfine coupling constants (Fig. 6b),
providing the basis for the Al-resolved identification of hosting
sites. The exquisite sensitivity of such couplings enables, there-
fore, the univocal identification of the Cu®' coordination envir-
onments. This approach has also been used to examine the
location of VO** (ref. 95) and Zn" in ZSM-5,""” demonstrating
that it is possible to ascertain the specific location of para-
magnetic TMI active centres in zeolite matrices with the level of
detail needed for the rational establishment of structure-reac-
tivity relationships. It is worth mentioning here that anomalous
X-ray powder diffraction at the K-edge, which probes the long-
range order of aluminium atoms within the zeolite frameworks,
can also be used to determine isolated Al atoms and pairs (i.e.,
the Al(-O-Si-O-),Al sequences). Using this approach in combi-
nation with 2’Al and *Si MAS-NMR, the spatial distribution of
Al atoms in ZSM-5 has recently been resolved.®

The TMI species with § > 1/2 (with more than one unpaired
electron) exhibit zero-field splitting of the ground state gauged
by the axial D and rhombic E parameters. The high-spin TMI
can be divided into Kramers ions of half-integer spin numbers
(S = 3/2, Co®" and S = 5/2, Fe**) and non-Kramers ions with
integer spins (S = 1, Ni*" and § = 2, Fe*", Mn®"). The zero-field
splitting can make the intrazeolite non-Kramers TMI “EPR-
silent” using conventional X-band (~0.3 cm™') or Q-band
(~1.2 ecm™") EPR, or detectable, particularly for the Kramers
ions, when the ZFS leads to a well-separated M, = +1/2 state as
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Table 2 Experimental and calculated EPR spin-Hamiltonian parameters for selected TMI in zeolites
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TMI-zeolite Notes” g tensor A tensor/MHz Ref.
Ti**(3d")/TS-1 Experimental 1.922; 1.939; 1.9897 108
p
1.981; 1.960; 1.91
Ti*/(3d")/ZSM-5 Experimental 1.94; 1.97 109
VvO*(3d")/ZSM-5 Experimental 1.9843; 1.9843; 1.931 214; 214; 542 37
VO**(3d")/BEA Experimental 1.987; 1.983; 1.927 234; 214; 558 110
B3LYP calculated, 6MR 1.987; 1.984; 1.952 156; 139; 440
VO,(3d")/SiBEA Experimental 1.803; 1.942; 1.968 676; 892; 876 110
B3LYP calculated, 6MR 1.853; 1.992; 1.998 838; 1124; 1043
Cr**(3d")/Na-Y Experimental, supercage site II 1.98; 1.98; 1.92 111
Small cage site I or II 1.98; 1.98; 1.92
Cr’*(3d")/Na-MOR Experimental 1.99; 1.98; 1.93 111
Fe*'(3d%)/ZSM-5 (Fe** OH/ZSM-5) Experimental et = 4.3 112
et = 6.3; 5.7
Fe**(3d°)/BEA (Fe**OH/BEA) Experimental ot = 4.3 112
Getf = 6.1
Co”*(3d”)/MFI Experimental, S = 3/2 Zer = 5.1 113
Co**(3d”)/AIPO Zegr = 5.80-5.44; 2.0 119 and 120
Ni*/(3d°)/ZSM-5 Experimental 2.49; 2.072; 2.072 64
Ni'(d®)/ZSM-5 B3LYP calculated, 6MR 2.337; 2.112; 2.159 114
Cu**(3d°)/zSM-5 Experimental 2.3234 471¢ 115
p
Cu*'(3d°)/zsM-5 Experimental 2.2764 5454 115
Calculated, 6MR (o site) 2.230¢ 479¢
6MR (B site) 2.192¢ 497¢
6MR (v site) 2.2064 5314
Cu”*(3d%)/CHA Experimental 2.352; 2.075; 2.075 4705 35; 35 116
Experimental 2.347¢ 4934 115
Cu**(3d°)/CHA Experimental 2.325; 2.072; 2.072 490; 35; 35 116
B2PLYP calculated, 6MR 2.282° 455°
Cu**OH(3d°)/CHA Experimental 2.290; 2.072; 2.072 4105 45; 45 116
B2PLYP calculated, SMR? 2.275, 2.135, 2029 388°
Cu*>'OH" (3d°)/CHA Calculabted, SMR”, B3LYP 2.1942 2032 115
6MR”, B3LYP 2.200 401
6MR”, B3LYP 2.242¢ 4927
D6R, B3LYP 2.243¢ 3687
Zn*/(3d"°4s")ZSM-5 Experimental 1.9951; 1.9984; 2.0015 1520, 1520, 1535 78
B3LYP calculated for:
T7 site 1.992, 1.9963, 2.0023 1321, 1325, 1347
T8 site 1.9946, 1.9975, 2.0023 1458, 1460, 1480
T10 site 1.9921, 1.9965, 2.0023 1331, 1335, 1357

“ Calculated when the quantum chemical method is provided; otherwise, the g and A tensors are the experimental values. ® Cluster models with
different arrangements of Al sites. © Only one value (g, A..) reported. ¢ g, (¢.) and A, (A, ) are not reported (for zeolites typical values of g, ~
2.07 and A, ~ 30-40 MHz are structurally less informative than the g}, A values).

the lowest one (Fig. 7a and b,).
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closely lying energy states that promote fast relaxation,
registration of the EPR spectra usually requires liquid helium
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Fig. 7 Splitting of the energy levels in the magnetic field for exemplary S = 3/2 and S = 1 states of TMI (a), zero-field splitting (ZFS) for the “A, state of
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temperatures.>>"" The zero-field splitting depends on the
anisotropy of the local ligand field and is mediated by spin-
orbit coupling (SOC). The magnitude of the latter increases as
one passes from early to late 3d TMI across the periodic table.
As a result, ZFS may vary from small values (of the order
of 107> em™") for Mn(n) in symmetric environments to large
values of the order of even 10> cm™' for Co(u).""® Notable
examples can be provided by liquid helium X/Q-band EPR
studies of CoZSM-5 (Fig. 7b,)'*' or CoAPO zeotypes with the
Kramers Mg = +1/2 ground state, which exhibit effective g-
values of g, o & 5.80-5.44 and g ¢ ~ 2.00, and the zero-field
splitting of 7 cm™". Another example of a Kramers high-spin
system is provided by FeZSM-5 zeolites."** The EPR signal at
gl.eff & 2 with small ZFS has been associated with the highly
symmetric o sites. In contrast, the signal at g, o =g, (S + 1/2)
~ 6 and g| . ~ 2 to P sites of local axial symmetry (D > hv,
E =~ 0), whereas the g.¢s &~ 4.3 signal to y sites with rhombic ZFS
(D » hv, and D/E = 1/3) (Fig. 7c; and c,). It is more likely,
however, that the trivalent ions are actually encaged in the ZSM-
5 host in the form of hydroxo or oxo species, which can be more
readily charge balanced by 2 Al and 1 Al atoms, respectively,
since the configurations of 3 Al atoms per ring/cage are
available in zeolites of low Si/Al ratio, such as X faujasite,
only. A broad signal appearing at g &~ 2.3 corresponds, in
turn, to small Fe,Oy clusters. The extension of the low-field
signal to geir & 9.6 can mainly be attributed to the rhombicity
D/E parameter, which characterizes the Fe** cations in highly
anisotropic (low-symmetry) environments. A signal at g ~ 3.3
may also appear for Fe*" in the sites of trigonal symmetry, but
some spectral features can be smeared out due to the strong
dependence of their resonance magnetic fields on the spatial
orientation of the paramagnets, or distribution of the ZFS
values caused by local strain.

In the case of Mn>" ions exchanged into zeolite hosts, the
EPR spectra show gradual smearing of the 6-line hyperfine
structure due to I = 5/2 with an increasing Mn content due to
dipolar broadening effects caused by the adjacent Mn** ions
(Fig. 7d)."*®> The observed spectrum results from transitions
within the M, = +1/2 doublet produced by the combined action
of the ligand field and the spin-orbit coupling.

In fact, in powder spectra only the central line due to the
M, = —1/2 < +1/2 transitions of the least angular dependence
on the magnetic field is strong, whereas the other allowed inter-
doublet transitions (such as My = —£3/2 < £1/2 or —£3/2 <
+5/2, marked with the grey stick diagrams in Fig. 7e) are
smeared to large extent, and barely observed as mere wings
flanking the central hyperfine sexted. A relevant example is
provided by Mn®" exchanged in A zeolites.'**

2.2. Terminal and bridging metal oxo centres

Besides the bare state (Co*, Ni**/Ni*, Cu®>*/Cu"), extraframe-
work cations, particularly those of z > 3 (V*, Ti*" or Fe*)
hosted in zeolites of moderate Si/Al ratio, can be stabilised in
the form of hydroxo and terminal or bridging oxo TMI
centres of various nuclearity. Their appearance results from
hydrolysis when the local pH during the catalysts preparation is

This journal is © The Royal Society of Chemistry 2026
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t00 high ((M(H,0), ' (cage) + FH20(cage) — [MOH)4(H0) & (cage) +
hH;0"/Z), launching the intrazeolite olation/oxolation reactions
that lead to the formation of M—0O or O—M=—O0 oxo-species
(for instance, [V(H,0)e]’" — [V(OH)4(H,0),]" — [VO,(H,0)4]" +
4H;0" (ref. 125)). The relevant thermodynamic background of
these processes is provided in Chapter 3. Notable examples of
the intrazeolite terminal oxo-systems of high valent metals
include mono-oxo ([V=0]*'/BEA, [W=0]*'/ZSM-5'** or
[Fe=O]**/MOR,*® [Fe=0]*"/CHA, [Fe=0]**/BEA,"° and di-oxo
species ([M0O,]**/ZSM-5-"*” and VO,/BEA zeolites''°). Alterna-
tively, metal-oxo species can also be formed during the redox-
type interactions of bare (single and adjacent) TMI cations with
O, or N,0, and this chemistry is described in detail in Chapters
4.3.1 and 4.3.3.

Generally, the metal-oxo bonding of TMI can be described
in terms of o- and n-type overlap between the 2p orbitals of the
O, moiety with the corresponding 3d orbitals of the M** core. A
tetragonal environment (for clarity, with enhanced C,, symme-
try) with the M-O, bond placed along the z-axis can be used as a
basic, semiquantitative model for the TMI situated in the 6MR
rings. In such case, the d,. orbital is involved in the c-overlap
with the 2p,(O) in the M~O, bond, the d.y, d,, orbitals partici-
pate in the m-overlap, whereas the d,._,. orbital is primarily
engaged in the o-bonding to the framework O, ligands (assum-
ing the x- and y-axes intersecting O, ligand positions), and in a
considerably weaker d-type interaction with the terminal oxy-
gen, as well. The d,, orbital remains essentially nonbonding.
The resultant general scheme of the energy levels is shown in
Fig. 8 (note, it may be altered by changes in the local site
symmetry and oxidation state of the cations). All bonding
oxo orbitals are occupied by the 6 electrons provided by the
terminal O, moiety. In contrast, the nonbonding d,, and
the antibonding = ,, 8* and c* orbitals are occupied by the
electrons derived from the metal d” centres. Thus, for the d°-d*
TMI (exemplified by [VO,]" and [VO]*" hosted in BEA** VO,"/
MCM-22"%% or [VOJ** in ZSM-5%"), the M-O, bonds acquire a
distinct triple bond character (1o and 2x), and are the strongest
among the 3d series. For [VO]"/ZSM-5,"*° the bond order
decreases to 2.5, as in the high-spin d* configuration, the
antibonding m} becomes occupied.

Distinction between the diamagnetic [VO,]" (3d®) and para-
magnetic VO, and VO** (3d") cations, accommodated, e.g., in
the BEA zeolite, can be performed by MAS-NMR (Fig. 9a) in
combination with photoluminescence techniques (Fig. 9b,
and b,),”®® and EPR spectroscopy (Fig. 9c1-c3),>»'°
respectively. The resolved fine structure in the PL spectra of
[VO,]"/BEA reveals directly not only the V=0 bonds, but also
speciation of the vanadium(v)-oxo species (Fig. 9b2).

The superimposed EPR spectra of the paramagnetic
VO®" and VO, species observed in the dealuminated BEA zeolite
are shown in Fig. 9c1 and the component signals in Fig. 9c2
and c3, whereas the associated structures with spin density
contours are shown in Fig. 9c4.>* Different SOMO nature of
both species (d,._y» for VO*' and 3d,»/4s hybrid for VO,) is
well reflected in the dramatically different EPR parameters:
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S = 1.987, gy, = 1.983, g, = 1.927, |A,| = 8.4, |4,,| = 7.7, and
|Az.| = 20.7 mT for VO*', and VO,: g, = 1.803, g;, = 1.942, g, =
1.968, |A.| = 26.8, |4,,| = 32.8, and |A,| = 31.8 mT. The
isotropic hyperfine constant is extremely sensitive to the num-
ber of oxo-ligands, and therefore, can be used as a simple
diagnostic for resolving the oxo vs. dioxo dichotomy of the
vanadium(wv) species. Application of multifrequency EPR illus-
trates, in turn, a possibility of separation of the spectral 4(4,,)
and A, (A ) features of the VO*' entities exchanged in the
ZSM-5 zeolites, and may be helpful to reveal their possible
speciation (Fig. 9d1-d3).%”

With an increasing electron count, the antibonding =,
orbitals become progressively populated (Fig. 8), decreasing
the M-O bond order and weakening its strength. In the

a |‘

particular case of 3d* cations, the bond order drops to 2. The
resultant double bond in the M=O unit can be represented by
a quintet [Fe=0J*" ferryl species (d,'dy.'dy,'(d2_y2)" 6% 8 =2,
Fig. 8) stabilized in various zeolite matrices,’*"*""** which is
featured by the presence of a low-lying ferric-oxyl septet
(dy'de'dy.'(d2y2)'(dz2)!, o', S = 3),*° or by isoelectronic
[MnO]" units hosted in ZSM-5 and SSZ-39 (AEI) modelled by
DFT."** Yet, both [Fe==0]** and [MnO]" species hosted in the
MFI and AEI topologies exhibit different sitting locus, the
structure and stability of which depends considerably on the
distribution of Al atoms within the rings. The most stable
[Fe=O]*" species in ZSM-5 exhibit a square pyramidal (coordi-
nation number CN = 5) structure located in &-sites of the
6MR(T11/T11) rings with the Al atoms in the para-position,

[
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Fig. 9 Exemplary NMR (a) and photoluminescence spectra of vanadium(v)-oxo species in BEA zeolite (bs) and (b,), (B, o, vy indicate three vanadium
species of various structures), based on data published in the ref. 130 redrawn and modified for clarity. Simulated and experimental EPR spectra of
vanadium in the dealuminated BEA zeolite (c;) and the component signals of VO?* (c,) and VO, (c3) species, together with spin density contours
calculated for the VO, and VO?* species (c,), adapted from ref. 110 with permission from American Chemical Society, Copyright 2007. Experimental
(black) and simulated (red) EPR spectra of the VO?*/ZSM-5 sample registered at (d;) X-band, (d,) Q-band, and (ds) W-band, adapted from ref. 37 with
permission from Elsevier Inc., Copyright 2020.
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whereas [MnO]" species are most stable in the 10MR
(T12) rings, assuming a trigonal structure of CN = 3,"** char-
acteristic for intrazeolite monovalent species such as [CuO]" or
[ZnO]".

The [Fe=OJ]*" entity is known as o-oxygen and exhibits
unique reactivity toward C-H bond cleavage, which is
addressed in Section 4.3.3. Particularly, for the BEA topology,
the spin Hamiltonian parameters (S = 2 and the sign and
magnitude of D = 13 £+ 1 cm ") confirm the [’Fe(iv)=0]*
formulation of this species, definitely.'*”

In the case of the late intrazeolite transition metal cations
(Co, Ni, Cu), the high-valent states (z > 3) become more hardly
accessible. With an increasing electron number, the corres-
ponding M-O; bonds gradually lose their oxo character. For the
transition [Fe-O]" (dy'dy'd),"(dz2-)2)'(d2)" ©%, S = 5/2) and
[Co-0O]" (dy’dy'dy,'(d2—y2)'(dz2)" 67 S = 2) species, the bond
order (bo) drops to 1.5, decreasing further upon passing to
Ni**-0 (bo = 1) and Cu*"-O (bo = 1/2). Since the ©(3d,y,y,~2px,)
overlap is significantly decreased, such entities acquire a dis-
tinct metal-oxyl (M-O°) character with the high-spin metal core
magnetically coupled to the oxyl-moiety.'*® Elongation of the
M-O; bond, e.g, in the transition state while interacting with
reactants, weakens the 3d,-2p, overlap, favouring the highly
reactive oxyl state.'®” Finally, in the case of the closed 3d"° shell
the 3d-2p bond order ceases entirely, and, e.g., a [Zn"-O]"
bonding is realized essentially via the 4s-2p overlap,"** exhibit-
ing a distinct zinc-oxyl nature ((3d)'°(c)*(02p,)*(02p,)'(c*)°),
with the nearly degenerate non-bonding 2p, (HOMO) and 2p,
orbitals (SOMO), see Fig. 8.

Summarizing, vanadium, chromium, or molybdenum
terminal oxo-species are relatively rigid and disposed to
protonation'®® or an electro-protic activity (M*=0O + HR —
MCE~Y*_OH + R), which is mainly observed in the photocatalytic
reactions, where the reactive excited oxyl state, M*=—0 —
MED*"_0*~, becomes accessible by photon (hv) absorp-
1397141 or at elevated temperatures (typically 400-500 °C)
for thermal catalytic processes.**>'** In the case of Fe, Co, Ni,
and Cu, the terminal oxygen functionalities are more chemi-
cally labile (unstable), and featured by the co-existence (or close
lying and thermally available) electromeric M*-0°" «
ME V-0~ forms."*” They may appear as important intermedi-
ates, particularly involved in low-temperature catalytic redox
reactions (150-350 °C), entailing hydrogen or oxygen atom
transfer processes, exemplified by CH, hydroxylation'*>'** or
appear during N,O decomposition that requires somewhat
higher temperatures,'*® see Chapter 4.3.3 for more details.

A brief survey of typical spectroscopic Raman, IR, PL, and
UV-vis techniques used for the characterization of terminal Cr-,
Mn-, Fe-, Co-, Ni-, Cu-oxo, and Zn-oxyl species encaged in
various zeolitic matrices is shown in Fig. 10a-g.

Apart from providing the spectroscopic fingerprints for
identification and monitoring of the investigated species dur-
ing catalytic reactions, these examples also illustrate the struc-
ture sensitivity of the particular signals associated with the
mono-oxo and di-oxo states (Fig. 10a-f). It includes the effect
related with the Al content in the rings (Fig. 10a), local

tion
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symmetry distortion of the 6MR rings in the CHA vs. BEA
topologies (Fig. 10b), perturbation of T-O-T vibrations by
various mono-oxo Mn, Fe, Ni species (Fig. 10c), and the unique
structure features of the Zn-oxo entities (Fig. 10d). In the case
of bridging-oxo species (vide infra) the effect of the Si/Fe
(Fig. 10e), and influence of the Al atoms distribution within
the 6MR rings of the CHA framework on the Raman features
are shown in Fig. 10f. Formation of the trinuclear coper-oxo
clusters, [1-CuO];*>" accommodated in mordenite can be mon-
itored, in turn, by UV-vis spectroscopy (Fig. 10g). However, it is
important to critically evaluate many of the structural assign-
ments of such species reported in the literature.

As already mentioned above, a nucleophilic character (nega-
tive partial charge) of the TMI-OH ligands triggers interazeolite
olation and oxolation processes, which lead to the appearance
of various di- and tri- and even tetranuclear species containing
the bridging oxygen moieties (see Chapter 3). The structures of
homo-metallic bridging p-oxo, and bis(u-oxo) species of
various nuclearity for selected cations (Fe, Ni, Co, Cu, Zn) are
shown in Fig. 11a-c. Examples of heterometallic M;—(u-0O)-M,
analogues (predicted by DFT) include [Cu(p-O)Zn]** in MFI
and FAU zeolites™? or [Cu(u-O)Ag]** entities hosted in ZSM-
5."°% The nearest environment (sitting topology) exhibits a
noticeable effect on their stability, as illustrated by the p-oxo
[Fe(u-O)Fe]** species, and even more markedly by the bis(p-oxo)
[Fe(n-O),Fe]*" species accommodated in the a, B, y, § positions
of the ZSM-5 zeolite (Fig. 11d1 and d2)."**

It should be emphasized that univocal spectroscopic
identification of the particular oxo-entities in the presence of
speciation, which is a typical case, is a challenging endeavour.
Overlapping of signals, insufficient structure sensitivity, and
poor resolution are typical impediments. These can be exem-
plified by Fe/ZSM-5 zeolites, which may exhibit UV-vis bands
virtually identical to those of isolated and dimeric oxo iron sites
when the antiferromagnetic coupling is weak.®® Therefore, the
application of site-selective spectroscopies such as variable-
temperature and variable-field magnetic circular dichroism
(VIVH-MCD), resonance Raman, EXAFS, or advanced multi-
frequency EPR techniques, especially when combined with
isotopic labelling, provides the most reliable information on
metallozeolites regarding the actual nature of the active sites.”

Apart from the electronic structure, magnetic interactions
may also exert an appreciable influence on the catalytic activity
of the oxo-species. Therefore, their spin state and the structural
and orbital factors that determine the magnetic exchange
coupling between the TMI should also be examined for a
thorough understanding of the structure-reactivity relation-
ship. This issue has been recently addressed in the case of
bridging [Cu(u-O)Cul** cores hosted in CHA and MFI
zeolites."®" The dissimilar spin states, antiferromagnetic in
MFI and ferromagnetic in CHA, revealed by variable-
temperature/variable-field magnetic circular dichroism spectro-
scopy, exhibit different reactivities in CH, hydroxylation. Cou-
pling between both Cu®" (S = 1/2) cations of the intrazeolite
[Cu(u-O)Cu]** species leads to an antiferromagnetic (S = 0) state
in Cu-MFI (Fig. 12a) and ferromagnetic (S = 1) ground state in
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Fig. 10 Survey of spectroscopic techniques used for probing the intrazeolite metal—oxo species. Raman spectra for the Cr/ZSM-5 (Si/Al = 15) catalyst
(a).14® UV-Vis spectra of iron in CHA and BEA (b),**” FTIR spectra of Ni-, Mn-, and Co-ferrierite samples showing perturbation of the region of T-O-T
vibrations by the corresponding oxo-species (a-oxygen), illustrated here by distant binuclear centers (c),**® UV-vis-NIR vibronic absorption spectra of the
isotopically labelled Zn"-0O*~ complex formed in the MFI-type zeolite framework (d).**’ in situ UV resonance Raman spectra of the high-temperature-
treated Fe/ZSM-35 samples with different Si/Fe ratios (€).24° In situ steady-state Raman spectra of Cu/CHA-I (top) and Cu/CHA-M (bottom) after
activation with 60, and 20, and the corresponding structures along with the simulated Raman spectra (f).2*° In situ UV-vis spectra of Cu/MOR during
activation in O, at 200 °C and the corresponding difference spectra (blue) obtained by subtracting the initial spectrum (g).*>* The figure was based on data
from the quoted references.

Cu-CHA (Fig. 12b). Surprisingly, it does not dependent on the
Cu-O-Cu angle (as it usually is observed in homogeneous

156 |
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complexes), but is governed by the mutual arrangement of
the bidentate (n-type ligation) moieties linked to the two copper
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the o, B, v, & positions of ZSM-5 zeolite.1>* The figure was based on data from the quoted references.

cations (AlO-Cu-OAl). Therefore, the zeolite framework topol-
ogy imposes unique spin patterns in the [Cu(u-O)Cu]** cores,
resulting in a distinctly different magnetic structure and reac-
tivity through the rigid, stereo-specific bidentate ligation
effect.’®!

Molecular orbital interpretation of the magnetic structure of
the exchange-coupled oxygen-bridging cores can be analysed
with the DFT broken symmetry (BS) calculations, taking as an
example the [Fe(u-O),Fe]*" species hosted in ZSM-5 zeolite."®>
The relevant magnetic orbitals are visualized in Fig. 12c. The
o/f pairs of magnetic orbitals shown in Fig. 12c constitute
symmetric magnetic exchange pathways between the 3d Fe
states via the in-plane o-n overlap (orbitals 1, 2, 4), and the
out-of-plane n-m overlap (orbitals 3 and 5) mediated by the 2p
oxo orbitals. Such pathways indicate that the antiferromagnetic
coupling is realized by the superexchange interactions via
both p-oxo bridges.'®® The spin coupling parameter J can be
calculated within the broken-symmetry approach using, for
example, the Eys — Eps = —(25,S, + S,)J equation, which has
been demonstrated to provide more accurate coupling con-
stants for DFT calculations.'®* The J values for several dinuclear
oxo and hydroxo species hosted in the 6MR and 8MR
rings of SSZ-13 and in ZSM-5 zeolites can be found elsewhere,
along with the impact of the magnetic interactions on
N,O decomposition.'®>'® These points are discussed in
Chapter 4.3.3.

This journal is © The Royal Society of Chemistry 2026

3. Thermodynamic factors influencing
the speciation of metal centres in
zeolites

The chemistry of TMI in zeolites is complex because of specia-
tion into isolated bare cations (of different valence state M™"),
isolated oxygen-containing species (metal-oxo and metal-oxyl
complexes), dinuclear oxo-cations, larger oligomeric metal-oxo
species, and segregated M, O, oxide particles that often coexist
within the same zeolite catalyst. They may undergo distinct
transformations evolving significantly under different condi-
tions, ranging from catalyst pretreatment and activation to
actual reaction conditions.”"'®°

The most important chemical processes during activation of
metallozeolites include hydration, hydroxylation, olation, oxo-
lation, auto-reduction (in vacuo) or oxidation in the presence of
0,.33167:18 The interrelation of these processes for zeolite TMI
centers (M"") associated with single (z;) and double (z,) alumi-
num sites (isolated and dual exchange centers, respectively),
which bear a formal negative charge of —1 and —2, is schema-
tically illustrated in Fig. 13, and the corresponding reactions
are summarized in Table 3. The possibility of further transfor-
mations of dual metallic centers into polynuclear metal-oxo
species is discussed below (Fig. 16). First-principles thermo-
dynamic modelling is often used to provide a clear background

Chem. Soc. Rev., 2026, 55,144-209 | 157


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00346f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 07 November 2025. Downloaded on 2/18/2026 8:48:48 AM.

(cc)

Chem Soc Rev

Ms = +/-1

09K =

View Article Online

Review Article

} }
T~ (“7\&
{34 ) $=0.19 3p )
X‘ﬁ\/z’t ’7\\/‘!:
{ . {

2a J §=0.10 ZB ]
( (
10 S =0.09

Fig. 12 Structural features of the Cu—O—-Cu entities that lead to an antiferromagnetic coupling in MFI (a) and a ferromagnetic coupling in CHA (b), based
on data from ref. 161. Broken symmetry picture (UKS B3LYP/SOMF TZV/CP(PPP) calculations) of the magnetic structure of the [Fe(u-O),Fel®* species

hosted in ZSM-5 zeolite matrix (c).

for relating the feasibility of these processes to their energetics
and various T,p conditions.

3.1. First-principles thermodynamics of metallozeolites

One of the most useful computational techniques applied for the
modelling of metallozeolite catalysts beyond the basic “0 K/UHV
model”'® is the first principles thermodynamics (FPT). It inte-
grates density functional theory (DFT) with statistical physics to
describe the stability, possible transformations, and reactivity of
the investigated system at the atomic level, as a function of the
temperature and pressure of reactants.'’”'”! After appropriate
adaptation, FPT is now routinely applied in modelling of the
zeolite catalytic materials and their adsorption properties.'>'%>172
Typically, (i) a parent zeolite network distinct by the amount and
distribution of Al atoms, where formal negative charge generated
by z AIOH, units is counterballanced by z protons (zeolite (zH)),
(ii) a bulk metal (Mui — serving as the source of the metallic

158 | Chem. Soc. Rev, 2026, 55, 144-209

centers), and (iii) relevant gaseous reagents that may interact with
the zeolite centers (e.g., HyO(gas) and Oy(eaq) in case of catalyst
pretreatment) are used as convenient reservoirs of the involved
species. Such an assembly is shown in Fig. 16a,, where gas phase,
bulk metal, and zeolite parts (b4, b,, and b, respectively) are used
to build a specific model of metal-exchanged zeolite interacting
with exemplary O, and H,O) molecules. In this case, general
equilibrium reaction (eqn (3)) of the zeolitic system (M,H,O,,)
formation may be formulated as:"**

2m—n+z

ZCOlitC(ZH) + XM(bulk) + 1 ; ZHgO + 2 O,

> zeolite(MH,O,,) G

with the reaction energy defined by eqn (4).

n—z
2
Eo, ()

— xEym —

AE = Ezcolilc(MxH,,Om) - Ezcolitc(zH) EHZO
2m—n+z

4
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Table 3 The most important chemical processes taking place during the synthesis and activation of metallozeolites. The formal negative charge of the

zeolite framework associated with tetrahedral (AlO4)~ units is denoted z

Autoreduction of oxo-species
Z[MVH_OZ—
Direct oxidation to metal-oxo species

1z) = 2M2*(2) + O,

M"™(2) + 1/20,) = [M-0]"'(2)

Intrazeolite hydrolysis

Associative hydration

Dissociative hydration (hydroxylation)
Agglomeration into oligomeric metal-oxo entities
Olation

Oxolation

Oxidative oxolation

Merging of metal-oxo species

where Eyeolite(m, 1,0, 1S the total energy of the metal containing
zeolite with active sites covered by water/oxygen, Ejcolite(zt) 1S
the energy of the initial H-form of the zeolite with z Al sites
and z protons, whereas Ey, En,0 and Eo, correspond to
the computed total energies of bulk metal M, gaseous water,
and gaseous dioxygen, respectively. The AE values are
obtained from periodic DFT calculations, which assure fairly
good accuracy in combination with good computational
efficiency. Geometries and energetics computed using
hybrid functionals (e.g., B3LYP, B3PW91,'”> and PBE0""%),
complemented by inclusion of the semiempirical treatment
of the dispersion interactions,"”>'”® generally align well with
experimental results, and high-level post-HF calculations, as
well.'”7'7®  However, benchmark calculations comparing
different levels of the DFT methods are highly valuable,
allowing for sensible selection of the required computational
Scheme.172’179_181

This journal is © The Royal Society of Chemistry 2026

M™(z) + mHzO(g) = (2M""~(H,0),,
M™(2) + H,0) = M(OH)" V*(z) + H"
M

(OH)"V'(2) + M™(z) — (M-OH-M)*""V'(z,)
-OH-M)®""V¥(z,) > (M-0-M)®" 2'(z) + H'(2)
3[(z)M>*-OH )] + 1/20, — (2,)[M;(1-0)3]*" + H,0 + H'(2)
2[MO]"(2) — [M(n-0)M]"" (2,

The change in the free energy AG due to intrazeolite
chemical processes is given by:

2m—n
=AE
+ 4

AG(T.p) Ao, + "5 Ao (5)
where the chemical potential differences of gaseous reactants
(herein Apo, and Auy o) are obtained applying standard statis-
tical thermodynamics.'®> Using gas-phase molecules as a refer-
ence state for interaction with the active sites, the changes in
chemical potential correspond to the external equilibria with
reactants located outside the zeolite channels (Fig. 14a; with
the reference states taken from (Fig. 14b,-b3)). For modelling
the internal equilibria, the intrazeolite molecules (molecule))
are used as a reference state (Fig. 14a, with the reference states
taken from Fig. 14b,-b,). The entropy correction for the in-cage
molecule can be calculated using molecular dynamics

methods'® ™% or estimated by scaling, for instance, to the
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NH,;-TPD peaks for catalysts with well-defined active sites.'”* It

is noteworthy to recognize that the Al configuration may not be
constant under experimental conditions.'®® As a practical
solution, several stoichiometric or configurational models of
the zeolite catalyst can be evaluated comparatively.

Thermodynamic phase diagrams, constructed using first-
principles data, provide insight into the various aspects of
metal-zeolite chemistry within the widespread operational
limits of pressure, temperature, and composition. They are
typically presented in the form of 3D (see Fig. 14c,) and
2D (Fig. 14c,) plots, where the Gibbs energy is plotted as a
function of temperature and the pressures (or chemical
potentials) of the reactants. Due to the constraints imposed
by the 2D/3D representation, thermodynamic properties are
often presented assuming variable temperature and the partial
pressure of one gas reactant, with the other variables fixed or
constrained by the reaction stoichiometry (e.g., NO/NH; = 1 in
SCR reaction).

As an example, the stabilities of different iron species
present in the Fe/SSZ-13 zeolite are compared in Fig. 14c, as

160 | Chem. Soc. Rev., 2026, 55, 144-209

a function of temperature, with the oxygen and water partial
pressures fixed at po, = 0.01 atm, and py o = 0.005 atm. At low
temperatures, the most stable form is the hydrated
Fe*’(H,0)(z,) center, which releases a water molecule at
around 250 °C. The hydroxylated forms, Fe**(OH)(z) + H'(2),
are slightly less stable than the hydrated Fe cations across the
entire temperature range (thus, both forms may coexist). In
contrast, the terminal iron-oxo species, [FeO]*'(z,), of the
highest free energy, are not expected to appear in the whole
temperature range.

To present the results more explicitly, often only the lower
envelope of the FPT diagrams (defining the most stable species)
is shown (Fig. 14d). Such a 2D diagram, for instance, reveals the
thermodynamic conditions of copper auto-reduction in the Cu/
SSZ-13 zeolite.'®! For low water vapor pressure (pg,o = 10°°),
three stable dual-, and one mono-copper sites are expected
depending on the (T,p) conditions. At lower temperatures
(T < ~500 K), regardless of the oxygen pressure, the Cu-
(OH),—Cu(z,) dimer dominates, whereas at higher temperatures
it transforms into an oxygen-bridged entities, Cu-O-Cu(z) +

This journal is © The Royal Society of Chemistry 2026
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Fig. 15 2D thermodynamic diagram representing stability of iron active centers formed within the six- or eight-membered rings (6MR or 8MR) of
Fe/SSZ-13 (ay), together with the associated XANES spectra simulated for the most important species (a,).*¥” The expanded diagram (b) comparing
the stability of Fe species on isolated (z;) and dual (z,) exchange centers positioned in 8MR and 6MR rings of CHA zeolite with different Al distribution
(Al;_3 vs. Al;_4).*® Calculated (HSEQ6-TSvdw) copper speciation phase diagrams for 1Al (c;) and 2Al (c,) exchange sites of Cu/SSZ-13.88 Phase diagrams
for iron speciation in Fe/SSZ-13 zeolite as a function of relative O, pressure and temperature with p(H,O) set at 0.02 atm, constructed for sites stabilized
within the z,-8MR (dy) and z,-6MR (d,) rings.X®® The figure was based on data from the quoted references.

H(z), with desorption of a water molecule, or into a Cu-(OH)-
Cu(z,) dimer upon losing the OH group. These transformations
are controlled by the oxygen pressure with a threshold value of
~0.01 atm. Under the most reducing conditions (highest T and
lowest po,, orange area), copper bridges are expected to decom-
pose, leading to the formation of two adjacent highly reactive
monomeric copper(i) centres (Cu(z)) (Chapters 4.3.1 and 4.3.3).

FPT modeling is also a convenient tool that enables compar-
ison of the stability and evolution of intrazeolite active sites
such as (z)FeOH, (z,)FeOH, (z)FeO, (z,)[FeO]**, (z)Fe-OH, in
the six- or eight-membered rings (6MR or 8MR) of Fe/SSZ-
13."%” The corresponding phase diagram (Fig. 15a;) implies
that H,O prefers to adsorb on a Fe' cation in a wide range of
temperatures. However, the hydrated sites are much less stable
than the hydroxylated (z)FeOH and (z)FeO species, which
dominate at low and high temperatures, respectively. The
most energetically favourable sites for iron accommodation
are 6MR rings (Fe in 8MR are less stable by 0.5 eV). Still,
upon ligation of water, hydroxyl, and oxygen species, the energy
gap between Fe located in the 8MR and 6MR sites becomes
negligible. The K-edge of XANES spectra (see the simulated
spectra in Fig. 15a,) is diagnostic for the presence of those
ligands in the coordination sphere of the Fe cations."®”

A more advanced analysis of the stability of different iron
forms in the isolated (z) and dual (z,) exchange centers in the
chabazite-type zeolite is ilustrated in Fig. 15b, where ring
multiplicity (SMR vs. 6MR), internal aluminum distribution
(Al;_3 vs. Aly_,), formation of bridged species and the possibility
of iron existing in higher oxidation states are taken into
account as well.’®® This diagram can be used to track the
evolution of Fe sites under various pretreatment conditions,
showing that autoreduction temperatures and water desorption
conditions are highly dependent on the proximity of aluminum
atoms and the nuclearity of iron.

This journal is © The Royal Society of Chemistry 2026

In the case of Cu/SSZ-13 zeolite, the akin phase diagrams
representing evolution of CuOH(z) and Cu(Z,) as a function of
temperature and O, pressure at fixed H,O pressure,'®® are
shown in Fig. 15c¢; and c,, respectively. Both Cu sites are
hydrated under ambient conditions (where solvated Cu*"-H,0O
and [CuOH]" dominate), and become dehydrated at elevated
temperatures in an O, environment. However, only CuOH(z)
species undergo autoreduction to monovalent copper (Cu(z)) in
the inert environment (Fig. 15¢,). The preference of populating
the Cu(z,) sites over CuOH(2) sites is independent of the extent
of hydration."

A comparison of the Fe ions’ stability in the 8MR (Fig. 15d,)
and 6MR (Fig. 15d,) rings of the Fe/SSZ-13 zeolite as a function
of T, po,, and py o' revealed a dramatic impact of the ring
multiplicity on the distribution of dimeric iron centers. At room
temperature, the most stable species are the iron-dimers
ligated by water (without their detachment from the
framework). They are initially in the most stable trivalent
state, and as the temperature rises, all sites transform into
partially dehydrated entities at 7= 100 °C and 450 °C for 8SMR
and 6MR, respectively. An additional difference of even greater
significance for the catalytic activity arises from the fact that the
dimers in the 8MR ring transform into (z)Fe-(p-O),-Fe(z)
bridging species, while the 6MR dimers are stabilized as
(z)Fe-(OH),-Fe(z). The latter sites contain divalent iron and
may be treated as “‘autoreduced” (similarly to the monocopper
sites in Cu-/SSZ-13%"'%®). The autor-eduction temperatures vary
widely from site to site, and the high-temperature activated
zeolites are expected to contain a mixture of Fe** and Fe**. The
validity of such prediction has been proven for Fe/ZSM-5 and
Fe/Y zeolites heated in helium (or in vacuum) using the X-ray
absorption and Méssbauer spectroscopies.'®*"%°

Going beyond the charged mono- and dimeric centres
requires a sensible postulation of proper chemical processes

Chem. Soc. Rev,, 2026, 55, 144-209 | 161
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Fig. 16 Possible transformations of a cubic Fe4Og cluster (a), together with the FPT diagram representing the stability of the most important iron forms
in the 3D (a,) and 2D (as) representation, based on data from ref. 154. The relative stabilities of multi-nuclear copper species hosted in the ZSM-5 zeolite,
as a function of Ao (by) and (T,po,) (b2), based on data from ref. 191. The stability correlations of the Fe?*, [FeOI**, and [FeO]** species accommodated in
the ferrierite o, B, and v sites (c), adapted from ref. 195 with permission from Wiley, Copyright 2025. The CuOH/Cu fraction plotted as a function of the
Si:Al and Cu:Al revealing regions representing a composition space where Cu?* species dominate (below white line), and a space where gradual
increase in the [ZCuOHI* fraction is expected (above the white line), white circles denotes experimental results (d), adapted from ref. 188 with permission
from American Chemical Society, Copyright 2016. Distribution of Cu?*, Cu*, [Cu,OHI?* species (coded with blue, red, and green, respectively), presented
as pie charts for Cu/SSZ-13 zeolite hypothetical samples (e) based on data from ref. 61. Samples (e1)—(es) differ in the distribution of the monomeric and
dimeric exchangeable 1Al and 2Al centres, in Al pair arrangements, and in defect concentrations (d) and are studied under different conditions (top and
bottom row).

interconnecting the dispersed and oligomeric metal species in  Fig. 16a;."”" Its decomposition into binuclear species (via
the presence of H,0, O,, and the zeolitic protons as well. An protonation at Brgnsted acid sites) proceeds either through
exemplary diagram representing possible transformations of a  hydrolysis, leading to isolated oxygenated or hydroxylated
bulky Fe,Og cluster hosted in the Fe/ZSM-5 zeolite is shown in  mononuclear species, or through dehydration, forming oxo-
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bridged [Fe(u-O)Fe]** species. Thermodynamic diagrams
confirm that the intrazeolite [Fe(u-O)Fe]*" and [Fe(u-O),Fe]**
binuclear complexes represent the most stable species under
typical reaction conditions (Fig. 16a2-a3). They preferentially
occupy the v site (SMR), but other iron varieties of comparable
stability can also lodge at the o, d, and P sites (6MR).
Oxygen pressure controls the thermodynamically preferred
mixing between the [Fe(u-O)Fe]*" and [Fe(u-O),Fe]*" binuclear
clusters. The formation of Fe®" ions and binuclear com-
plexes occurs only at high temperatures, aligning well with
experimental observations.'>*

Comprehension of thermodynamic conditions is crucial
when analysing multinuclear copper species in ZSM-5 zeolites,
as the stability of the extra-framework complexes involved is
strongly influenced by temperature and the composition of the
gas phase (Fig. 16b1 and b2)."*' The binuclear Cu sites corre-
spond to the lowest-energy structures, yet under the O,-rich
conditions, typically employed for the activation of Cu/ZSM-5
catalysts, when T- and p-related effects are taken into account,
the [Cus(u-O);]** trinuclear complex turns out to be more stable
than the mono- and binuclear species. The intrazeolite mono-
nuclear oxo- and hydroxo-complexes are generally less stable
than the oligonuclear species.">™%*

The thermodynamic analysis can also be used to draw more
general conclusions than the relative stability of TMI within the
given zeolite network structure. For example, a noteworthy
analysis of the FTP data on iron species stabilized in the
6MR, 8MR sites of chabazite, and a, B and vy sites of ferrierite
zeolites (Fig. 16c¢), allowed for the demonstration that there is a
distinct linear correlation (R* ~ 0.9) between the stabilities of
the Fe**, [FeO], and [FeOH]" species."® This implies that the
stability trends of the related Fe>*, [FeO], and [FeOH]" species
with the varying framework type and the Al distribution remain
consistent, regardless of thermodynamic conditions, and are,
therefore, of a more general character.

View Article Online
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The impact of Al arrangements on the monomer and dimer
configuration of Cu cations and their oxidation state, concern-
ing the auto-reduction of Cu in SSZ-13,'%® is illustrated in
Fig. 16d. Within the assumption that the exchanged copper
ions initially populate all available dual sites as Cu**/z,, before
occupying 1Al sites in the form of Cu**OH/z, the CuOH/Cu
fraction can be assessed as a function of the Si:Al and Cu:Al
ratios.’”®'?” Two distinct regions, where Cu®" species asso-
ciated with 2Al are expected to dominate (below the white line),
and where a gradual increase in the Cu®’OH/z fraction is
predicted (above the white line), can be distinguished. This
diagram helps to rationalize the speciation of copper in real
catalysts (white circles) depending on the Al/Si and Cu/Al ratios.
Furthermore, the pie charts can be used for concise illustration
of the relative contributions of key copper species in CHA®'
(Cu® - blue, Cu®" - red, [Cu,OHJ*" - green), depending on the
zeolite composition (Si/Al, Al pair arrangements, defect con-
centrations) and thermodynamic (oxidizing or reducing) con-
ditions (Fig. 16e).

4. Interfacial coordination chemistry —
principal pathways of ligation

4.1. Molecular picture of ligation

Most simply, the binding of reactants to encaged metal c
entres can be rationalized in terms of the molecular
orbital diagrams, which can be categorized into normal
(NEL), mixed (MEL), and inverted (IEL) energy level schemes
(Fig. 17a4, a,, and a3, respectively).’®® In the case of open-shell
cations such as Fe** (S = 2), Co®" (S = 3/2) Ni** (S = 1) or Cu**
(S = 1/2), typically involved in important catalytic reactions with
zeolite materials,">'®'*® for sensible interpretation the
corresponding energy level diagrams should be constructed
for the o and B channels separately, including the exchange
splitting (see Fig. 8). In the normal scheme (Fig. 17a,), the 3d
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Fig. 17 Schematic representation of the metal-ligand energy levels (a;)—(as), epitomic representation of the Pauli shield (b)

magnetophore

198 and principal types of the

molecular orbital overlap sorted by symmetry (c). Five categories of the spin density distributions defining a magnetophore of the open-shell intrazeolite
adducts (d), and an exemplary illustration of a zeolite nano-cage reactor with the associated signifiers (e).
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levels of the metal centre lie above the occupied levels of the
ligands. Since the filled 3s”p® sub-shell shields the inner 3d
orbitals, the resultant Pauli repulsion leads to ‘stretched’ M-L
bonds, which secures the integrity of the 3d" configur-
ation upon ligation.'® This classic Werner-type scheme is
characteristic of the intrazeolite 3d cations, typically in the 2+
oxidation states interacting with the innocent s-donor ligands
such as NH; or H,O (see Chapter 4.2). Intrazeolite adducts with
more extensive metal-ligand covalency may lead to the mixed
(MEL) pattern (Fig. 17a,). In the most extreme situations, when
3d levels are situated below those of the ligand, which may be
caused by enhanced oxidation state and/or exchange
interactions (in the case of open-shell systems), an
inverted scheme (IEL) shown in (Fig. 17a3) is appropriate.
Two mechanisms can be distinguished by which the
Pauli shield (Fig. 17b) can be breached, and the 3d" integrity
of the metal core perturbed. When the cation oxidation
state becomes too positive, the 3d orbitals are shifted down
in energy so far that the Pauli shield can be broken (from
‘outside’) by the redox ligands. Analogically, when the 3d
orbitals become sufficiently electron-rich, they may overcome
the Pauli shield from ‘inside’ and transfer electron density onto
ligands (such as O,), altering the 3d" configuration of the metal
core.®® These binding modes are discussed in detail in
Chapter 4.3.

Attachment of molecules to the caged transition-metal
cations via o, m, and § type overlap (Fig. 17¢) may occur in an
isodesmic (with conservation of the number of bonds) or an
alterdesmic (with a change in the total number of bonds) way.
In the former case, new covalent bonds with the coordinated
reactants are formed at the expense of the strained bonds
between the metal center and the zeolite O, ligands. The
simplest behaviour of intrazeolite transition metal complexes
of NEL character in the catalytic redox process consists of
oxidation or reduction of the metal centre only, leaving the
redox state of the ligands unaffected. Yet, the ligands control
indirectly the redox properties of the metal core by modifying
the energy levels of the 3d orbitals (see Chapter 4.2.4). In some
cases, however, ligands can also participate in the redox
process. Then, such ligands are referred to as non-innocent
or redox ligands (see Chapters 4.3.1 and 4.3.2).

As a result, the four leading roles the ligated molecules can
play in the catalytic reactions are as follows. (i) Tuning of the
metal catalytic properties through reduction/oxidation, which
strongly influences the affinity to capture reactants, and the
mechanistic course of ensuing follow-up reactions. (ii) Acting
as an “electron-reservoir” in the case of redox active ligand,
which allows the metal to store and release electrons on the
ligand moiety (anionic redox) in the elementary steps unavail-
able on the metal core only. (iii) The formation of reactive
ligand-radicals that actively participate in the making and
breaking of chemical bonds during catalysis. (iv) The modifica-
tion of the substrate reactivity in cases where the substrate
itself acts as a redox non-innocent ligand.”*°

The redox reactivity of the open-shell species, in particular,
is governed by the spin density distribution between the metal
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core and the ligated molecule that both constitute a common
magnetophore. The latter notion, analogous to the chromo-
phore in optical spectroscopy, refers to the molecular fragment
of a paramagnetic adduct where the bulk of the spin density is
confined, thereby determining the magnetic properties of the
entire system essentially. Three main magnetophore patterns
are categorized as ligand-centred, mixed, and metal-centred
(Fig. 17d). The locus of the highest spin density defines the
centre of the preferential attack of paramagnetic reactants such
as NO, O,, or NO, (see Chapter 4.3.2). The zeolite aperture
controls, in turn, the accessibility of these centres to the
reactant molecules. In contrast, the speciation and reactivity
of the active sites are significantly influenced by the framework
topology and the associated confinement effects, as well as the
Si/Al and M/AI ratios, and the spatial distribution of the Al
atoms. Those aspects are epitomized in the form of a zeolite
nanoreactor in Fig. 17e.

4.1.1. Orbital interaction analysis. Metal centres
embedded within the zeolite framework exhibit complex inter-
actions with the zeolite framework, and the conventional
bonding descriptors (total energy, bond length, bond order)
cannot sensibly characterize the reactant molecules. Thus,
natural orbital for chemical valence (NOCV) analysis®"
becomes an insightful tool for probing orbital interactions
within metal-zeolite systems, offering an advanced under-
standing of bonding, charge transfer, and electron distribution
in these materials. NOCV analysis enables the separation and
quantification of electron and spin density transfer channels,
such as n-backdonation or c-donation, between virtually deli-
neated interacting fragments. The pairs of the natural orbitals
for chemical valence (¥ _;, ;) allow for decomposition of the
differential charge density, Ap, into the particular NOCV con-

201

tributions (Apy):

M/2 M2

Ap(r) = Z v [ () + 9l (0] = ZAPk(”) (6)
k=1

k=1

The v, stands for the NOCV eigenvalues, and M for the
number of basis functions. The eigenvalue expresses a frac-
tional electron population transfer in each electron flow chan-
nel. For open-shell systems, the decomposition is carried out
separately for the o and B electron densities (spin-resolved
NOCV). Afterwards, the contributions of similar orbital char-
acter appearing in both spin densities can be treated jointly.
The NOCV analysis, combined with the Ziegler-Rauk extended
transition state energy decomposition scheme (ETS-NOCV),>*?
allows for the partitioning of the total orbital interaction energy
into particular NOCV channels (k,—k):

M)2 M)2

Moy =Y i [-FT L+ EB] =S AE™  (7)
k=1 k=1

The integrals F}° = (i|V?/2 + Vye + Vo[p™] + Vi[p™]lj) are
matrix elements of the Kohn-Sham operator evaluated for the
electron density at the “TS” state, which is given by p™ = 1/2p +
1/2p° (p and p° represents the electron density of interacting

This journal is © The Royal Society of Chemistry 2026
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and non-interacting fragments, respectively).”®> The NOCV
method has enabled a deeper understanding of the origin of
the IR red shift of the stretching C-C frequencies due to metal-
ligand bonding on the Cu and Ni centres of ZSM-5 zeolite,>**
and it has also provided a reliable description of various non-
covalent interactions.’***°> The ETS-NOCV analysis has also
been used to unravel the binding mechanism of dinitrogen,
carbonyl (Chapters 4.2.3 and 4.2.4), superoxide (Chapter 4.3.1),
and nitrosyl adducts (Chapter 4.3.2) of nickel, copper, and
cobalt ions in the exchangeable positions of various zeolites.

4.2. Ligation of innocent molecules

Innocent molecules such as H,0O, NH; are the non-redox
ligands that interact with metal centres in metallozeolites
primarily through sigma-donation (Fig. 17a1). The strength
and nature of sigma-donation depend on several factors,
among them, the most important are electronegativity and
hardness/softness of the metal centres (according to the
HSAB principle, where Cu®*, Ni**, Fe*", etc., exhibit different
affinities towards innocent ligands), availability of coordination
sites on the metal ion within the zeolite framework, and the
intracage solvation effects that may modulate metal-ligand
interactions.”*®°® Moreover, the ability of innocent molecules
to form multiple coordination o-bonds (poly-molecular adsorp-
tion) with metal ions is controlled by the oxidation state and
the electronic structure of metal ions, and the cage size of the
zeolite framework.”*>?'° It is well established that the inter-
action of H,O and NH; with metallozeolites can also lead to
partial or complete detachment of the metal ion from the
zeolite framework.>'" This occurs through ligand-induced sol-
vation, where strong coordination of ligands stabilizes the
metal ion inside the cage. This effect plays a vital role in
modulating the catalytic activity within the zeolite pores. In
light of these facts, although such reagents are considered
innocent, their impact on the catalytic and adsorption proper-
ties of metallozeolites is significant. Other innocent ligands,
often used to probe the valence and coordination states of the
intrazeolite TMI by IR, are CO and N, molecules. Although their
adsorption energy has a pronounced dispersion component, a
minute electron exchange between the ligated N, or CO and the
metal is responsible for the observed site sensitivity (see
Chapters 4.2.3 and 4.2.4).

4.2.1. Intrazeolite hydration of TMI. Water and hydroxyl
groups serve as the primary ligands in metal-exchanged zeolites
immediately after synthesis and catalyst activation (Chapter
3.1). Another common source of water is its autogenic produc-
tion during catalytic reactions such as oxidation of hydrocar-
bons, NH; or NH;-SCR, where water molecules are either final
or intermediate products.**>"?

While water is often considered a co-reagent in catalytic
processes and implicated in specific reaction steps,>*213214
more general studies aiming to identify general trends in its
interaction with metal centres are relatively scarce. In this
context, B3LYP-DFT cluster calculations of water adsorption
on various divalent metal centres (Zn>*, Cu®*, Ni**) stabilized at
exchange positions I and II in zeolite Y (Fig. 18a) can be invoked

This journal is © The Royal Society of Chemistry 2026
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as a suitable example.”” The oxidation state and type of the
cation have a greater impact on the adsorption than the specific
exchange position. An ALMO (absolutely localized molecular
orbitals) analysis,**®*'” allowed for the decomposition of the
adsorption energy into none-CT (non-charge transfer), ligand to
metal charge transfer (CT(X — MY)), metal to ligand charge
transfer (CT(MY — X)), and CT(HO) terms. This reveals that the
electronic H,O-TMI interactions are primarily governed by the
non-CT and CT(X — MY) contributions, in contrast to those
previously studied for alkali metal sites.

Comparison of water adsorption on divalent cations (Cu*",
Zn>*, Fe*") incorporated in FAU zeolite (see Fig. 18b;-bj)
shows that Zn>" and Cu®" exhibit the strongest interactions
with water, with the adsorption energies of —105.3 k] mol*
and —81.6 k] mol ™, respectively.”'® These values, comparable
to those of alkaline earth metal cations, may be attributed to
their significant HSAB hardness. This is further supported by
the iso-surface electron density contours (Fig. 18bs, insert),
which agree well with theoretical studies on mordenite, where
the influence of high (HC) and low (LC) coverage is illustrated
(Fig. 18¢).>"*°

A more thorough approach to studying water ligation
involves a set of copper multi-aqua complexes in different
configurations (Fig. 18d;-ds)*’ to construct 2D thermodynamic
stability diagrams for the 8MR (Fig. 18e;) and 6MR (Fig. 18e,)
exchangeable sites of CHA zeolite. This analysis reveals the level
of ligation at which a copper cation is pulled out from the
zeolite rings, gradually acquiring considerable mobility within
the cages. Regardless of the site, this occurs when four H,O
ligands are bound to a Cu cation. When the charge of the
cation is reduced, a smaller number of solvent molecules is
needed for the detachment, as illustrated by Cu'(H,0), species
entrapped in mordenite."® Then, the polyaqua-complexes
exhibit sufficient mobility to migrate between the zeolite
channels. For selected H,O pressure of 10 (typical for the
NH;-SCR reaction, marked with a dashed line), this condition is
met below 125 °C (8MR) and below 75 °C (6MR).

4.2.2. Coordination of NH; and interpretation of NH;-TPD
profiles. Essentially, NH; exhibits stronger binding to TMI
than H,O due to its higher electron-donating ability, resulting
in the formation of more pronounced c-bonds.?'' In the
metal-zeolite catalysis, the adsorption and desorption kinetics
of NH;, and the associated modification of the coordination
state and redox properties of the intrazeolite TMI play an
essential role, particularly in NH;-SCR**77%* and AMO** reac-
tions. These processes are chiefly studied for Cu in the small-
pore zeolites, and both mononuclear and binuclear copper
species serve as the primary adsorption sites.”*>**' Much less
attention has been paid to other transition metal ions.****>
Bronsted acid sites also contribute to NH; capture, leading to
the formation of NH, -nNH; associations, which can compli-
cate the interpretation of experimental NH, uptakes,**?
whereas extra-framework Al species play a minor role.”**
addition to spectroscopic techniques (mainly IR), temperature-
programmed desorption (TPD) of NH; is widely used for coarse
characterisation of both metal Lewis (LAS) and Bronsted (BAS)
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Fig. 18 Adsorption of water on divalent metal centres (Zn?*, Cu?*, Ni?*) located at the exchange positions | and Il in zeolite Y, together with ALMO EDA
analysis for Zn?* in Il site of Y zeolite (a), based on data from ref. 215. Cluster models (b;) and (b,) and water adsorption energies on Cu?*, Zn?*, and Fe?*
incorporated in FAU (bs), together with the iso-surface electron density contour for Fe?*—H,O (bs, insert), adapted from ref. 218 with permission from
Royal Society of Chemistry, copyright 2022. Adsorption energy of water on various TMI centres incorporated in MOR framework in the high (HC) and low
coverage (LC) limits (c), based on data from ref. 219. Optimised geometries of the copper poly-aqua complexes (d;)—(ds), together with the
corresponding 2D thermodynamic stability diagrams constructed for the 8MR (e;) and 6MR (e,) exchangeable sites of CHA. The panels (a)-(d) were
based on data from the respective references. Panels (e;) and (e,) were based on data from ref. 83.

acid sites in zeolite catalysts.'*®?***2° This technique provides

valuable insights into the thermodynamic stability of various
intrazeolite metal-ammonia complexes across different tem-
peratures. It can serve as an essential experimental benchmark
for validating the FTP modelling of NH; interactions with TMI
present in zeolites. The combination of TPD and FTP methods
can be applied for in-depth investigations into NH; adsorption,
e.g., on various monomeric and dimeric copper centres, and
BAS sites present simultaneously in Cu/SSZ-zeolite catalysts,
differing in Si/Al ratios and aluminium distribution within the
zeolite framework.'”>**” For each adsorption site, the energies
of multiple NH; adsorption (see Fig. 19a for the exemplary 6MR

166 | Chem. Soc. Rev, 2026, 55, 144-209

site) can be used for the construction of the 3-dimensional FPT
diagram (Fig. 19b;), and its recasting into variation of @y,
(site coverage) as a function of temperature and partial pressure
of NH; (Fig. 19b2). The cross-sections at pyy, set to the
experimental value (10! atm) allow for a straightforward
determination of the temperature windows in which NH;
desorption peaks are expected due to ammonia release from
the particular centres (Fig. 19b; and b,). The overall theoretical
desorption profile results from adding the contributions of all
involved adsorption sites (Fig. 19c;). They can be compared
with the experimental TPD-profile obtained for Cu/SSZ-13
catalysts differing in the Si/Al ratio (Fig. 19c,). The

This journal is © The Royal Society of Chemistry 2026
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comparison implies that the desorption peaks resolved in TPD
cannot be univocally assigned to NH; release from specific Cu
centres or Brensted acid sites. The experimentally observed low-,
medium-, and high-temperature desorption bands arise from
multiple copper species whose speciation and redox states
evolve dynamically throughout the NH;-TPD process. This
behaviour is driven by copper migration, its reduction, and
condensation within the zeolite framework, as revealed by
complementary in situ EPR and IR investigations.'”*

At lower temperatures, when higher coordination numbers
of TMI to ammonia are expected (n > 2), detachment and
mobilisation of the metal cations from the zeolite framework is
typically observed (analogous to the water ligation case). This
phenomenon has been extensively investigated due to its
crucial role in the low-temperature NH3;-SCR process.'”®**° A
combination of computational (DFT-HSE06) and experimental
(XANES, XAS) studies has been applied to thoroughly examine
different Cu-(NH3), complexes under in situ, ex situ, and
operando SCR conditions, considering variations in the catalyst
composition.>?® The copper speciation, mobility, and its actual
siting are primarily dictated by environmental factors, rather
than the initial location of the Cu cations or the type of zeolite
framework. As an example, the mobility of [Cu(NHj;),]" within
the CHA framework, as revealed by ab initio meta-dynamic
simulations, is shown in Fig. 20al. The Cu ion migration
through the 8-MR rings between two cages requires an activa-
tion energy ~ 55 kJ mol~", confirming that the CHA framework
provides sufficiently large windows for efficient intrazeolite
diffusion of the [Cu(NHj3),]" species, triggering the oxidation
half cycle (OHC) of the SCR reaction.'>*”%*?°

The role of Cu ion mobility in Cu/SSZ-13 has also been
explored using large-scale simulations, employing an intera-
tomic potential obtained from machine learning that accurately
replicates the ab initio results.”*>**° A combination of biased
and unbiased simulations enabled an in-depth analysis
of the [Cu(NH;),]" mobility in Cu-CHA catalysts, revealing that

This journal is © The Royal Society of Chemistry 2026

the Al pairing within the 8-MR rings facilitates local hopping,
whereas higher NH; concentrations enhance long-range diffu-
sion. The [Cu(NH;),]" migration under NH;-SCR-NO, condi-
tions obtained from AIMD simulations is illustrated in
Fig. 20b;-bs. The diffusion is hindered when additional NO/
O, molecules are present in the zeolite cavity (Fig. 20b,).
Furthermore, a decrease in the number of BAS sites leads to
an increase in the diffusion barrier of [Cu(NHj;),]". The van der
Waals interactions between [Cu(NH;),]" and the zeolite
framework (Fig. 20c;—c3) are significantly influenced by the
BAS distribution, inhibiting the low-temperature NH;-SCR
activity.”®' For zeolites of uneven Al distribution, variations in
the interaction energy between [Cu(NH;),]" and the zeolite
framework are mainly responsible for the inter-cage diffusion.
The migration of [Cu(NH;),]" from an Al-poor cage to an Al-rich
cage exhibits a lower diffusion barrier, favouring the formation
of active dimer-Cu species and enhancing the SCR reaction.

The oxidation of mobile diamino copper complexes
(Fig. 20d) monitored by XANES and EXAFS techniques shows
consistently that the Si/Al ratio of the zeolite hosts influences
the structure of the mobile p-n*mn>-peroxo diamino dicopper()
adducts, which are formed during the oxidation of [Cu(NHj3),]"
complexes by O, (OHC).”**

4.2.3. Adsorption of N, and the probe molecule character-
istics. A non-polar N, molecule with no lone pairs interacts
primarily through non-specific van der Waals forces when
adsorbed onto metal centres within zeolite frameworks.
Despite its chemical inertness, weak residual covalent interac-
tions can also be formed, which are notably sensitive to the
chemical state of the metal center. The nature of this sensitivity
to the metal oxidation and coordination environment within
the zeolite matrix can be better understood through computa-
tional NOCV analysis. It enables a deeper understanding of
these interactions, as it identifies the regions of electron and
spin density flow between the metal center and the N, ligand.
These fluxes are indicative of weak but significant covalent
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interactions, even though N, itself remains largely non-polar The interest in dinitrogen coordination chemistry is mainly
upon the ligation. associated with gas separation, such as N,/O,, CO,/N,, or
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CH,/N,*** and the challenging activation of the highly inert N,
molecule. Catalytic nitrogen fixation, as well as air separation,
begins with the coordination of N, to the transition metal
centres. As a ligand, N, exhibits certain similarity to the
isoelectronic CO, since both molecules are diatomic, having a
strong triple bond (c,27) and empty antibonding 2n* orbitals.
Dinitrogen usually coordinates to metal cations in an end-on
(m") mode. In contrast to CO, which often forms polycarbonyl
complexes (see Chapter 4.2.4), both experimental and theore-
tical results show that the dinitrogen complexes with the
intrazeolite TMI ions usually contain one or two (at low
temperatures) N, ligands only.*>*** Typical examples include
Cu’ and Cu*' centers in ZSM-5**>%*¢ MOR,**” and BEA,**® as
well as Ni" and Ni*" hosted in ZSM-55%%*° or Fe**, Cu*", Zn** in
CHA.**® Apart from the most common mn'-attachment, stable
trans and cis p-n'n®' and p-1,2 adducts of N, with Cu” in ZSM-5
(computationally optimized) have also been reported, see
Fig. 21a.>*° Dinitrogen interacts relatively strongly with the
intrazeolite TMI with energies varying from —100 to —20 kcal mol ™%,
depending on the framework type and accommodation site (see
Fig. 21b).**>%

While forming intrazeolite adducts, N, is coordinated by
o- and m-type bonds. The TMI-N, bonding depends on the
overlap between the available 3d-orbital with the o (HOMO)
and 21* (LUMO) orbitals of the dinitrogen molecule. Such an
overlap pattern implies a synergy of the o-donation and n-
backdonation interactions.>*® Therefore, the resultant electron
density redistribution between the metal and N, ligand leads to
a decrease in the N-N bond order. As a result, the N-N
stretching frequency is lower than the corresponding frequency
of a gas-phase molecule (2331 cm '), see, e.g., IR spectra of N,

This journal is © The Royal Society of Chemistry 2026

with Ni'/ZSM-5 in Fig. 21c. Apart from orbital contributions, the
N-N vibration frequencies also have an electrostatic compo-
nent, Avioe = AV(gin) + Ave, which makes them particularly
sensitive to the oxidation state of the metal centre.>*® These
features make the N,/IR method a convenient spectroscopic
probe for measuring the electron donor/acceptor properties of
the intrazeolite TMI. The N-N stretching frequency of the
Cu'-"N, species is observed in the region of 2300-2285
em 1,3 for Ni'-N, at 2254-2252 cm™*.%° In contrast, for Ni'-
N, it increases to 2324 cm ™ *,2* revealing the different extent of
back m-donation and the diverse oxidation states of the TMI
centres as well.

The Ni* ions hosted in Ni-ZSM-5, in contrast to Cu'/ZSM-
5,%*' can coordinate two N, molecules simultaneously, and the
ensuing {(n'-N,),Ni"}® adducts are characterized by v, at 2288
em ! and v, at 2270 cm ™ *.>** The coupling between the two N,
ligands is usually confirmed by co-adsorption of N, and '°N,
isotopic mixtures. Because of the presence of mixed ligands
(**N, 'N,), the resultant structural dichotomy of possible
formation of the geminal (n'-N,),Ni*/ZSM-5 and two coupled
vicinal (n"-Ny)Ni*- - -(n"-N,)Ni" adducts can be resolved by com-
plementary DFT modelling, see Fig. 21a.®° The calculated
spectroscopic IR signatures of both types of dinitrogen adducts,
shown in Fig. 21d, allow for a straightforward distinction
between the types of complexes. In particular, the coupling
through bonds in the geminal adducts is stronger (25 cm™")
than the coupling through space in the vicinal ones (12 cm™ ).

The intimate mechanism of N, bonding and the delicate
balance between the o-donation and the back-donation effects,
which are responsible for the IR shifts, can be unravelled and
quantified by NOCV analysis. The main orbital contributions to
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the o and B electron density flows are shown in Fig. 21e,
together with the corresponding energy values. The o-
polarized o-donation from the N, ligand (1a) is accompanied
by electron relaxation of the B-3d manifold of the Ni' centre,
consisting of depopulation of 3d,._,. and population of 3d,,
(1), and both flow channels exhibit similar energy contribu-
tion to the binding. Such deep electronic relaxation is typical of
the TMI that undergoes anisodesmic changes in its structure
upon binding (CN = 4 for bare Ni'/ZSM-5 centre changes into
CN = 3 in the case of dinitrogen adduct), see also Chapters
4.2.4, 4.3.1, and 4.3.2. The © channel of the back-donation is
constituted by the 2o + 23 spinorbitals, and involves the out-of-
plane 2m’} orbitals of N, and 3d,, of Ni. The resultant electron
density flow is primarily responsible for the lessening of the
N-N stretching frequency. The second (3 + 3f) channel of the
n-symmetry is formed by the overlap between 2m| and 3d,,

orbitals. The resultant flow of electron density along this
channel leads to the accumulation of the electron density
within the Ni-N bond at the expense of the n and 3d states.
Therefore, it can be designated as a dative coordinative con-
tribution. Overall, the = donation/back-donation effects
account for 53% of the orbital interactions, whereas the o
channel is in charge of 24% of the binding strength. This
allows for unravelling the intimate nature of the Ni'-N, bond-
ing and the observed bathochromic shift of the stretching
vibrations.®
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4.2.4. Coordination of CO molecules

Structure of carbonyls and formation of TMI-CO bond.
Transition-metal cations hosted in zeolites upon contact with
CO form carbonyl adducts rapidly. The CO molecule prefers to
bind via a metal-carbon bond, despite carbon being less
electronegative than the oxygen atom. The HOMO of CO
exhibits an essentially non-bonding character, and this
orbital is primarily localized at the carbon moiety. Since the n
and n* orbitals are relatively close in energy to the HOMO, they
can also be involved in the bonding of carbonyls.

Bonding of CO to TMI in zeolites can be described by the
classical synergistic effect of c-donor and m-acceptor interac-
tions (Fig. 22a), commonly referred to in textbooks as the
Dewar-Chatt-Duncanson model. It serves as the basis for more
advanced analysis based on quantum chemical calculations.>*?
Briefly, the o-donor interaction relies on donating the electron
density from the lone pair at the carbon into the empty metal
3d-orbitals, and in this way, a dative bond is formed. The
donated electron density raises the energy levels of the 3d
electrons due to an increased electron-electron repulsion. As
a result, the 3d electrons are more easily accepted by the CO
ligand through the m-acceptor interaction. The two lobes of the
n* orbitals overlap with the lobes of a metal 3d orbitals of
proper symmetry. This type of binding is highly efficient for
low-valent metal centers, as the energy of the 3d electron
manifold approaches the n* level. The efficiency of the n*
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back-bonding reflects the stability of the resulting carbonyls.
Generally, the more nucleophilic the CO moiety upon bonding,
the higher the stability of the adduct. Positive charges destabi-
lize TMI-CO complexes. The stability of neutral carbonyls,
which often appear in the zeolite systems, is intermediate.
Apart from this shortrange electron interaction, specific
long-range electrostatic effects imposed by the zeolite lattice,
such as polarization and dispersion forces, must be included
when analysing the chemical state of intrazeolite carbonyl
adducts.>**>**

Cu-zeolites are well-suited for studying the coordinative
unsaturation of the Cu’ cations and binding of carbon mon-
oxide. Exemplary IR spectra of CO sorption at increasing
pressure for Cu'-zeolites (ZSM-5, BEA, MOR, and SSZ-13) are
shown in Fig. 22b. Depending on the CO pressure and tem-
perature, various copper carbonyl adducts are formed. At room
temperature and low pco, Cu'(CO) monocarbonyls are charac-
terized by a single band observed at 2154-2159 cm ™, Fig. 22b;.
Upon introducing more doses of CO, the formation of
dicarbonyls Cu'(CO), is observed (see Fig. 22b,), as indicated
by splitting of the monocarbonyl band into two peaks
corresponding to the asymmetric (Vasym, 2150-2152 cm ™ ') and
symmetric (Veym, 2178-2180 cm™ ') vibrations of the two
coupled CO oscillators. In such a case, the Iigym/Iym ratio can
be used to estimate the angle the geminal ligands form in the
{TMI(CO),}" adducts, using the Lism/Iym = tg*(6/2) equation
proposed by Cotton.>*> The presence of two bands is indicative
of a C,, local symmetry of the dicarbonyl species.

A further increase in pco (Fig. 22b3) leads to the transforma-
tion of dicarbonyls into Cu’(CO); species, and the appearance
of a new triplet of the IR bands with approximate positions at
2135, 2168, and 2192 cm™'. The scheme of splitting of the
carbonyl bands upon increasing the number of CO ligands
coordinated by Cu'-zeolite centers is shown in Fig. 22¢. This
triplet is indicative of a local symmetry lower than Cj,. The
presence of individual species or the joint occurrence of the
mono-, di-, or tricarbonyls is linked to the accessibility of the
copper centres and the size of the intrazeolite channels and
pockets. The IR spectra shown in Fig. 22b1-b3 reveal that ZSM-
5 and BEA zeolites are more apt for the formation of well-
defined polycarbonyls Cu*(CO), (n =1, 2, 3) than MOR or SSZ-13
zeolites, suggesting CO sensitivity to the speciation of the
copper active centres.

The stability of the carbonyl species can be predicted with
first-principles thermodynamic calculations (see Chapter 3.1)
and compared with spectroscopic observations. The calculated
phase diagrams (AG vs. T and pgo) shown in Fig. 22d1-d3
delineate the stability regions of [Cu(CO)]" and [Cu(CO),]"
adducts and the bare Cu' centres located in various
sites of the SSZ-13, ZSM-5, and MOR zeolites.>** In all cases,
formation of the carbonyl adducts is thermodynamically
favoured. The ZSM-5 topology exhibits the highest propensity
among the described zeolite series for the formation of
[Cu(CO)]" adducts. In contrast, the SSZ-13 framework exhibits
the lowest energy difference between the mono- and dicarbonyl
species.

This journal is © The Royal Society of Chemistry 2026
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The phase diagrams can be used for elucidating the
critical conditions for the decomposition of the involved
adducts at either a fixed temperature or CO pressure. For
instance, at room temperature, transformation between di-
and monocarbonyls is irreversible only for the 8-MR sites of
the SSZ-13 framework. The decomposition temperature of
[Cu(CO)]" to bare Cu" species at 10~ mbar (corresponding
to a negligible amount of CO in typical catalytic conditions) in
the case of SSZ-13 is much lower (162 °C) than that for the other
two frameworks (275 °C and 340 °C for MOR and
ZSM-5, respectively), especially for the Cu" cations located in the
6-MR. This influence of the framework topology was observed
experimentally during the TPD experiments for the SSZ-13, ZSM-5,
and MOR samples, corroborating the FPT results.***

Similar behaviour was observed for Ni'-exchanged zeolites
subjected to CO adsorption. However, since Ni' centres
are paramagnetic, EPR spectroscopy can also be used to
elucidate the structure and properties of the resulting
carbonyls.?%114247248 yet the primary identification of the
adducts formed is provided by IR spectroscopy.*"***?**° Typical
IR spectra are shown in Fig. 23a. The spectral region of the CO
vibrations can be separated into two parts, imposed by a band
located at 2175 cm ™', which is attributed to the CO molecule
interacting with the Brgnsted centres. The IR bands located at
higher frequencies originate from CO interacting with the
oxidized nickel centres (Ni**, Ni**-oxo species). In contrast,
those of lower frequencies are associated with CO adsorbed
on the reduced intrazeolite Ni* cations.

Briefly, the adsorption of CO at room temperature leads to a
band at 2214 cm™" due to the Ni**~CO adducts in ZSM-5. At low
temperatures, this band reveals a shoulder at 2198 cm™*
associated with the Ni*"-oxo species. After reduction of
NiZSM-5 with CO (400 °C), this new band disappears, indicat-
ing a reactive character of the adsorption of CO associated with
the redox transformation of Ni-oxo species to Ni'. This is
accompanied by the development of a new doublet signal
characteristic of nickel(r) geminal dicarbonyl adducts, with
symmetric (2136 cm ™) and antisymmetric (2092 cm™") vibra-
tions. Desorption of CO at progressively increasing tempera-
tures (Fig. 23a, spectra (2) and (3)) results in transformation of
the Ni*(CO), dicarbonyl into the Ni*CO monocarbonyl adducts
(see the band at 2109 cm™ ). On the other hand, upon increas-
ing the number of CO doses, a set of bands at 2124, 2118, and
2112 ecm™~ " appears between the symmetric and antisymmetric
dicarbonyl bands, which are attributed to the tricarbonyl
Ni*'(CO); species. The corresponding vibrational splitting
scheme is similar to that of Cu’(CO); (Fig. 22c¢), although
the positions of the bands are different. Therefore, both
Cu- and Ni-containing zeolites provide easily accessible,
reduced Cu’ and Ni' centres, capable of forming several
polycarbonyl adducts, whose stoichiometry and structure
depend on CO pressure and temperature. More accurate
measurements of the CO frequencies, and the definite confir-
mation of the polycarbonyl structures (ligation stoichiometry),
can be ascertained using isotopically labelled gas mixtures
1ZC160/120180/13C160/120180.249’250
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Fig. 23

IR and EPR fingerprints for the formation of nickel() polycarbonyls in the reduced NiZSM-5. The IR spectra of CO adsorption (a) on thermally

activated NiZSM-5 (1), sample reduced in CO and evacuated at 150 °C (2), sorption—desorption equilibrium showing conversion of mono- and
dicarbonyls (3), sorption of CO excess (4), adapted from ref. 247 with permission from the American Chemical Society, Copyright 2011. The set of CW-
EPR spectra obtained after variable pressure CO sorption (up to 30 Torr) (b). Changes in the intensity of the mono-, di-, tri-, and tetracarbonyl EPR spectra
recorded during microwave power saturation experiments (c). Decomposition of the experimental EPR spectra into individual carbonyl signals (d). Panels

b, c, and d adapted from ref. 246 with the author’s permission.

Magnetic properties of carbonyl adducts and the binding
mechanism. The CO adsorption process can be followed suc-
cessfully by in situ EPR measurements.’%!14239:248 The advan-
tage of EPR over IR spectroscopy stems from the lack of
limitations imposed on the CO pressure, as the high pressures
lead to the appearance of excessive CO in the gas phase,
obscuring the IR spectra of the surface species. The EPR spectra
of Ni'/ZSM-5 (and Ni'/BEA) zeolites, pre-reduced with CO, show
dramatic changes upon increasing the pressure of CO
(Fig. 23b). CW-EPR measurements at liquid helium tempera-
ture with an increasing microwave power allowed to saturate
successively the component signals of the individual carbonyl
species coexisting upon CO adsorption. Then, using computer
simulation, the individual EPR spectra of the adducts
[Ni'(C0O),JZSM-5 with n = 1, 2, 3, 4 (mono-, di-, tri-, and tetra-
carbonyl nickel(1)) can be obtained (see Fig. 23c and d). Their
magnetic properties have been examined using the DFT calcu-
lations of spin-Hamiltonian parameters for model complexes
[Ni(CO),Ly] (n = 1-4, L = H,0, OH ), which can be regarded as
discrete, well-defined molecular analogues of the intrazeolite
polycarbonyls.>* The molecular nature of the calculated g and
13C hyperfine tensors, when using ">CO, can be interpreted in
terms of the nickel coordination state and its local symmetry,
providing clear guidelines for justifying their assignment.

Although the DFT calculations of the g and **C tensors has
been restricted to the rudimentary [Ni'(CO),L,] models,
despite missing of the relevant EPR data for such discrete

systems, generic categories of the g tensor structure—

172 | Chem. Soc. Rev., 2026, 55, 144-209

relationship can be delineated, and associated with the parti-
cular magnetophore [Ni(CO),] that is embedded in the zeolite
matrices. Additionally, the calculated data can be confronted
with the available EPR parameters for nickel(i) polycarbonyls
that are produced in ZSM-5 zeolites or supported on
silica,>®>?** as the surface functional groups (=SiO~, -OH,
=Si-0-Si(Al)=) play the role of mere ligands and can be
inserted into the spectrochemical series close to aqua and hydro-
xyl ligands.>** Additionally, it has been shown that the [Ni*(CO),,]
core acts as the proper magnetophore, whose spectroscopic
properties are primarily controlled by the spatial arrangement of
the CO ligands, being only slightly perturbed by the number and
position of the H,O, OH™, or =SiO~ co-ligands.

The comparison of results obtained from DFT calculations
reveals that the polycarbonyl complexes can be divided into two
classes with distinct ground states, characterized by distinctive
EPR spectra. They are schematically illustrated in Fig. 24a,
and a, and accompanied by the simulated EPR spectra using
the DFT-calculated parameters and typical experimental
linewidths. The class of the |3d,2) ground state (e.g., T-shaped
monocarbonyl, tri- and tetracarbonyls) is characterized by a
rhombic EPR spectrum with the g, g, components varying
between 2.4 and 2.1 (the actual shift depends on the number of
CO ligands), and the smaller g,, value close to g, = 2.023. In the
case of the |3d,._,) ground state, observed for the dicarbonyl
complexes, the reversed g-tensor values are expected with one
component being larger (2.2-2.13) and two components lying
closer to the g, value (2.07-2.01).

This journal is © The Royal Society of Chemistry 2026
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Fig. 24 EPR spectra of nickel(l) carbonyls in ZSM-5. Simulated X-band EPR spectra for the generic structural models of Ni* carbonyl adducts with
dominant 3d,2 (a1) or 3d,2_,2 (a,) ground state of the nickel core (depicted structures show SOMO contours, derived from DFT calculations). Experimental
X-band EPR spectra of the isotopically labelled carbonyl species, showing hyperfine structures due to the *CO ligands (hyperfine splitting is shown with
stick diagrams) (by), (b,), (bs). For better comparison of the hyperfine splittings, the spectra are recalculated to the common magnetic field axis and
supplemented with the corresponding spin density contours calculated for the identified carbonyl structures. HYSCORE spectra of the monocarbonyl
species, including echo-detected EPR spectrum (cy), where the arrows indicate the observer positions at which HYSCORE spectra were recorded,
whereas the unit spheres show orientation selectivity connected with the observer positions. Spin density contour of the Ni* CO magnetophore (c,), and
HYSCORE spectra recorded at B, (cz) and Bz (c4) positions in the magnetic field. Adapted from ref. 248 and 251 with permissions from the American
Chemical Society, Copyrights 2008 and 2013.

It was found that increasing the number 7 of CO ligands are also shown in these figures. The *CO EPR measurements
resulted in smaller Ag;; shifts as the energy separation between eventually prove the presence of the tri- and tetracarbonyls. In the
occupied and virtual spinorbitals increases from 0.8 (n = 1) to latter case, almost complete solvation of the Ni' adsorption centres
1.6 eV (n = 4). The other reason stems from the fact that the takes place, leaving a residual attachment of the adduct to the
corresponding matrix elements of the g-tensor (see Chapter 2.2)  zeolite backbone with one Ni-O, bond only. Notably,
are dominated by the spin-orbit couplings (SOC) of the metal it has been previously observed that nickel undergoes significant
centre and the ligands. Noting the substantial difference in the —migration upon formation of Ni*(CO), adducts in NiCaX zeolite.”*>
SOC constants, Jxi+ = 565 cm™* and Ac = 30 cm™?, the resulting The EPR measurements are usually performed at cryogenic
g tensor shifts become reduced considerably in magnitude, temperatures. Only mono- and dicarbonyls were observed in
upon passing from the mono- to the tetracarbonyl adducts.>®*  the IR spectra at room temperature. Higher polycarbonyls

Direct confirmation of the structure of the [Ni'(CO),] (n > 2)are possibly formed only at cryogenic conditions. Indeed,
adducts formed within the channels of ZSM-5 zeolite can be a comparison of the energies of the successive adsorption steps
achieved using EPR measurements with an isotopically labelled ~ for the mono- (—42.9 kcal mol™*), di- (—20.2 kcal mol™"), and
'*CO. Due to the nuclear spin I = 1/2 of °C, the labelled carbon tricarbonyl species (—5.7 keal mol ') with the TAS term of COy,
monoxide can be used for counting the number of the CO reveals that already above 140 °C, the dicarbonyls are unstable.
ligands and their possible equivalence, as the EPR spectrum Therefore, for simple thermodynamic reasons, in most cases,
acquires an informative superhyperfine structure (Fig. 24b, ;). only the monocarbonyl species can be expected at actual catalytic
Additionally, molecular models of the individual polycarbonyl conditions. Thus, their structure and properties have been
species, along with the corresponding spin density contours, studied in more detail so far.

This journal is © The Royal Society of Chemistry 2026 Chem. Soc. Rev,, 2026, 55,144-209 | 173


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00346f

Open Access Article. Published on 07 November 2025. Downloaded on 2/18/2026 8:48:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

The expected hyperfine doublet is not resolved in the
[Ni'CO]-ZSM-5 adduct. This issue has been explained
elsewhere,”" based on the composition of SOMO and its
structural misalignment with the Ni-C bond direction (see
Fig. 24c,). To describe the mechanism of CO-Ni' bond for-
mation, pulse EPR measurements (HYSCORE) are of particular
relevance. They allow for the successful determination of the
small *C hyperfine couplings.>*® The corresponding echo-
detected EPR spectrum and HYSCORE spectra are collated in
Fig. 24c,, c; and c,. The interaction of *CO with Ni*ZSM-5
under low pco pressures gives rise to the formation of a
monocarbonyl adduct of the trigonal Ni* with g,, > g, >
Zxx > Zes |Ayy| > |Azz| > |Ax|, which is characteristic of the
T-shaped conformation (Fig. 24a;). The binding of CO is
accompanied by an intrinsic d—-d relaxation of the nickel 3d
manifold, due to the allied charge and B-spin density relocation
between the 3d,, and 3d,._,. orbitals, which stabilizes
energetically the carbonyl adduct. The resolved spectroscopic
parameters (gy, = 2.018, g, = 2.380, g, = 2.436, A, = +1.0 MHz,
Ay, = —3.6 MHz, A,, = —1.6 MHz for °C hyperfine interaction,
and e®Qq/h = —13 MHz, 1 = 0.8 for >’ Al quadrupole interaction),
reinforced by DFT calculations within the SOMF/B3LYP
calculation scheme, provide a suitable background for
validation of the T-shaped structure of the Ni'-CO intrazeolite
adduct.>*®

Electronic details on the CO bonding mechanism can be
deduced from the frontier molecular orbital (FMO) interaction
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diagram, and NOCV analysis of the interacting CO and Ni'-
zeolite model fragments (see Chapter 4.1.1). The resultant
orbital overlap correlation diagram of the n(2p) and o states
of the CO ligand with the 3d states of the zeolite [Ni*2cM7]frag
fragment is shown in Fig. 25a. The ligation of CO results
primarily from the sizable © overlap between low-lying m(2p)
CO states with the symmetry-adopted 3d,, and 3d,, orbitals of
the nickel core. It is enhanced by a slight contribution owing to
the o-type overlap of o(2p + 2s) with one of the lobes of the in-
plane 3d,, orbital, made possible by an unusual T-shape
geometry of the CO-Ni-zeolite entity.

The energy levels of the bonding and antibonding n(2p) CO
orbitals define the low and high-energy boundaries encompass-
ing the 3d nickel-based states of the [Ni',.M7] fragment. The
interaction of 3d orbitals with the corresponding n} and ; MO
of the CO ligand gives rise to strong spin polarization, reflected
by the pronounced shift of the o and f spin manifolds of the
carbonyl adduct. The singly-occupied a-orbital (SOMO) exhibits
small delocalization on the CO moiety, which accounts well for
the lack of the *C hyperfine splitting in the CW-EPR spectra.
Yet, the residual spin density on the ligand is responsible for a
very weak '*C hyperfine interaction, as detected with the
HYSCORE technique.

The delicate balance between the donation and back-
donation effects can be quantified using the ETS-NOCV analy-
sis, which enabled the identification and visualization of
specific charge and spin flow channels. The main orbital
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Fig. 25 The molecular energy diagram and electronic structure of the Ni*—CO adduct in ZSM-5 (a) with the corresponding Kohn-Sham frontier orbital
interaction diagram, and NOCV deformation density contours (b). For the charge density (o + B) and the spin density (a — B) contours, the corresponding
values indicate the interaction energies associated with the individual channels of the orbital o and © symmetries. Adapted from ref. 248 with permission

from the American Chemical Society, Copyright 2013.
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contributions to the o and B electron and spin density flows
constituting those channels are shown in Fig. 25b, along with
the corresponding energy values. As a result, the analysis
enabled the disentanglement of the cooperative ¢ donation
and m back-donation effects involved in the ligation of a CO
molecule to Ni" ions hosted in zeolites.>*® The dominant effect
is the back-donation along the n channel of a spinless charge
transfer. This explains the position of the carbonyl band in the
IR spectrum and its bathochromic frequency shift. The spin
density redistribution within the CO moiety primarily operates
via the 4o and (3o + 4B)c channels. Due to the substantially
uneven contributions of the 3o and 4p components, the ensu-
ing unbalanced spin flow leads to a spin polarization of the
carbon sp-hybrid. On the contrary, the 4o channel allows for a
direct delocalization onto the carbon 2s orbital. Since the
polarization effect prevails, this explains the negative sign of
the isotropic constant aj('>C).>*® These two effects virtually
cancel each other, resulting in a minute net spin density flow
within the o channel. Because upon the CO attachment the
unpaired electron relaxation (1p) is restricted to the 3d-based
orbitals of nickel, and the main channels (one ¢ and two 1) of
the electron density flow within the Ni*-CO unit involve both o
and B spins in a similar manner, the magnetophore of the
monocarbonyl adduct is essentially constituted by the metal
core. All the discussed effects provide a rational basis for an in-
depth molecular interpretation of the IR and EPR parameters in
terms of charge and spin flows along the ¢ and n channels.

Quantification of TMI with CO as an IR molecular probe. The
IR spectra of adsorbed CO can be used to explore the nature
and content of TMI in zeolites, which primarily relies on the
formation and quantification of C-bonded carbonyls. The small
kinetic size of the CO and its high affinity to ligation make this
molecule well-suited as an effective probe for investigating
Lewis and redox sites present inside the channels of zeolites.
The vibrational spectrum of the diatomic CO molecule is
relatively simple and strongly depends on the nature of the
adsorption site. The advantage of CO as a probe molecule lies
in its sensitivity to the speciation of TMI due to the subtle
balance of electrostatic effects, o-donation and m-back-
donation as well as the static and dynamic interactions between
the adsorbed molecules.>****” As a result, the CO-IR technique
can inspect various valence states of TMI and their speciation
(bare TMLI, isolated TMI-oxo species, oxide nanoclusters). Addi-
tionally, it is often possible to selectively detect cations in
different valence and coordination states, even when present
simultaneously.>*® Yet, although CO can serve as a probe for
analysing the coordination vacancies of exchangeable cations
within zeolites, in some cases, the adsorption of CO is iso-
desmic, ie., formation of new TMI-CO bonds occurs at the
expense of the TMI-O, bonds with the zeolite framework,
keeping the overall coordination number intact.>*® Spectro-
scopic fingerprints for commonly studied intrazeolite carbonyl
adducts of Co, Cu, Fe, and Ni are presented in Table 4.

There are certain limitations to using CO as a probe,
primarily when reactive CO adsorption occurs, resulting in

This journal is © The Royal Society of Chemistry 2026
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Table 4 Spectoscopic fingerprints for commonly studied intrazeolite
carbonyl adducts of Co, Cu, Fe, and Ni

Intrazeolite TMI-CO adduct ~ Frequency/cm™ ' Ref.

Co/MFI Co**-co 2204 32
(Co0),-CO 2194

Ni/ZSM-5 Ni**-CO 2220-2180 31, 80, 249 and 259
Ni'-CO 2109

Cu/ZSM5 Cu'-CO 2157 260
cu’-Cco 2124
cu*-co 2206

Fe/MFI Fe*'-CO 2196 261 and 262
Fe*'~(CO), 2188

chemical modification of the TMI centre by the adsorbed
species. The typical products of reactive CO adsorption include
carbonates, bicarbonates, carboxylates, and even formates. In
some instances, CO can also be oxidised to carbon dioxide.?®*
The undesired reactive CO adsorption can often be mitigated by
using low-temperature experiments. These issues should be
considered when aiming for a more accurate determination of
the oxidation states of TMI ions in zeolites. A more general
account of the application of IR spectroscopy in zeolite research
can be found in previous works.>**?>>”

After establishing the experimental conditions for generat-
ing the monocarbonyl adducts (see the AG(p,T) diagrams), IR
absorption coefficients can be obtained through careful CO
titration under controlled conditions (CO pressure and tem-
perature). The most convenient situation occurs when the
specific probe molecule reacts selectively with only one type
of adsorption center, and the stoichiometry of this process is
well understood. It can be inferred, for instance, from the FPT
phase diagrams (Fig. 22d;-d;), which also reveal differences in
the formation of monocrbonyls between the zeolite frameworks
and TMI localisation within the particular channels.*** In most
cases, it is reported that the value of the absorption coefficient
for the respective carbonyls is independent of the zeolite
structure, despite the observed various CO stretching
frequencies.

In the case of cobalt cations accommodated in the pentasil
zeolites (e.g., MFI, FER), the CO band at 2204 cm ™ is attributed
to Co**-CO adducts formed with the exchanged Co** cations,
whereas the bands at 2194 cm ™" and 2179 cm ™" are associated
with Co®" in oxide clusters and segregated CoO, respectively.*”
The plot of the intensity of the characteristic monocarbonyl IR
band as a function of the amount of CO sorbed is used to
determine the absorption coefficient. For the 2204 cm ™ * band,
the absorption coefficient is equal to 0.123 % 0.002 cm? pmol %,
and its value is independent of the zeolite type and the
adsorption temperature.*” For the 2194 cm™ " band, a value of
0.129 4 0.004 cm® pmol ' has been reported, based on the
intensity (height) of the corresponding IR signal. In addition,
the absorption coefficient of the CO-OH band at 2175 cm ™ *
due to adsorption of CO on Bregnsted centres is equal to 0.120 +
0.003 cm® pmol ' (determined for FER zeolite). All these
coefficients can be used to evaluate the complete balance of
cationic sites in pentasil zeolites from a single IR adsorption
measurement.
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Coordination of CO to Ni** cations leads to the formation
of Ni**~CO monocarbonyl adducts with the IR bands located
in two spectral regions: 2220-2180 cm ' and 2170-2130
cm 180249239 The |ow-energy region is characteristic of carbo-
nyls formed on nanosized NiO and mixed oxides. The high-
energy band is characteristic of isolated Ni** cations present
in the exchangeable positions. The absorption coefficient
for this band in NiZSM-5 zeolite (2212 cm™') equals 0.143 =+
0.003 cm? pmol '.?* The same value was obtained for NiY,
despite slight differences in the CO stretching frequencies of
the Ni**~CO monocarbonyls (2212 and 2220 cm ™' for NiZSM-5
and NiY, respectively). During the reactive adsorption of CO on
nickel-oxo compounds, CO acts simultaneously as a reducing
agent and as a probe for the generated Ni" cations.>*” The
characteristic band of the Ni*-CO adduct is located at
2109 cm ™', and the absorption coefficient is equal to 1.104 =+
0.018 ¢cm® pmol '.*>' A strong increase in the absorption
coefficient of Ni'-CO compared to Ni**-CO originates from
more efficient transfer of the 3d electron density from the Ni"
cation onto the n* antibonding orbital of CO (rn-back-donation
effect) due to the better energy matching of the overlapping
orbitals.**?

The interaction of CO with copper sites in thermally treated
ZSM-5 zeolite results in the formation of a strong band at
2157 ecm "' due to Cu’~CO monocarbonyls at low CO doses. In
contrast, the band at 2130 cm ™" produced when CO was sorbed
in higher amounts was attributed to Cu' ions present in an
oxide form.?*° Treatment of CuZSM-5 zeolite with H, results in
the appearance of a band at 2124 cm™ ', attributed to the
monocarbonyls of metallic copper (Cu’~CO). When oxidised
with O,, some of the Cu’ cations in exchange positions are
transformed into Cu®** species, which is recognised by the
development of a band at 2206 cm ' due to the Cu*-CO
monocarbonyls. By measuring the intensity (height) of the
2157 ecm ! band corresponding to the sorbed CO, the slope
of the resulting linear correlation defines the extinction coeffi-
cient, yielding a value of 1.30 cm® pmol '. The extinction
coefficient of CO interacting with Cu®" species in zeolite
CuZSM-5 was obtained after treatment with oxygen. The inten-
sity of a relatively weak Cu”*~CO band at 2206 cm ™" can be
used to calculate the absorption coefficient, which equals
0.11 cm”® pmol'. Note that this value is similar to other
divalent cations hosted in ZSM-5 (see above). The experimental
and calculation details can be found elsewhere.>®°

Iron speciation in zeolites is also extensively studied using
IR spectroscopy with a CO probe. For instance, the corres-
ponding carbonyl bands appear at 2200-2194 cm ' for the
zeolites BEA,*** FER,?®® and MFI.>®" In general, iron species in
zeolites prepared from a ferrous solution were found to be
mainly in the Fe** form. Fe**-CO monocarbonyls (with the
band at 2195 cm ") convert easily into Fe*"(CO), dicarbonyls
(2188 cm’l) at low temperatures, but the reaction progress
depends on the exchangeable sites within the zeolite. Other
identified Fe®" ions in FER produced exclusively monocarbo-
nyls (band at 2189 cm™ "), and in comparison to the previous
hosting site, they were easily oxidised to Fe** ions in the
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presence of oxygen (or air). Sorption of CO on FeZSM-5 zeolite
resulted in monocarbonyl bands at 2188 and 2200 cm ™, which
were attributed to the Fe**(CO) based on the results of oxida-
tion/reduction reactions with O, and H,.?°> The calculated
extinction coefficient based on the integral absorption is equal
to 2.52 + 0.07 cm pmol !, while the value obtained from the
band height measurement drops to 0.11 4 0.01 cm® pmol .

4.3. Non-innocent molecules - ligation pathways

Non-innocent (ambivalent) ligands such as 0,/0, /0,>”, NO/
NO'/NO~, NO,/NO,~ play an essential role in a large variety of
catalytic reactions involving metallozeolite catalysts, including
HC (hydrocarbons) oxidation and HC-SCR,'”'**'%72¢® NH,-
SCR,1°6:188:267.268 4aN(Q,29927% or oxidation of CH,>’'™>”° and
NQ'7>?7%277 in particular. Their ambiguous electronic and
magnetic structures, as well as their electronic flexibility upon
binding to intrazeolite TMI, pose challenges for the clear
assignment of the metal and ligand oxidation states, and
therefore, for establishing their distinct roles in the redox
mechanisms of the investigated reaction. In contrast to the
innocent H,O or NH; ligands (which are characterised by a
well-defined charge that is usually preserved upon ligation, see
Chapter 4.2), the non-innocent ligands can change their redox
states due to breaching of the Pauli shield, and participate in
electron transfer to or from the TMI centres. As a result, the
valence and coordination states of non-innocent ligands can
change to facilitate the mechanistic redox steps during a
catalytic reaction. The non-innocent ligands can play an aux-
iliary role, meaning that they do not interact directly with the
reactants, but alter the redox state of the metal centre (redox
functionality tuning), or participate explicitly in the reaction by
making and breaking covalent bonds with the captured reac-
tant molecules.'”* For instance, the appearance of an unusual
3d° state of cobalt is made possible upon the coordination of
redox-active NO ligands to Co>" hosted in ZSM-5, which triggers
the subsequent capture of olefin molecules by the Co® centres
for driving the HC-SCR reaction efficiently with the involve-
ment of the Co**/Co® redox couple.'” An intricate network of
NO oxidation'”* and NO reduction with ammonia over Cu/CHA
and Cu/MFI catalysts®>*”%27 or with ethylene over NiSZM-5"°°
can also be invoked here as illustrations.

To circumvent the ambiguity of oxidation state assignments
and dichotomy of the electrons division, the Enemark-Feltham
notation {XYM}?*™ can be used, where XY indicates a diatomic
ligand, M - metal, and d + & is the sum of the electrons on d
orbitals of M and = orbitals of XY.*** Two alternative coordina-
tion situations between a transition metal cation, MPP*1/z, and
an attached non-innocent ligand, LY9*! involve resonance
structures, XY’M?/z = XY? °MP"/z (redox counterparts®**),
with the delocalized electrons in a single or double energy
minimum. In this notation, p and q represent the charges of the
TMI and XY ligand, respectively, whereas J corresponds to the
partial charge shifts. This ambivalence is particularly amplified
in the case where the 3d levels of the intrazeolite transition
metal cations, such as Co, Ni, or Cu, are intermingled with the
2n* levels of the non-innocent XY ligands (Fig. 26a). The classic
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ligation dichotomy involves here spin pairing and electron
transfer categories.

The alignments of the energy levels shown in Fig. 26a favour
electron transfer from Cu" and Ni* to O, and spin-pairing for
NO. In the case of Cu®>" and Co*", since the B-3d manifold is
located below the 27n* level, coordination of the donor co-
ligands (e.g., NH;) is needed to trigger the MLET (see Chapter
4.3.1). Ligation of open-shell non-innocent XY molecules leads
to changes in the overall spin state of the {XYM}*'™ unit.
Exemplary scenarios collated in Fig. 26b illustrate computa-
tional isodesmic pathways of spin addition, spin pairing, and
spin crossing coupled with spin pairing upon NO molecule
coordination to selected transition metal ions of different spin
multiplicity hosted in the MFI matrix (see Chapter 4.3.2. for
more details).

4.3.1. Binding and activation of O,. The interaction of O,
molecules with intrazeolite transition metal ions yields a variety
of mono- and bidentate M-O, and bridging M-O,-M adducts
(Fig. 27a), which are capable of the O-O bond scission or direct
attack on an organic substrate, exhibiting an intricate combi-
nation of interfacial coordination and redox chemistries. It
involves the partial reduction of the ligated O, via one- (1e™)
or two-electron (2e”) transfers from the TMI active sites,
producing superoxide and peroxide 1:1 and 1:2 species. The
deep four-electron dissociative reduction of O, on single sites
occurs at electron-rich TMI. However, attainment of elevated
oxidation states (z > 4) is hindered by high energy costs,
particularly for those TMI that are positioned after Mn in the
periodic table. Actually, it takes place in a more complex
manner, favourably on dimeric centres (1:2), and can be
promoted by coupling with proton relocation (electroprotic
route), leading to more stable hydroperoxo M—OOH and hydro-
xyl M-OH intermediates. Various combinations of these pro-
cesses, involving the removal of the inert triplet ground state of
molecular oxygen (32g’) and an apposite stabilisation of the
resultant species by coordination to the metal centres, make
the activation thermodynamically more favourable and kineti-
cally accessible. Isotopic labelling is widely explored in the
elucidation of the O, binding and activation processes, being

a
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particularly useful for identifying activated oxygen species and
studying the activation mechanisms, using '®0 (IR, RS) and "0
(EPR) labelled dioxygen.

The variety of ways in which single and two adjacent TMI
cations (MUM) can bind an O, molecule includes a consider-
able diversity of the resultant structural motifs.>**>*> End-on
n'-0, superoxide (Pauling structure), the side-on n>-O, super-
oxide or peroxide (Griffith structure), the cis p-n*n"' (Yeager
structure) and trans p-n':n’, side-on p-n*m?, p-n*n’, as well as
the bis(u-oxo) or >~ ozonide molecular adducts with Fe, Co, Ni,
Cu or Zn are the most common in the case of metallozeolites.
Their energetic, structural, and spectroscopic characteristics
depend on Al location within the rings (Fig. 27b), accommoda-
tion locus in the given zeolite framework (Fig. 27c and d), and
the framework type (Fig. 27d).*®** The bridging peroxo
species, upon further reductive dissociation, can be converted
into highly reactive terminal (such as Fe=O0) or bridging (e.g.,
Cu-0-Cu), mono-oxo species, accomplishing the complete 4e™
reduction and splitting of O,, discussed below.

Dioxygen attachment and activation on single TMI centres. The
reductive monodentate (n') and bidentate (n?) attachment of
O, to single intrazeolite TMI centres can occur through the 6, ©
and d-overlap (see Fig. 17¢) between the metal donor 3d (or 4s
for Zn) and the 2n* acceptor orbitals of dioxygen leading to the
formation of paramagnetic superoxide (1e” transfer) or dia-
magnetic peroxide (2e~ transfer) 1:1 species. However, due to
the simultaneous operation of bonding and back-bonding
interactions, fractional changes in the charge and spin trans-
fers between the metal and ligand are actually observed.
Reasonably, the adducts with the O-O bond length of 1.4-
1.5 A and voo 750-930 cm ' are designated as peroxides,
whereas those with 1.2-1.3 A bond length and vo_o lying in
the range of 1050-1200 cm ™" are classified as superoxides.>®’
Their dinuclear nature can be deduced from the A'®0 shifts
(~50-60 cm™ ') in IR spectra, and from the character of 7O hf
pattern in the EPR spectra of the paramagnetic superoxide
complexes (11 equidistant lines are diagnostic for n> and up
to 36 lines for n' attachment).”*® The correlation between the
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Fig. 26 Alignment of the 2n* levels of the non-innocent NO and O, molecules to the 3d levels of Co, Ni, and Cu cations hosted in the exemplary ZSM-5
zeolite (a). Isodesmic routes of the intrazeolite coordination via spin addition, spin pairing, and spin crossing coupled with pairing mechanisms (b),

calculated at the ZORA/TPZ UKS level.
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Society, Copyright 2020.

do-o bond length and the v vibration frequencies based on
empirical Badger relation (do-o = C/(vo-0)*® + b), established
previously for homogeneous complexes,”® shows that the
vibration frequencies smoothly span the whole range from
the superoxide-like to the peroxide-like species (Fig. 27¢). As a
result, assignment of the discrete (integer) oxidation states of
oxygen species has a formal character only. Thus, the covalent
communication between the metal centre and the O, ligand
leads to the formation of intrazeolite adducts, which may be
regarded as valence hybrids of the limiting superoxide and
peroxide extremes.”®® In addition to assigning the formal
oxidation states to metal and dioxygen moieties, the mode of
binding and the orbital overlap responsible for bond for-
mation, as well as the MLET pathway, are of key importance.
Especially, recognising the impact of the O, activation type on
the catalytic reactivity with reactant molecules.

The intrazeolite superoxide adducts can then be categorised
into the o, m and d-type paramagnetic species, exemplified by
the [n'-0, -Zn"]/MFL>*' [n'-0, -Co*'Y*** and [n*0, -
Ni]"ZSM-5°* cage adducts identified univocally by EPR spectro-
scopy using '”O-labelling.

The Zn'/ZSM-5 (Si/Al = 11.9) species react with O, (5 mbar,
300 K) with the formation of [0,*~Zn]'/MFI adducts, as demon-
strated by the EPR spectrum with g, = 2.039, g, = 2.0108, gy, =
2.0033 (Fig. 282a).”%?°! Based on the internuclear bond distance
of doo =1.33 A and vo_o = 115 ecm™? (see Fig. 27e) this adduct
has been assigned to top-on ['n-0,* -Zn]"/ZSM-5, produced by
transfer of the electron density (0.7-0.8) from 4s' to the in-
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plane 2 orbital, via the c-donation channel that is favourable
for the top on ligation (Fig. 28a,). The 4s/3d., — 2 HOMO is
mainly responsible for the O, binding (—150 k] mol '), whereas
the out-of-plane 2} — 3d., SOMO is localized essentially on the
oxygen moiety, interacting weakly with the Zn ion.

An alternative m’-attachment of dioxygen, distinct by a
higher g,, = 2.061 value (and similar g, = 2.010, gy, = 2.003),
is disclosed by the “O hyperfine structure with the resolved 11
equidistant lines that are separated by A, = 7.68 mT (Fig. 28b),
observed in the EPR spectrum when "0, is contacted with Zn'/
ZSM-5 (Si/Al = 140).”°* Such 7O hf pattern confirms that both
oxygen atoms are magnetically equivalent, which is tantamount
to the side-on ligation of dioxygen with AE,4s = —110 kJ mol .
The internuclear bond distance of do_o = 1.24 A is indicative of
the superoxide nature of the bound O,. The NOCV analysis
reveals that formation of the O,° species results from the
dominant flow of electron density from the 4s" to 2n* orbital in
the B-channel, which is accompanied by a small back-donation
of the a-spin density towards the zinc core (Fig. 28b,). The
recognition of both the top-on [n"-0,°*"-Zn]"/MFI (Si/Al = 11.9)
and the side-on [n*-0,*"-Zn]"/MFI (Si/Al = 140) adducts illus-
trates a subtle role played by the intermolecular electrostatic
interactions in supporting the particular binding mode of
dioxygen. It is also plausible that the n* superoxide adduct is
actually produced via the n* intermediate, since the nil overlap
between the redox 4s' to 2r* orbitals in the side-on mode
impedes charge flow. In the case of [Zn-O°® " |/MFI species where
the spin density is mainly localized on the ligand (characterized

This journal is © The Royal Society of Chemistry 2026
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Fig. 28 X-band CW-EPR spectrum of the [n*-%0,~~Zn]*/ZSM-5 adduct (a) with the corresponding MO energy diagram (a;) (adapted from ref. 291 with
permission from the American Chemical Society, Copyright 2013) and of [n2-0,~~Zn]*/ZSM-5 (b) with the corresponding NOCV analysis of the spin-

polarized MLET along the B-channel and back donation along the a-channel (by). EPR spectrum (c)

293 and UV-vis spectrum (c;) of the [n?-Os~=Ni]*/

ZSM-5 adduct (adapted from ref. 294 with permission from the American Chemical Society, Copyright 2021). The EPR spectrum of the cage [n*-O, —
Co(NH3),12*/ZSM-5 adduct (d) together with the associated MO diagram of the energy levels (d;).** Panels b, by, d, and d; are inspired by the quoted

references.

by g, =2.37 and g, =1.98 and the UV/vis band at 12020 cm '), a
room temperature interaction with O, (po, > 0.1 Torr) leads to
the reversible formation of a zinc-ozonide adduct, [Zn-0°*"]"/
MFI + O, < [n* O;° Zn]'/MFI, produced by the attack of
dioxygen at the O°™ moiety (see Chapter 4.1 and Fig. 17d). It is
characterized by g, = 2.0019, g, = 2.0106, g,, = 2.0124, A, =
—8.37, Ay, = 0.14, A, = 0.36 (Fig. 28c), and the n;, —» 1*(0-0-0)
band centred at ~450 nm, which is featured by a well resolved
vibronic progression due to the stretching O-O-O oscillations
with the 860 and 900 cm™" splitting for n>-'°0;*"Zn" and
n>%0;°"Zn" species, respectively (see Fig. 28c1).>** The bind-
ing of O, occurs via an [n’- 0;* Zn]" intermediate,”® and a
rather small overall energy of this process (96 kJ mol %),
together with low activation barriers (the highest is equal
68 k] mol "), accounts well for the experimentally observed
complete reversibility of this process. The a;-bonding orbital
(labelled in the local C,, symmetry of the zinc-ozonide magne-
tophore) with the largest overlap between the Zn and O;
counterparts, contributes mainly to the Zn-O; bond. In con-
trast, the b;-SOMO is almost entirely localised on the bidentate
ozonide moiety. The remaining orbital interactions (a,, b;, and
b, MO) are less important for the strength of the Zn-O;
interaction due to the small overlap. The distinct polarisation
of two O-O bonds in the O; ligand lead to a unique pattern
where both side oxygens that are directly bound to Zn** become
more negatively charged (—0.415|e|). In contrast, the central
oxygen acquires surprisingly a partially positive charge
(0.202]e]), in comparison to the free ozonide anion
(—0.167]|e|). The zeolite framework plays a vital role in main-
taining the effective charge of the zinc cation at approximately
+2, stabilising the highly polarised n>-0; -Zn** bond.

In the case of di-oxo vanadium 1VO,/BEA, a room tempera-
ture contact with dioxygen (2 Torr) leads to the formation of a
bent (« = 16°) top-on [n'-0,~ VO,")/BEA complex (g, = 2.0236,

This journal is © The Royal Society of Chemistry 2026

gy =2.113, g, = 2.0054, A, = 0.98, A, = 0.68, A, = 0.54 mT) via the
MLET, d,. — 2n*, pathway. The n*-type SOMO is essentially
confined to the n'-0,” moiety.>**

The n-type adducts are exemplified by superoxide species
attached to cage Co”'(NHj;), complexes. The intrazeolite Co>*
(8 = 3/2) cations cannot directly activate O, into the superoxide
state due to the inverse energy levels (IEL) of the donor 3d and
acceptor 2n* orbitals (see Fig. 26a). However, when boosted by
the coordination of stronger c-donor NH; co-ligands (which
can be allied with an ‘“orthosteric effect”) the resultant
[Co(NH;),]*" adducts hosted in FAU(Y)*** and ZSM-5
zeolites''® upon exposure to O, form the corresponding [n’-
0, Co(NH3;),,]*" heteroleptic superoxide complexes identified
readily by EPR spectroscopy (Fig. 28d). The reductive binding of
O, is accompanied by a spin crossing in the 3d manifold of the
cobalt core (110, (S=1)+ 111Co*" (S=3/2) » 10, -Co*"1 |
(S = 1/2)), giving rise to the observed doublet state of the
superoxide adduct. In an alternative spin pairing process
(110, (S=1)+ 711C0>" (§=3/2) - 10,711Co* 1 (s = 1),
the adduct should assume a triplet state. Yet, the g-tensor
anisotropy (g; = 2.084, g, = 2.01, g3 = 2.00) is diagnostic
for the formation of a superoxide species with S = 1/2.
The superhyperfine structure (“°A; = 1.78 mT, “°4, = 1.2 mT
and “°4; = 1.25 mT)*** can be interpreted in terms of the p-
electron density transfer to [SOMO)=a,|d,.)+b;|n%) formed by
the out of plane n-type overlap, and the spin polarization of the
[HOMO)=a,|d.2)+c2|d,:) + ba|ns)  of
% Such in-

close-lying in-plane
the mixed n/c character, as discussed elsewhere.
plane d/m interactions impart a bent configuration of the
Co-0-0O moiety and local C; symmetry of the ensuing magne-
tophore. A qualitative molecular energy diagram shown in
Fig. 28d1 accounts for the reductive coordination of O, by
[Co(NH;),]*"/ZSM-5 via the MLET mechanism associated with

spin crossing.
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The superoxide n*-species can also be produced in the 5-type
MO overlap. This relatively rare binding mode of O, results
from an isodesmic *Ni*,/ZSM-5 + *0, — [1n*-O, Ni,]'ZSM-5
process, where the initial coordination number of the nickel
cation (Ni',.) equalled 4, is preserved. The corresponding EPR
spectrum obtained for '7O-enriched dioxygen is shown in
Fig. 29a. The 11-line pattern proves the side-on attachment of
the dioxygen ligand. The diagnostic features of the heteroleptic
[0, Niy]'ZSM-5 adduct (ge < gux(z) = 2.0635 < gyy(2) = 2.0884
< gr(1) = 2.1675, Ayyz) (5.67 MT) > Agyz) (1.0 mT) ~ Ay
(1.3 mT)) with the highest hf splitting along the g, mid value
direction are distinctly different from those observed for the
n-type O,  adducts (ge X Za3) < Zp2) < Lz(1) and Ap) >
Axx(z) ~ Ayye) with the maximum of hf splitting along the
highest g.() value). The [n*0, Ni]'ZSM-5 complex is best
described as a mixed metalloradical with two supporting oxy-
gen donor framework O, ligands and nearly even spin density
repartition between the superoxide moiety and the nickel
centre (pni = 0.36, pou) = 0.32, po) = 0.30), as shown in
Fig. 29a,. The associated changes in the charge distribution
upon O, attachment (Agy; = 0.32, Ago = —0.09, Ago = —0.11)
confirm the MLET mechanism of dioxygen activation with back
donation playing a crucial role (see below). Notably, the
observed triangle spin density and charge distribution
resemble those observed for n>-0;*~Zn>" species, where the
middle Ni cation and the middle oxygen are both positively
charged.

The SOMO orbital is constituted by a & overlap between the
out-of-plane 2n’, MO of dioxygen and the 3d,._y. orbital of
nickel, whereas LUMO results from the n-type overlap between
d;y and in-plane 2m orbitals (see Fig. 30a), following the

superoxide nature of the [n>-0, Ni]"ZSM-5 species. The overall
binding energy of dioxygen, equal to —16 kcal mol ', results
from the molecular (—141 kecal mol ') and electrostatic
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(—87 kJ mol™") contributions that are attenuated by a sizable
steric repulsion (+212 kJ mol ).

The intrazeolite [n*0, Ni,]/ZSM-5 species exhibit
significantly different electronic and magnetic structure than
the akin dioxygen adducts with nickel in homogeneous
complexes,**®*° where the spin pairing mechanism prevails.
The SOMO is then constituted mainly by the 3d,. orbital, giving
rise t0 g, < gux, &y, and a small 7O hf splitting (which usually
remains unresolved). Thus, dissimilar magnetic structures of
both types of adducts can be accounted for by the different
mechanisms of dioxygen binding, which are based on coupled
electron and spin transfer in the case of [n*-0, Nis|"ZSM-5,
and a spin pairing model for the homogeneous complexes. The
ETS-NOCYV analysis of the [?-O, Ni,]'ZSM-5 electronic struc-
ture reveals three distinct orbital channels of the congruent and
incongruent charge and spin density flows, associated with 9§, =,
and o overlap, which contribute jointly to the attachment
energy and the reductive activation of the dioxygen ligand
(Fig. 30b1 and b2).

The unequal charge and spin density transfers along the n-
channel result from the n-donation from 3d,, to 2m) (1P)
and the mw-backdonation (1o) processes, with highly
uneven energetic contributions —83.2 and —5.0 kcal mol !,
respectively. The d-channel (2f) of a congruent but opposite

spin and charge transfer 3d,._,» — 21y MO contributes to

—30.5 keal mol™' of the O,-Ni interaction energy, whereas
the spinless charge back-donation, 2n) — 3d,., through the ¢
channel (2o + 3) is associated with a relatively small energy
gain of —14.2 kcal mol™'. As a result, the B-spin polarised
charge d-donation, reinforced by the partly counterbalancing -
charge donation and o-polarised back-donation along
the m-channel, together with a small charge-only o-back-
donation (Fig. 30b,, and bs) are mainly responsible for the
formation of nickel-bound superoxide O,  radical of the
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(1)%(8)%(3d2)*(3dx2—y2)*(3d2)*(8*)"(n*)° configuration, and its
S = 1/2 ground state. This illustrates the inherent complexity
of what appears to be a simple process.®*

The vibronic progression with the O-O stretching frequency
of 1010 cm ™" and the isotopic shift, A’®0 = 30 ecm ™, associated
with the § — &* excitation seen in the NIR spectra (Fig. 29b)
provides another argument that the § channel interaction
contributes to the formation of the superoxide species.?*” The
bonding § orbital is mainly localised on the Ni** centre, and the
antibonding &* orbital on the O,  moiety (Fig. 29b;), hence
the 8 — o* transition lengthens the O-O bond from 1.308 to
1.405 A, contributing additionally to dioxygen activation via
MLCT. Furthermore, the ionicity of the 6 bond has been linked
to the abnormal electrophilic reactivity of the unoccupied B-2m*
orbital of the superoxide moiety.?*”

In contrast to the superoxide species produced on Ni'/ZSM-
5, the side-on attachment of O, to Co* hosted in ZSM-5 leads,
via 2e” transfer, to the formation of a peroxo [1n>-0,>~ Co]"/ZSM-
5 adduct (Fig. 29¢).*®® Actually, this species is indirectly pro-
duced from a dicarbonyl precursor [Co(CO),]" + 2Co*>" + O, —
[Co(0),]" + 2[Co(CO)J**. The positioning of the Al atoms at the
interface between the straight and sinusoidal channels of the
MFI framework is essential for the successful implementation
of this process. In the [n*-0,> Co,.]'/ZSM-5 adduct with S = 1,
the Co®" core is chelated by the peroxo ligand, and supported by
two weak donor anionic lattice oxygen atoms, forming a square
planar structure (similar to that observed for the superoxide
adduct with the intrazeolite Ni**) with the ground state electro-
nic configuration of (1)*(8)*(d.2)*(dxz—y2)*(dy)"(8*)"(n*)°. This
structure of the [n>-0,>” Co,.]"/ZSM-5 adduct is ascertained by
a distinct NIR absorption band around 9840 cm ™', assigned to
the 8 — &* transition in the [Co(O,)]" moiety (Fig. 29¢). The
interval between the first and second vibrational fine structure
features equal to 560 cm ™ * for the °0,, and the isotopic shift of
A0 ~ 20 cm ™' are typical for the symmetric vibrational
frequency of the peroxo side-on species (0,7).

The coordination of O, to Cu” (d'®) cations hosted in
zeolites of different topologies (AFI, CHA, TON, MOR, MFI)

This journal is © The Royal Society of Chemistry 2026

leads to the formation of stable magnetic, n', and non-
magnetic, n% adducts with the side-on attachment being
energetically more favourable by ~ 0.5 eV.>** The n* adsorption
energies are around —1.3 & 0.1 eV for CHA(S8MR), TON(10MR),
MFI(10MR), AFI(12MR), dropping to —1.03 eV for MOR(12MR),
indicating that the size of the zeolite cavities plays a secondary
role in controlling the strength of the Cu-O, binding. The O-O
stretching frequencies varying about 1172-1198 cm™ " are char-
acteristic of superoxide species (Cu'/z + 0, — [n*-0, -Cu"]"/2).
The thermodynamic stability diagram of n'-0, and n>-O,
adducts of the Cu®* and Cu” cations hosted in the 6MR and
8MR sites of CHA at various temperatures and po, pressures
(Fig. 29d) shows that O, is only weakly bound to Cu®* in both
6MR and 8MR positions, desorbing already below 0 °C under
the O, pressure of 5% (horizontal orange line). This is consis-
tent with a weak activation of dioxygen (do_o of 1.235 A is close
to the free O, value of 1.21 A), primarily due to the formation of
inverted energy levels (IEL, see Chapter 4.1 and Fig. 17). The
stability of the superoxide [n*-0, -Cu]" species hosted in the
6MR and 8MR extends to ~200 °C, following the sizable charge
transfer stabilization of the ligated superoxide moiety. Interest-
ingly, attachment of the ancillary NH; ligands of stronger
donor properties makes the mononuclear [0,-Cu(NHj;),]"
adducts that are solvated in the zeolite cavities unstable (at
the DFT calculation level of BEEF-vdW), regardless of the
attachment mode.>*® Yet, the [n'-0,~Cu(NHj;);]" species,
proposed to be formed upon NHj-induced dissociation of
the peroxo diamino dicopper(n) complexes, are apparently
stable.>*!

Dioxygen attachment to dinuclear metal and metal-oxo centres.
The binding of O, by two adjacent TMI cations typically leads to
the formation of end-on cis p-n*:n?, trans p-n*:n', the side-on p-
n*n? and the bis(u-0x0)*** species of predominantly peroxo
and oxo character, mentioned above (Fig. 27). Notable
examples are provided by the bridging oxygen species,
produced upon O, attachment to dimeric Cu*UCu’ centres in
MOR,285,302 CHA,285,303 BEA,304 MF1285,305,306 and Fe2+UFeZ+

Chem. Soc. Rev,, 2026, 55,144-209 | 181
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corresponding FPT diagram (a,).8*3! Influence of copper distance on the nature of oxygen adducts, together with the associated key molecular orbitals

responsible for O—O bonding (b;) and (b,).3°® Evolution of the dinuclear d

iamino adducts of O, with the corresponding energy profile (c).3° Energy

profile for dioxygen splitting on Fe/FER catalysts (d), and dependence of the activation energy of O, dissociation on the zeolite topology (d,). Panels d and

d; are adapted from ref. 308 with permission from the American Chemi
references.

centres in BEA,*®” MOR or FER.>°® Other less explored species
include trimeric CusO; centres in MOR®*®> or Co*'ucCa in
FAU(X) zeolites.>*® The metal-metal distance and the presence
of ancillary ligands (such as common NH;*'°) play a notable
role in controlling the nature of the produced species, as well as
the pathways of eventual splitting of the bound O, moiety.
When the auto-reduced Cu/ZSM-5 is contacted with O,
at room temperature, side-on peroxo dicopper species
([Cu(un*n>-0,> -Cu]*") are formed.*'! The resonance Raman
1(Cu*,Cu*) band at 269 cm ™", the isotopically sensitive 1(0-0)
vibrations at 736 cm ™" (for '°0) and 695 cm ™" (*?0), respec-
tively, and the UV-vis peak around 29000 cm ' (assigned to
ni — Cull LMCT) are their typical diagnostic features
(Fig. 31a1 and a2). The [Cu(u-n*n>*0,> -Cul*" adduct after
heating at T > 150 °C transforms into mono-p-oxo dicopper
[Cu(p-O*7)-Cu]** characterized by the UV-vis band at
22700 cm™ " and the R lines at 237 cm ™" (vs, A0 =3 em™ %),
456 cm ™' (v, A0 = 8 em™") and 870 cm (v, A0 =
40 cm™ ), see Fig. 31a, and a;. Although the splitting of the
O-O bond is an uphill process, a relatively small barrier
<0.4 eV (for the SSZ-13 zeolite) makes the subsequent
transformation of the pm*n? peroxo adduct into the
bis(i)oxo descendant quite feasible. Indeed, this process

182 | Chem. Soc. Rev., 2026, 55, 144-209

cal Society, Copyright 2021. Panels a—-c are based on data form quoted

becomes thermodynamically favourable above 200 °C at
log(po,/p)) < 1 (Fig. 31a4). The bis-u-oxo species are the
precursors for mono(p-oxo)dicopper(n) species,”®*  which
exhibit high activity in C-H bond activation, and are recognised
as the active sites for CH, or benzene hydroxylation,>**%11312
Molecular modelling studies show that the distribution of Al
atoms within the cavities/channels and the resultant Cu-Cu
distance control to a large extent the nature of the bridging
oxygen species. For 2NNAI pairs configuration (dcy_cy = 2.224 A)
a cis p-n':n'-0, binding mode is preferred, in the case of 3NNAI
pairs a p-n*n>0, (dey-cu = 3.397 A) and a trans pn'n'0,
(dcu-cu = 3.887 A) adducts are formed, whereas at larger
distances between the Al atoms (4NN) only a trans u-n':n'0,
(dcu_cu = 4.249 A) can be produced.?®* The 0-O bond activation
gauged by lengthening of the interatomic distance, varies
significantly between the adducts.**® In the 2NN configuration, the
end-on trans pn'n'0, complex has the O-O bond of 1.376 A,
whereas for trans p-n'm'0, adducts in 3NN and 4NN environment
this bond is shorter (~1.31 A). The largest O-O bond length (1.436 A)
is observed for the side-on p-n*n>0, peroxo species (Fig. 31b1). The
corresponding MO energy diagram of these species, shown in
Fig. 31b2, reveals a lucid molecular orbital rationale for different
extents of dioxygen activation. The antibonding character of the

This journal is © The Royal Society of Chemistry 2026
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overlap in the HOMO and HOMO-1 orbitals of the O-O moiety for
the side-on 3NN adduct is responsible for lengthening of the O-O
bond in comparison to 2NN top-on species with only one antibond-
ing HOMO in the frontier orbitals region.?®* In the case of the 4NN
end-on adduct, HOMO exhibits in-phase overlap, whereas HOMO—1
exhibits out-of-phase overlap of the oxygen orbitals. The cancellation
of both effects accounts for the shorter O-O bond in the trans p-
n*M'0, 4NN in comparison to cis p-n*m*0, 2NN species.

The p-dioxygen adducts are also formed upon reaction of O,
with [(NH;),Cu]” complexes, where the parent framework O,
ligands are entirely replaced by the NH; molecules, which are
produced in the reduction half-cycle (RHC) of the SCR
reaction.?*®*'*31% DFT calculations show that the most prob-
able products include trans p-n*m*-peroxo and p-n*n>-peroxo
dicopper(u) adducts with a bidentate attachment of O,, without
complete dissociation of the O-O bond, or a bis-p-oxo
dicopper(m) adduct with the split O-O bond (Fig. 31c). Despite
that, the corresponding energy profiles are quite sensitive to
the calculation scheme, the p-n*n>-peroxo dicopper(m) species
with the O-O bond retained is favoured.’’® It remains in
agreement with the experimental UV-vis (a band at 13850
em™?') and EXAFS (Cu-Cu distance of ~3.4 A) investigations,
which show that the side-on pn*n> peroxo dicopper(m)
complex predominates after O, interaction with a pair of the
cage diamino copper(1) complexes hosted in CHA zeolites
(Si/Al = 15, Cu/Al = 0.5) at 200 °C.>*

The zeolite FER, MOR, and *BEA frameworks containing
iron that exhibit high concentrations of Al atoms (Si/Al < ~10)
with a large part of the Al pairs of apposite spatial organisation
are capable of dioxygen capture and subsequent O-O bond
splitting. For this purpose, the two cationic sites that form the
distant binuclear Fe** centres in six rings must face each other
in parallel and axial configuration, and the Fe---Fe distance
should be within a narrow range, from ~7 to ~8 A.*°® How-
ever, the experimental confirmation of the involved face-to-face
configuration of Fe-O species has not been definitive so far.
Such active centres are capable of splitting dioxygen to produce,
upon dissociation, a pair of ferryl species. The reaction is driven
by the cooperative four-electron 2Fe”" — 2Fe*" redox cycle, and
its primary molecular steps, along with the corresponding
energetic profiles, are shown (Fig. 31d1), taking the Fe/FER
system as an example. The reaction pathway involves a top-on
capture of O,, followed by subsequent transformation of the n'-
0, into more stable n?-0, species. The trans p-n*:n* O, transi-
tion state, located at —0.4 kcal mol * to separate reactants, is
achieved by returning to the monodentate n'-O, binding. The
dissociation of the dioxygen moiety is energetically slightly
favourable by —2.4 kcal mol ' for the most stable side-on
adduct. The activation energy of the O-O bond scission
depends on the Fe---Fe distance for the iron cations accom-
modated in the B sites with the Al pairs placed in the para-
position, preferably in FER, MOR, and BEA zeolites, with a
distinct exception of LTA (where both rings are not parallel), see
Fig. 31d2 and a suitable ref. 308.

4.3.2. Coordination and activation of NO. Although nitric
oxide (NO) is thermodynamically prone to both decomposition

This journal is © The Royal Society of Chemistry 2026
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and disproportionation, these processes do not proceed signifi-
cantly without a catalyst. This is due to the considerable kinetic
stability of the NO molecule, which arises primarily from a spin
barrier. The latter, together with constraints imposed by orbital
symmetry, present the most critical molecular obstructions that
prevent efficient activation of NO along a straightforward route.
Activation through the coordination of the NO molecule to the
intrazeolite TMI centres imparts unique catalytic properties to
the metal core and the nitrosyl ligand.

The properties and distinct chemical reactivity of the
coordinated NO are often explained in terms of electron
density transfer (ET), resulting in the withdrawal of a single
electron from the 2n* orbital to produce a nitrosonium (elec-
trophilic) NO°* species, or the addition of an electron to the 21*
orbital, forming a nitroside NO° species of nucleophilic
character.'?'* Yet, using the Enemark-Feltham notation of
the TMI nitrosyl adducts, **"'{TMI-NO}" (see Chapter 4.3), the
direct attribution of a TMI-NO to nitrosonium (NO°") or nitro-
side (NOa’) category can be circumvented. The other pathway
to NO activation involves an oxygen transfer (OT), resulting in
the oxidation of NO to NO,. The occurrence of the elementary
ET and OT events depends critically on the nature of the active
site. The electron transfer is characteristic of the bare
cations,"”**” while oxygen transfer occurs in the case of the
various mono or polynuclear oxo-cations.*'®

The epitomic NO" and NO~ species, which are expected to
bind in linear and bent n"-N mode, respectively. But typically
observed adducts with the partial charge accumulated on the
NO ligand (NO°~), exemplified by ({*CuNO}*', 2{znNO}""), are
slightly bent with elongated and polarized N-O bonds. The
NO’" containing adducts, such as (*{NiNO}°, {*CoNO}®), are
also bent with the bonds shortened and polarized.*'”*'® The
NO, /NO;~ oxidation products, which play an essential role in
some catalytic processes (e.g., SCR of NO, oxidation of NHj,
selective oxidation reactions), are produced along mechanisti-
cally more intricate pathways involving the interaction of the
activated (bound) NO with O, or via involvement of elusive
HONO species produced upon the interaction of NO with the
intrazeolite TMI-OH centres."””

The appearance of nitrosonium and nitroside, or other NO,
species can be deduced from the corresponding IR spectra,
featured by characteristic position (blue- or red-shifted com-
pared to the bare NO band) and the number of N-O bands.*"°
For zeolitic systems, such simple discrimination of the nitro-
sonium vs. nitroside reactivity of NO° with 6 close to +1 or —1,
has been rarely observed, and situations with polarisation of
the TMI-NO bond rather than formation of ionic adspecies via
electron transfer are more common.>*”317320,321

Role of spin and metal electron configuration. The behaviour of
the spin density of NO upon binding to TMI can be followed
with EPR measurements of in situ NO adsorption. This proce-
dure results in characteristic powder EPR spectra (Fig. 32a-e)
attributed to the paramagnetic nitrosyl adducts. Depending on
the investigated system (the number of unpaired 3d-electrons
of the TMI core), the following processes can be distinguished:

Chem. Soc. Rev., 2026, 55, 144-209 | 183
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Fig. 32 Reactivity of TMI in zeolites toward NO monitored with the CW-EPR spectroscopy. NO adsorption on VO,/SIBEA (a), Co®*/ZSM-5 (b), Ni?*/ZSM-
5 (c), reduced Fe?*ZSM-5 (d), reduced Cu*/ZSM-5 (e) metallozeolites. The arrows schematically indicate the number of unpaired electrons involved in
the TMI active centre and the resulting nitrosyl adducts. The dotted grey EPR spectra correspond to iron and copper in their parent oxidation states
before autoreduction. Figure was based on data from ref. 247, 295, 316 and 322.

(1) spin pairing, (2) spin crossing, and (3) spin addition. The
simple spin pairing was observed for VO, (3d") species (being
indirectly deduced from disappearance of the EPR signal of
V0,),”* high-spin *Co** (3d”) centres (leading to the formation
of {*Co(NO),}° dinitrosyls upon pairing of two odd 3d electrons
with two NO molecules),"”” and high-spin *Ni** (3d®) cations
(formation of the mononitrosyls {?NiNO}’ adducts).”*” The
reaction of *Fe** (3d°) with NO in ZSM-5 zeolite represents an
example of spin pairing combined with spin crossing.****** In
contrast, the adsorption of NO onto reduced Cu" (3d"°) repre-
sents a simple spin addition process to the closed shell Cu®

184 | Chem. Soc. Rev., 2026, 55, 144-209

cation.®*® In all five cases, the formation of nitrosyl complex
can be rationalized in terms of the spin processes occurring
between the spin state of 3d TMI and that of NO (°I1,,,) radical
ligand:

(1) >VO,/SIBEA + NO,) (*T1;/5) — '{ON-VO,}*/SiBEA;

(2) *Co®"/ZSM-5(BEA) + 2NO(y (*I1;5) — *{Co(NO),}°/ZSM-
5(BEA);

(3) °Ni*"/ZSM-5(BEA) + NOy (*II,,) — >*{NiNO}’/ZSM-
5(BEA);

(4) °Fe*'/ZSM-5 + NO(g) (*I1,/,) — *{FeNO}'/ZSM-5;

(5) 'Cu’/ZSM-5 + NO, (*I1;,) — *{CuNO}'"/ZSM-5.

This journal is © The Royal Society of Chemistry 2026
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figure was based on data from ref. 156 and 247.

In the case of the “Co®" adducts with NO, analysis of the
observed cobalt hyperfine splitting indicates that approxi-
mately 80% of the spin density (0 ~ 80%) is localized on
the metal centre. This suggests that the magnetic structure of
the dinitrosyl intermediates can be represented as NO(1 |)-
1Co**~(| 1)NO, where the unpaired electron resides primarily
on the cobalt ion. This adduct, however, undergoes interesting
transformation upon thermal treatment, resulting in the
reduction of the metal centre to zero-valent cobalt. The latter
state was unambiguously confirmed by consecutive adsorption
of CO and propene, resulting in EPR spectra characteristic of
3d° electron configuration of the cobalt cation."”

Similarly, the g-tensor values of Ni*’NO adduct in ZSM-5
zeolite are characteristic of a metal-centred paramagnet with
the 3d° electron configuration.® This signal has been assigned
to the adducts of the type [Ni-NOJ**/ZSM-5 (S = 1/2, 3d°). A
similar signal was reported earlier for surface adducts in the
Ni-silica systems.***> The [Ni-NO]*" notation does not reflect
the actual redistribution of partial charges that occurs upon NO
coordination to Ni**, and the corresponding shift of the y—o
IR band (1890-1898 cm ™, Fig. 33a) concerning the 1874 cm™"
value of the physisorbed NO. The actual charge redistribution is
closer to the Ni®*~9*-NO°" formulation. The relative position of

1
the NO <n§p) donor level regarding the semi-occupied Ni 3d,.

(o donation channel) and the position of the occupied 3d,,

0
orbital in comparison to the empty level (n§p> (m back donation

channel), dictate the extent of the actual ligand to metal charge
transfer, where the coordinated NO molecule is partially oxidized
to NO°". This is consistent with the experimentally observed blue
shift in the NO stretching frequency in the IR spectrum.>*’

The EPR results also support such a molecular picture. The
g-tensor parameters extracted from the CW-EPR spectrum of
{’NiNO}° adducts in ZSM-5 zeolite (Fig. 33c) are characteristic
of a 3d° electron configuration, which is supported by the

This journal is © The Royal Society of Chemistry 2026

presence of °'Ni (I = 3/2) hyperfine splitting when an
isotopically-enriched sample was used. At the same time,
hyperfine splitting due to **N (I = 1) is not resolved due to an
effective quenching of the spin density at the nitrogen nucleus
resulting from the spin pairing ligation. The residual hyperfine
structure can be unraveled using HYSCORE spectroscopy, a
powerful method for characterizing paramagnetic species
in porous materials.®>*'®""7'>® Electron spin echo (Fig. 33d,)
and the HYSCORE spectrum for one selected orientation,
corresponding to the maximum amplitude of the echo, is
shown in Fig. 33d2 for the {®NiNO}’/ZSM-5 adduct. The
characteristic correlation ridges in the so-called strong
coupling regime correspond to the following N hyperfine
parameters A, = 14.0 MHz, Ay, = 9.0 MHz, A,, = 6.0 MHz,
implying that approximately 4% of the total spin density is
localised on nitrogen.'”®

The above observations indicate that nitrosyl adducts are
formed via a spin-pairing process, which in the case of Ni**/ZM-
5 involves a one-electron Ni**(3d®%)/Ni*(3d°) couple.>*” For the
Co0**/ZSM-5 (or BEA) system, adsorption of NO leads to the
spontaneous formation of dinitrosyls, engaging a two-electron
C0>*(3d7)/C0°(3d°) couple.’*®

The IR and EPR evidence for the formation of paramagnetic
2{CuNO}" is shown in Fig. 34a and b. The bonding between the
closed-shell Cu’ and NO radical in the channels of ZSM-5
zeolite has been rationalized in terms of the spin addition
mechanism and the s/d hybridization of the empty 4s and two
occupied 3d, orbitals (3d,. and 3d,,) of Cu, which interact with
the 2n* MO of NO.320321:326327 The empty 3d,. + 4s acceptor
state can overlap more efficiently with the in-plane 2x} of NO.
At the same time, the interaction of the NO lone pair is weaker
as the latter is situated relatively low in the energy within the 3d
manifold (see the MO interaction diagram in Fig. 34c). Such an
interaction provides a pathway for the o-type bond, producing
the singly occupied molecular orbital (SOMO). The interaction
of the occupied 3d,, orbital with the remaining out-of-
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Fig. 34 Spectroscopic evidence of the nitrosyl adduct formation upon NO interaction with Cu*/ZSM-5. IR spectra of NO adsorption with the
highlighted mononitrosyl band at 1805 cm™ (a), CW-EPR spectra of the parent Cu®*/ZSM-5 zeolite and the adsorption complex, produced after thermal
autoreduction of Cu?*/ZSM-5 and subsequent NO adsorption (b), Kohn—Sham correlation diagram of the {?CuNO}!/ZSM-5 adduct (c), and the
corresponding spin density contours of the mononitosyl species (d). Panels a and d adapted from ref. 345 with permission from Elsevier, Copyright 2007.
Panel b adapted from ref. 172 under the terms of the CC BY 4.0 license, Copyright 2025, published by American Chemical Society. Panel c adapted from
ref. 320 with permission from he American Chemical Society, Copyright 2003.

plane empty 2 gives rise to the lowest-unoccupied molecular
orbital (LUMO). The local Cg symmetry allows for admixing of
the Cu 4s state to the 3d manifold. The interaction with
the 2n* states of NO results in a charge and spin donation
nt — (3d2? +4s) + 3d,., accompanied by a 3d,. — n’ back-
donation. SOMO and LUMO are antibonding between Cu"
and NO, exhibiting a mixed 2rn*-3d character with a prevailing
NO contribution. The redistribution of electronic charge within
the Cu-NO unit leads to a partial oxidation of the copper centre
and a concurrent reduction of the NO ligand, as evidenced by
the red-shift of the N=O0 stretching vibration to 1805 cm ™. In
addition, such an orbital picture explains all characteristic
features of the EPR spectrum of {*CuNO}'" adducts (Fig. 34b),
i.e., monoclinic symmetry, large hyperfine coupling constants
(®*°Cu, I = 3/2) due to involvement of Cu 4s in SOMO, and the
™N (I = 1) hyperfine splitting that is typical of ligand-centred
nitrosyls radical.**°

Beyond the previously discussed 3d.. — n} interaction, the
primary factor driving the bending of the NO ligand is the
enhanced orbital overlap between the n} orbital of NO and the
4s orbital of the metal centre. This interaction becomes
symmetry-allowed only in a bent geometry, making it inacces-
sible in the linear coordination mode. The spin density contour
shows principal localization on the NO ligand with a sizable Cu
contribution, and it is practically confined to the CuNO moiety
(Fig. 34d). Thus, the copper nitrosyl in ZSM-5 is a ligand-
centred {*CuNO}"" radical for spin classification purposes.

186 | Chem. Soc. Rev., 2026, 55, 144-209

Charge flow during the TMI-NO bond formation and bonding
mechanisms. The electronic density flows accompanying the
TMI-NO bond formation can be elucidated and quantified
using the NOCV method (see Chapter 4.1.1). Since NO is an
open-shell ligand, the NOCV analysis should be performed in a
spin-resolved (SR) fashion, i.e., separately for the o (1) and B (|)
spin densities. Moreover, the unpaired electrons on the NO and
TMI-zeolite non-interacting fragments should be distributed
and coupled consistently with the TMI-NO bond; this is
necessary to avoid spurious intra-fragment charge flows that
would blur the interpretation of the NOCV results.*?®

The SR-NOCV method has been applied to a series of
increasingly complicated NO interactions with zeolitic TMI,
starting from the simplest case of closed-shell Cu"
cations,*****° through open-shell 3d® Ni** (ref. 156) and 3d°
Cu”*,**° up to the most complex 3d” Co>* active centres with
NH; co-ligands*>**" hosted in ZSM-5 zeolite. The SR-NOCV
analysis of the NO binding to the Cu*/Cu®* sites®**3° revealed
the following most relevant electron-flow channels: (1) m*-
backdonation, (2) donation of an unpaired electron from NO
7%, (3) o-donation from the nitrogen lone pair, (4) covalent Cu-
NO contribution. They are illustrated in Fig. 35, using the SR-
NOCYV results for the representative {CuNO}"!, {CuNO}'°, and
Co(NH;3);(NO)}® species.

The channel (1), which represents backdonation from the
doubly occupied Cu 3d; to the empty 2n; MO of NO, increases
the population of the 2n* (antibonding) orbital, leading to a

This journal is © The Royal Society of Chemistry 2026
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nitroside activation of the ligand (NO°"). The channel (2),
which represents the unpaired electron displacement from
the initially singly occupied 2m to the Cu-zeolite fragment,

acts oppositely. The relative importance of these two channels
is sensitive to the oxidation state of Cu and the embedding of
zeolite. The 2n*-backdonation channel (1) is most efficient for
the zeolitic Cu” site, consistently with a pronounced red-shift of
the NO stretching vibration for the intrazeolite {CuNO}"" sys-
tems. The n*-backdonation is considerably diminished in the
zeolitic Cu®" site (cf. Fig. 34). In this case, this channel features
strong polarization on NO and involves the electron density
transfer from Cu 3d; and nitric oxide O 2p; to the bonding
region, rather than straightforward n*-backdonation.**° More-
over, in the Cu”>*'NO system, the effect of n*-backdonation is
effectively cancelled by the opposite effect of the unpaired
electron donation from the 27* SOMO along the channel (2).
The net outcome of this competition is the deactivation of NO,
which is also reflected by the blue shift of the vy_o stretching
frequency.’****° These results explain why the intrazeolite Cu®*
sites are inefficient in activating NO, although it binds this
molecule more strongly than the intrazolite Cu” centers.****3?

The remaining two electron density flow channels, shown in
Fig. 35, are of minor importance for the NO activation and are

relatively insensitive to the metal oxidation state and

This journal is © The Royal Society of Chemistry 2026

embedding.’*® The o-donation channel (3) appears in all

studied models, but hardly influences the strength of the NO
bond, as the electron density is donated mainly from the
nitrogen lone pair. The covalent Cu-NO channel (4) can be
heuristically interpreted as a donation from the NO 2r; and Cu
3d, orbitals to the bonding region, accompanied by simulta-
neous intra-NO density redistribution. It may also be under-

I
stood as the formation of a three-electron bond (3d||)27 (nﬁ) ,

followed by some m — 1 mixing in NO. As this channel only

exists in the B spin manifold, it contributes to the partial spin
transfer from NO to Cu. Spin transfer is also connected with the
channel (2), which only exists in the o spin manifold, and
channel (1), which exists in both spin manifolds, but its o- and
B-spin components are not balanced (compare eigenvalues of
0.37 and 0.25 for the{CuNO}"* adduct in Fig. 35).

In summary, the discussed SR-NOCYV results nicely corrobo-
rate the spin addition and backdonation mechanisms dis-
cussed above for the Cu-NO system, and the interpretation of
the EPR experimental data. By showing competition between
the two most relevant electron flow channels: (1) m*-
backdonation and (2) donation of the 2n* unpaired electron,
they rationalize the propensities of different Cu sites to activate
NO. Such an insight can hardly be obtained from more popular
descriptors, such as atomic charges and spin populations,

Chem. Soc. Rev,, 2026, 55,144-209 | 187


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00346f

Open Access Article. Published on 07 November 2025. Downloaded on 2/18/2026 8:48:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

alone. In particular, the spin density on NO is not a direct
indicator of its effective redox state, a conclusion that has also
been pointed out in a broader context for other TMI-nitrosyl
complexes.’® The fractional charge of the ligated NO is a net
result of the opposing electronic flows corresponding to dona-
tion and backdonation processes.

DFT studies, supplemented with SR-NOCV analyses, have
also been used to elucidate the mechanism of NO bonding to
zeolitic Co®" sites in the presence of ammonia co-ligands.*****
The experimental studies of mononitrosyl species in Co**-
exchanged MOR and FER zeolites demonstrate that the NO
stretching frequency undergoes a blue shift, which changes to a
considerable red shift upon NH; co-adsorption.**" Following
the experimental conditions, DFT calculations were conducted
on simplified cluster models of the {CoNO}® species containing
none, two, three, or five NH; co-ligands, which are embedded
in a simple one-tetrahedron T1.*°?3! The construction of the
more realistic zeolitic models is described elsewhere.***33*

The DFT modelling of the (NH;),{CoNO}® adducts fully
confirmed the electron-donating effect of NH; lone pairs,
leading to enhanced Co 3d — 2n*-backdonation, and explain-
ing the red-shift of the NO stretch in the (NHj;),{CoNO}®
adducts. Interestingly, this electron flow channel turned out
to be finely spin-state controlled, i.e., highly more effective in
the singlet than in the triplet spin state.>*" The relative energies
of the two spin states are challenging to predict using the
available approximate DFT methods, which is a typical problem
for 3d-electron TMI complexes in various coordination
environments.>® Yet, the CCSD(T) and CASPT2 results show
that the singlet and triplet spin states of the intrazeolite
{CoNO}® species are close in energy, allowing them to coexist
in equilibrium under experimental conditions.*® The calcula-
tions also reveal that the most substantial red shift of the NO
stretching occurs for the complex with three NH; co-ligands,
rather than for the complex with five ligands. While being
counterintuitive at first sight (ammonia is a stronger
electron donor than zeolitic oxygen groups), this result can be
rationalized by invoking the t¢rans effect of the NH; ligand,
present in the pentammine complexes. It leads to elongation
of the Co-NO bond, and hereby to the reduction of the
n*-backdonation effect in [Co(NH;)5(NO)]** as compared with
the [Co(NH3);(NO)J** zeolite adduct.*®® A similar pattern of
complex competition between the binding of strong NH; co-
ligands and preserving the covalent linkages to the zeolite
framework, which is an electron-rich, but weaker ligand, has
been observed for more realistic zeolite models.*** It is not
necessarily full ammonia saturation of the Co>" site that leads
to the highest extent of the NO activation.

According to the SR-NOCV analysis,*® the Co-NO bond
formation in the spin singlet {Co(NH;3);(NO)}® zeolitic species
can be best characterized as a combination of (1) spin-pairing
between Co*'(3d, 1) and NO (2xj, |) with concomitant (2) n*-
backdonation from Co 3d, to NO 2n’ (Fig. 35). The spin
pairing channel is consistent with the formation of a covalent
6 Co-NO bond (having a significant biradical character — see
below). The n*-backdonation channel, which activates the N-O
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bond, is found in both spin manifolds with the identical
eigenvalues, and hence, it does not transmit the spin
polarization.

The electronic structure of the discussed *[Co(NH;);(NO)]**
zeolite model (T1) has been described as unpolarized (closed-
shell) singlet,*® caused by the application of a pure density
functional (BP86). In contrast, hybrid functionals can easily
lead to a spin-polarized BS-DFT description, as seen for the
intrazeolite {CuNO}'® species discussed earlier. In general, both
the existence of a BS solution®*®> and the distribution of spin
density’™®! in the nitrosyl complexes are critically dependent
on the choice of the exchange-correlation functional. The BS
spin density, although helpful in visualizing the pattern of spin
coupling accompanying TMI-NO bond formation, is not
expected to accurately reproduce the physical spin density. It
merely provides a means of simulating nondynamic correlation
effects in the metal-ligand bond, within the limitations of the
single-configurational DFT formalism.>*3°

A more rigorous description of these effects can be obtained
using the multiconfigurational wave function formalism, in
which the principal electronic configuration (PEC) is mixed
with other configurations, obtained by promoting electron
pairs from the bonding to antibonding orbitals. In this way,
the antibonding orbital (unoccupied in the PEC) gains frac-
tional occupations, whereas the bonding orbital (doubly occu-
pied in the PEC) reduces its effective occupation below two.
Thus, the TMI-NO bond acquires a partial biradical character.
In a sense, it is “stretched” or “partially dissociated” already in
the equilibrium geometry due to non-optimal overlap between
the metal and ligand orbitals.**”**° This effect is most pro-
nounced in first-row TMI due to the small size of their 3d
valence orbitals. The ligand cannot approach close enough to
achieve the optimum overlap with the 3d orbitals due to Pauli
repulsion with the doubly occupied 3s3p outer-core orbitals,
which are of approximately the same size as the 3d ones (see
Pauli shield in (Fig. 17b)).**® The NO ligand has doubly
occupied 27 orbitals in a very similar space region as 2n* ones,
giving rise to powerful Pauli repulsion.**® These nondynamic
correlation effects exacerbate problems associated with the
non-innocent nature of NO, as they influence both the strength
of the TMI-NO bond and the effective oxidation state of the NO
ligand.

The discussed nondynamic correlation effects can be
accounted for by using the CAS method with an active
space containing the TMI 3d and NO 2n* orbitals as well as
other relevant orbitals, e.g., the additional shell of d orbitals
and NO r© orbitals, which are needed to achieve a balanced
approximation of the electronic wave function in nitrosyl
species.?®>**3” The CAS calculations with 13-14 active orbitals
have been performed for the intrazeolite *{CoNO}® adducts
with ammonia as co-ligands,”® and for the *{NiNO}’ complex in
ZSM-5 zeolite.'>® Based on these results, Fig. 36a shows the
pairs of bonding and antibonding orbitals that describe the o
component of the TMI-NO bond.

The contributions of TMI and NO fragment orbitals to
the bonding and antibonding orbitals are comparable,

This journal is © The Royal Society of Chemistry 2026
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demonstrating a highly covalent character of the c-bonds,
which is consistent with the spin pairing ligation
mechanism."*® The orbitals’ fractional occupation numbers
strongly deviate from the ideal integer values (ie., 2
for the bonding orbital, 0 for the antibonding orbital),
indicating considerably reduced bond order, and hence a
pronounced biradical character of these bonds. The effec-
tive bond order, b = (n, — n,)/2, amounts to 0.765 for the
intrazeolite {CoNO}® complex and to 0.485 only for the
{NiNO}®/ZSM-5 complex. Thus, the c-bond in the equili-
brium geometry of Ni-NO exhibits a biradical character
exceeding 50% (the biradical character is calculated as
(1 — b) x 100%).

The spin density of the {NiNO}*/ZSM-5 complex primarily
originates from the SOMO, which is predominantly (95%)
composed of the Ni 3d,, orbital interacting with lone pairs of
the zeolite oxygen atoms. Due to the spin coupling within the
Ni-NO bond, the total spin population on Ni increases to +1.22,
which is compensated by the negative spin population on NO
(—0.17 on N, —0.10 on O) and residual positive spin population
on the zeolite oxygens, according to Mulliken spin populations
of the CAS wave function.'”® Only a minor part of the spin
density is retained on the NO ligand (in agreement with the
spin-pairing mechanism of ligation), which is consistent with
the interpretation of the HYSCORE experimental results
discussed above.

Further insight into the multiconfigurational electronic
structure of TMI-NO bonds can be gained by analyzing the
valence bond (VB) structure of the CAS wavefunction.’®*® In
this approach (VB-CAS), the active orbitals undergo a localiza-
tion procedure, after which each active orbital can be assigned
to either the TMI- or NO-fragment. The CAS wave function can
be reinterpreted as a superposition of the VB resonance struc-
tures with a defined number of electrons assigned to the TMI

This journal is © The Royal Society of Chemistry 2026

fragment and the NO ligand (i.e., definite oxidation states of
these fragments). The VB-CAS method thus allows circumven-
tion of the limitations of the Feltham-Enemark notation (see
Chapter 4.3) by quantifying contributions from the resonance
structures belonging to different oxidation states. The techni-
que, initially developed for bioinorganic architectures,® has
been subsequently applied to describe nitrosyl complexes in
diverse coordination environments,’******! including intrazeo-
lite TMI-NO adducts.*>"® The VB-CAS method should be
clearly distinguished from alternative approaches to assigning
oxidation states in nitrosyl complexes, e.g., based on the IUPAC
rules (ionic approximation) and/or geometric arguments®*>**?
and other types of orbital analyses.>**

The contributions of the VB-CAS resonance structures
for {Co(NH;);NO}® are illustrated in Fig. 36b;,"® and for the
{NiNO}’ complex in Fig. 36b,.">® The most important
individual electronic configurations for a given resonance
form are also shown. For both analysed nitrosyl adducts, the
CAS wave function is clearly dominated by the resonance form
with neutral NO radical, which can be formulated as TMI*'-
NO* (where TMI = Co or Ni). In the most important configura-
tions of this type, the local spin on NO is antiferromagnetically
coupled with the TMI spin. For example, in the {NiNO}’ adduct,
87.3% of the CAS wave function is provided by the Ni**(Sy; =
1)NO*(Sxo = 1/2) resonance structure, with the critical single
configuration (d._,») (dxz)2(d},z)2(dxy)T(d:z)T(nf;)l(n}‘,)o con-
stituting 78.5% of the CAS wave function.'®® The large con-
tribution of the TMI**-NO® resonance form, particularly in the
{NiNO}® complex, is thus consistent with the above-discussed
considerable biradical character of the TMI-NO bonds, and
corroborates lucidly the spin-pairing ligation mechanism. The
shares of the essential ionic resonance structures, such as M*"-
NO~ or M'-NO', are notably different in the two discussed
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complexes, indicating partial nucleophilic character of NO°~ in
the case of '{CoNO}* and partial electrophilic character of NO°*
in *{NiNO}’. This is consistent with the positions of
the NO stretching bands, which are either red-shifted or blue-
shifted, in these two cases. Moreover, in the series of
{CoNO}® adducts,*® the relative shares of the Co**-NO~ or
Co'-NO" resonance forms align well with changes of
the N-O force constant and the stretching frequency,
showing that predictions of the VB-CAS method generally
correlate with other descriptors of the NO valence state. Con-
cluding, the VB-CAS shares of the resonance structures appear
to be more robust descriptors than the SR-NOCV eigenvalues
when comparing complexes with different spin states or
geometries.

Reactivity of the TMI-NO adducts with NO. The reactivity of
nitrosyl adducts is closely related to how the NO molecule is
coordinated, and to its electron configuration and spin state.
For instance, the chemoselective capture of NO and the
formation of mononitrosyl intermediates are pivotal
prerequisites for its direct decomposition to N, and O, or its
reduction into N, with the aid of hydrocarbons.'”>**”**® Since
the formation of the N-N bond requires the proximity of two
NO molecules, there are two possible pathways along which the
adsorption of the second NO molecule can occur. These path-
ways have been distinguished based on the NO attachment
locus (Fig. 37a) and can be termed inner-sphere and outer-
sphere attacks. This mechanistic dichotomy determines the
regioselective addition of NO to the mononitrosyl intermediate.
The inner-sphere addition process leads to the formation of
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geminal dinitrosyl 2*"{TMI-(NO),}*'* adducts, whereas the
outer-sphere pathway results in a dimer bound to the metal
centre **"4TMI(N,0,)}"2.

The formation of dinitrosyl complexes in metallozeolite
catalysts is confirmed, mostly by IR spectroscopy.”'® The dis-
appearance of the band attributed to the N-O vibration of
mononitrosyls and the simultaneous formation of two bands
of the collective symmetric and antisymmetric vibrations of the
TMI(NO), species, provides direct evidence for the formation of
dinitrosyl complexes at the expense of the parent mononitrosyl
adducts.******7*%” similarly, formation of N,0O, dimers, which
are diagnostic of the outer-sphere mechanism, has also been
observed by IR in the metallozeolites in the spectral range of
1420-1320 cm ™" corresponding to the N-N vibrations.*"’

Dinitrosyl complexes have often been postulated as
intermediates of the NO disproportionation into N,O and
NO,, catalysed by transition metal complexes in homo-
geneous®*®**° and zeolitic®>*® systems. The two dinitrosyl con-
formations, namely attracto and repulso, are shown in Fig. 37b.
According to the classification proposed by Richter and
Legzdins,**' the 3d°7'° transition metals prefer an attracto
conformation. In this geometry, the bending of both NO groups
results in a decrease in the oxygen-oxygen distance (“inward”
bending). An “outward” bending, in turn, increases the dis-
tance between the oxygen atoms of both NO ligands, with a
simultaneous reduction of the distance between the nitrogen
atoms (repulso conformation). Such structures have been
described in detail for copper(i) centres in zeolites,*****” and
they differ in the respective symmetric and antisymmetric IR
bands.**®
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Fig. 37 The inner- and outer-sphere attack of the second NO molecule on intrazeolite nitrosyl complex (a). Comparison of DFT calculated IR dinitrosyl
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The interaction pathway of the second NO molecule with a
given mononitrosyl complex can be related to the spin reparti-
tion within this species. For the first-row paramagnetic TMI-
NO/ZSM-5 adducts,*” the spin density is confined almost
entirely to the TMI-NO fragment, spreading on the zeolite
backbone to a small extent only. Thus, the TMI-NO unit
constitutes the magnetophore of the entire TMI-NO/ZSM-5
system (see Chapter 4.1).*' Two examples of the spin density
repartition in the *{CrNO}° and *{ZnNO}'' magnetophores
hosted in the ZSM-5 framework are shown in Fig. 37c; and
¢,. They represent two extreme cases of metal-centered and
ligand-centered metallo-radicals, respectively (see Fig. 18e).

The effect of the spin density distribution in TMI-NO on
the attachment of the second NO molecule is illustrated
by the reaction pathways shown in Fig. 37c; and c,. For
the *{CrNO}° magnetophore, the ligation trajectory along
which the interaction energy is minimized results in the
formation of a dinitrosyl complex *{Cr(NO),}” via an inner-
sphere attack. A different scenario occurs for the *{ZnNO}""
magnetophore. Here, the binding of NO leads to the bond
formation directly between the nitrogen atoms, as the
incoming NO molecule is repelled from the first coordination
sphere of the zinc centre. Therefore, a *{ZnN,0,}'> complex is
formed along the outer-sphere mechanism. Thus, the outer- vs.
inner-sphere dichotomy of NO coordination to the paramag-
netic mononitrosyl intermediates is essentially controlled
by the spin density distribution within the correspond-
ing magnetophores. The inner-sphere attack, which occurs
directly at the metal core, is expected for the metal-centered
metallo-radicals. In contrast, for the ligand-centered metallo-
radicals, the outer-sphere mechanism is preferred. The bent
structure of the NO ligand with the associated accumulation of
spin density on the nitrogen atom is particularly beneficial for
directing the NO attack at the nitrosyl moiety.

The possible mechanisms of NO activation differ depending
on the nuclearity of the active centres, as demonstrated for
monomeric®*® or dimeric copper species®*® in zeolites. In the
case of mononuclear copper centres, the spin density localisa-
tion on the ligand in the Cu-NO magnetophore suggests that
the attack of the second NO on the copper nitrosyl intermediate
is preferred via an outer-sphere pathway. It occurs with nearly
zero activation energy and leads to the direct formation of the
N-N bond via the N,O, intermediate. The latter decomposes
into N,O, leaving behind highly reactive intrazeolite CuO/z
species (its electronic structure is briefly discussed in Chapter
2.2). It can be brought to the initial state by interacting with the
N,O byproduct (CuO/z + N,O — O, + N, + Cu/z) or by reduction
with auxiliary hydrocarbons (HC-SCR). However, the energy
profiles of the reaction pathway (Fig. 37d,) favour the
dinitrosyl formation (inner-sphere) rather than the direct NO
coupling (outer-sphere).**> Two possible conformers of
the dinitrosyl intermediates can be identified using IR
spectroscopic signatures (the frequency difference between
the symmetric (v5m) and antisymmetric (v4sym) components,
and the Iym/,sym intensity ratio).>*> Seemingly, only the relative
intensities of the stretching vibrations are markedly altered
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upon changing the conformation, and the IR results confirm an
attracto conformation of the copper dinitrosyls in ZSM-5 (see
Fig. 37b). Although the attracto conformation brings both
oxygen atoms closer to each other, the development of an O-
O bond (for initiating direct NO decomposition into O, and Nj)
is significantly impeded by the concomitant accumulation of
the negative charge on these atoms when they approach. In the
alternative repulso conformation, both nitrogen atoms are
getting closer to each other. It is beneficial for the incipient
N-N bond, and along this mechanistic variant, the NO decom-
position takes place. As a result, for direct NO decomposition
into N, and O,, the attracto dinitrosyls are inert, and the
repulso conformation favours the reaction initiated by the
inner-sphere N-N bond formation. It requires, therefore, an
initial transformation of the dinitrosyl intermediates from the
attracto into the repulso conformation.****%® An energy dia-
gram for this transformation is presented in Fig. 37d;. As a
result, the mechanistic cycle of the NO direct decomposition on
the mononuclear centres of Cu accommodated in zeolite
catalysts involves the following steps:

'Cu’ + NO) — *{CuNO}" — cis-'{CuN,0,}"
— trans-'{CuN,0,}"> > *Cu*’ 0" + N,O.

It can be accomplished by decomposition of the N,O bypro-
duct on the ensuing copper-oxo centres (see Chapter
4.3.3).%°%3%2 guch a mechanism of direct NO decomposition
through the dimeric N,O, intermediates is substantiated for
CuZSM-5 zeolite by spectroscopic evidence.**?

Another scenario of NO decomposition occurs over copper
dimers and two vicinal single copper centers in ZSM-5 zeolite.
The fraction of copper dimers and vicinal Cu centres increases
with a decreasing Si/Al ratio and with a rise of the copper site
density.*>%3%333% guch centres can interconvert from the vicinal
Cu"uCu’ into the dimer (Cu-O-Cu)®* species upon interaction
with NO, and the corresponding energy profile is shown in
Fig. 37d,. The NO decomposition mechanism can be
summarized in the following steps:

(1) capture of NO, Cu'UCu’ + 2NO — (ON)Cu'uCu'(NO),
the ensuing mononitrosyls are observed in IR spectra at
1813 cm ™,

(2) N-N bond formation with release of N,O byproduct,
(ON)[Cu*uCu'(NO) — (Cu-O-Cu)** + N,O, formation of
(Cu-0-Cu)*" is confirmed by the band at 1903 cm ™" observed
upon subsequent NO adsorption (Cu-O-Cu)®*" + 2NO —
(ON)[(Cu-0-Cu)*"](NO),

(3) formation of dinitrogen, Cu"uCu* + N,0 — (Cu-O-Cu)**
+ N,

The latter step is discussed in more detail in Chapter 4.3.3.

Reactivity of TMI-NO with O, - examples for Cu-zeolites.
Recent studies have explored the interaction of NO and O,
with Cu centres of differing nuclearity, in both reduced and
oxidized states, focusing on elucidation of the reactivity
patterns and thermodynamic stability of intermediates
under conditions that closely resemble those of actual SCO

Chem. Soc. Rev,, 2026, 55, 144-209 | 191
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Fig. 38 Thermodynamic AG(p,T) diagrams for Cu®* (a), Cu* (b) cations, and dual copper centres Cu?*—02"-Cu?* (c) in CHA zeolite as a function of
temperature (T) and partial pressure of NO (pno). Thermodynamic profiles for the NO oxidation reaction (NO, formation) on the isolated copper centres,
according to the cationic metal-redox pathway (d). The calculated NO, production profiles based on the thermodynamic modelling for the isolated
copper active centres (e;) and copper dimers (e,). Adapted from ref. 172 under the terms of the CC BY 4.0 license, Copyright 2025, published by the

American Chemical Society.

and SCR processes. A typical reaction involving nitrosyls as
intermediates is the reduction of NO to dinitrogen in the
presence of O,, using various reductants, such as
hydrocarbons (HC-SCR) or ammonia (NH3-SCR). Since early
studies, the redox character of these reactions has been
recognized, and Cu-containing zeolites, such as ZSM-5, CHA,
have been identified as the most active catalysts.>>>73%°
Although there are several mechanistic proposals of the SCR
reaction course,**?”7?¢13%% their common point is the coexis-
tence of the mutually coupled reduction half-cycle (RHC) and
oxidation half-cycle (OHC)>'%??8300363,364 The QHC is
associated with the selective catalytic oxidation (SCO) of NO
to NO, and to various charged (nitrates/nitrites) and protonated
(HONO) NO, species.?*?3373573%% gpectroscopic IR data support
the theoretical and thermodynamic predictions of the for-
mation of Cu**-NO (1950-1880 cm™ ') and Cu'-NO (1810-
1800 cm’i) intermediate species. The bands at 1620, 1595,
and 1575 em™ ", in turn, correspond to the symmetric stretching
modes of bidentate NO; , whereas the bands at 1500 and
1310 cm ™' come from the antisymmetric and symmetric modes
of monodentate NO;~ species,>'*%**%® overlapping with the
antisymmetric and symmetric stretchings of the N-bonded
nitrites (NO,).>'? They are typically observed during the NO
oxidation and SCR reactions in zeolites by operando IR.>”257:368
The reactivity of NO and O, toward NO,, NO; /NO,~ formation
involves various copper species, such as bare Cu®’/Cu’ and
Cu”-OH™, and dimeric [Cu-O-Cu]**, which can act as
potential active centres for such reactions.**

192 | Chem. Soc. Rev, 2026, 55, 144-209

A valuable thermodynamic insight into NO oxidation over
CuSSZ-13 catalyst can be obtained from FPT modelling. The
relative stability of the exemplary copper-NO, species, formed
in CHA zeolite after the reaction between NO and O,, at various T
and pyo conditions is shown in Fig. 38, for the Cu®*, Cu*, and oxo
[Cu-O-Cu]*" centers. In general, the oxidized isolated Cu** centres
are unable to capture dioxygen, and the thermodynamic diagrams
are dominated by copper(u)-nitrosyls and diverse NO, adducts
(x = 1-3) of a radical nature. Under the conditions similar to that
of NO SCO, the stability regions of Cu®>’NO,, bare Cu®>" and
Cu”'NO species are shown in Fig. 38a. In the case of reduced
Cu" (Fig. 38b), which can be generated, i.a., via reduction of Cu>*-
OH™ with NO producing HONO,”””° reaction with NO/O, and
charge transfer lead to NO;~ dominant anionic species. The
complexes formed by the independent capture of NO and O,
are unstable relative to nitrate and nitrite species. Under the
experimental SCR/SCO conditions, nitrates decay at approxi-
mately 400 °C. For the dimeric active centres, the dinitrate
Cu*"~(NO; ),-Cu®" adspecies dominate the experimental range
of SCR/SCO. The simultaneous adsorption of water and NO is
thermodynamically disfavoured, due to the lateral repulsion
between H,0O and NO ligands. Notably, under the NO-SCO/SCR
conditions, several metastable intermediates with comparable
thermodynamic profiles can coexist and mutually interconvert.
This dynamic equilibrium enhances the functional versatility of
bridging copper centres, enabling them to participate in the
stoichiometric transformation of nitrates,*® promoting fast SCR
through efficient NO, generation, for instance.””*3"”

This journal is © The Royal Society of Chemistry 2026
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Fig. 39 Survey of the coordination modes of N,O to single and dual TMl sites (a), based on data from ref. 20, 353, 371 and 376, with the middle structure
adapted from ref. 90 with permission from Elsevier, Copyright 2010. Variable pressure (pNzo = 5-250 Pa) IR spectra of N,O adsorbed at room
temperature on Fe, Na-CHA (with Fe predominantly located in 6MR) (b,), and Fe-CHA (with Fe predominantly located in 8MR) zeolites (b,), and variable
temperature adsorption of N,O on the Fe/SSZ-13 catalyst followed by IR (bs) adapted from ref. 377 under the terms of the CC BY 4.0 license, Copyright
2024, published by the American Chemical Society. Calculated adsorption energies for n-O and n-N binding of N,O to various TMI hosted in the ZSM-5
zeolite (c) together with the corresponding experimental TPD-N,O profiles (d).*”*

Recently, thermodynamic profiles have been constructed
based on DFT/FPT calculations to unravel the course of NO-
SCO elementary steps and underly driving forces under differ-
ent experimental conditions."”* Analysis of such profiles for the
typical isolated Cu centres in SSZ-13 reveals the presence of
three mechanistic routes of NO oxidation: (1) copper-
redox pathway, (2) ligand-redox pathway, and (3) vie HONO
intermediates. In the case of dimeric Cu species, the NO SCO
reaction can proceed (1) via direct NO, release (thermal decom-
position of anionic NO,~ adspecies) and (2) via formation of
NO, due to the comproportionation of nitrates with the
encaged NO. The corresponding concentration profiles of the
involved adspecies and intermediates are shown in Fig. 38d
and e.The predicted evolution of the NO, concentration with
reaction temperature, along with the advanced mechanistic
tenets, agrees well with the experimental results using isotopi-
cally labeled N*®0, N'°0, and '%0,.'">

4.3.3. Dissociative activation of N,0. The catalytic chemis-
try of nitrous oxide is driven by technologies for abating
anthropogenic N,O emissions, and the use of N,O as a unique
oxidant that can provide atomic oxygen upon N,O dissociation,
brought about by its interaction with TMI centres.'®?° Among
the numerous efforts to understand the molecular routes of
N,O activation, those focused on metallozeolites with mono
and dimeric iron’>'®* and copper as active centres®> are
particularly widespread and have led to notably detailed

This journal is © The Royal Society of Chemistry 2026

insights. Other notable examples of 3d TMI include Co,*”*

Ni,>”? and, less frequently, Mn.>”*

Intrazeolite coordination of N,O. The N,O molecule is a
relatively weak ligand acting as both a o donor and a =«
acceptor.>”* It is attached most frequently in the top-on mono-
dentate (n'-O and n'-N) way to single TMI cations (Fe, Co, Ni,
Cu),’”® and in the cis p-1,3-O,N, p-1,1-O fashion on bridging
M-O-M species.?**?”> Rather unique trans p-1,3-O,N adducts
attached to adjacent close-distant Fe cations are proposed in
Fe/FER, based on DFT modelling.”® In the case of (N,0),TMI/Z
adducts, n'-0,0, n"-O,N and n'-N,N binding forms, as well as
the bidentate n>-O,N attachment of N,O to single TMI have
been reported,’”® see (Fig. 39a). Since the bis-N,O adducts are
observed only at high py o pressures and low temperatures,
they are not relevant for catalytic considerations.

The variable pressure IR spectra of N,O adsorption
recorded at room temperature, shown in Fig. 39b1, indicate
that for the Fe/6MR species hosted in the CHA matrix, the IR
peak of the n'-N mode dominates, whereas in the case of Fe/
8MR the n'-0 (2229 cm™ ') and n'-N (2276 cm ') adsorption
modes exhibit IR signals of comparable intensities
(Fig. 39b2).>”” This illustrates directly the influence of the
zeolite ring size on the N,O ligation by iron. The 2248 cm™"
band corresponds to Al---O-NN species. In the case of Fe/FER
zeolites, the n'-N binding is generally stronger than the n*-O

Chem. Soc. Rev., 2026, 55, 144-209 | 193
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bent transition state at Frank—Condon (FC) locus into shallow minimum on the N,O™ PES, prompting an eventual dissociation of the N,O™ transient (a).
Adapted from ref. 379 under the terms of the CC BY 4.0 license, Copyright 2024, published by the American Chemical Society. Evolution of the EPR
spectra recorded during the reaction of N,O with VO, centres entrapped in BEA zeolite (b,), together with simulation of the EPR signal due to [VO,*]-
O*~ species (b,) (adapted from ref. 295 with permission from the Royal Society of Chemistry, Copyright 2016) together with the corresponding plot of

gradual transformation of [VO,]-N,O into [VO,*]-O°®" via an electron transfer mechanism (c).

one, and significantly depends on the o or B locus, and the
particular arrangement of Al atoms in the corresponding
rings.”® The temperature dependence of N,O adsorption on
Fe/SSZ-13 zeolite indicates that the beneficial n'-O active mode
persists till 530 K, whereas the spectator n'-N one is completely
depleted at this temperature (Fig. 39b3). The survey of the
DFT-calculated N,O adsorption energies for selected 3d TMI
hosted in ZSM-5 catalysts, and the related N,O-TPD profiles, are
shown in Fig. 39¢ and d, respectively. The thermal stability of
the N,O-TMI adducts does not exceed 150 °C (520 K), and
the position of the desorption peaks maxima (7., is linearly
correlated with the calculated AH, 4, values. The extent of metal-
to-ligand charge transfer is the key factor controlling the
adsorption strength.*’® However, alternatively to desorption,
the ligated N,O may react with the TMI centres, dissociating
into N, and leaving the bound oxygen moiety behind (as
discussed below).

General mechanistic considerations of N,O activation. A char-

acteristic feature of triatomic molecules like N,O is that

194 | Chem. Soc. Rev., 2026, 55, 144-209

bending due to the v, vibration (589 cm™" in the gas phase)

or upon interaction with the active sites (TMI) leads to its
intrinsic preactivation. This is revealed by a significant buildup
of negative charge in the oxygen moiety (go = —0.2]e|), and the
merging of charge at both nitrogen atoms to the same value of
gn = 0.1]e]. An elongation of the NN-O bond (by ~0.3 A) and a
dramatic decrease in the NN-O bond order accompany such
changes, making the bent N,O molecule prone to oxygen
release (Fig. 40a1). All these features play an important role
in the N,O activation process (Fig. 40a,). Furthermore, since the
ground state of N,O('Z") is singlet, whereas the ground state of
0,(°%,") is triplet, the decomposition of N,O into N, and O,
follows a nonadiabatic reaction coordinate with changing spin
multiplicity.

The two generic mechanisms of N,O activation are based on
electron transfer (ET) and oxygen atom transfer (OT)
scenarios.’’” However, in the case of metallozeolite catalysts,
any of those occur in the exclusive form. Most N,O dissociation
reactions on metallozeolites are initiated by an electron density
transfer from the TMI core to the N,O ligand (cationic redox

This journal is © The Royal Society of Chemistry 2026
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pathway). The extent of the charge transfer, which assists in
weakening the N-O bond and promoting transfer of the O-
moiety to the TMI core, depends on its nature, location, and the
type of zeolite framework. Alternatively, the O-species can also
be accommodated on the u-O0>~ fragment of the bridging M-O-
M centres, producing a peroxo (0,” ('Z,")) intermediate (defin-
ing anionic redox pathway).

Catalytic decomposition of nitrous oxide based on electron
transfer (ET) can be formulated in terms of the classic three-
step mechanism:

(1) NO('Z) + e — [N,O ] > O (°P) + Ny('Z%,),
(2) 07 (*P) + O (’P) —» O,(°Z, ) + 2e7,

(3) 0 (°P) + N,O('E") > 0,(°%, ) + No('Z,) + e,

where the requisite electron provided by the donor 3d" orbitals
of the M?"/z active site is accommodated on the antibonding
31* LUMO of N,O. This mechanism involves the formation of a
highly unstable N,O™ transient, which imparts the necessary
geometric and electronic rearrangements of the N,O molecule,
contributing to the inherent barriers of this process. To initiate
the reaction, the intrazeolite TMI (i) provides orbitals of appro-
priate energy and symmetry for N,O capture and subsequent
accommodation of the resulting O™ intermediate; (ii) acts as a
redox centre (allowing for electron shuttling); and (iii) as spin
catalyst (facilitating nonadiabatic conversion of singlet
N,O('T") reactant into triplet O,(*Z, ") product). The fact that
the neutral N,O is linear (C..,), whereas the N,O™ transient is
bent (Cs), implies a need for significant internal reorganisation
energy of the N,O molecule to make ET feasible, according to
the Franck-Condon principle (see the FC locus in Fig. 40a2).%"®
Notably, upon bending, the adiabatic electron affinity of N,O
increases to 0.22 eV, favouring electron acceptance.®”® Since the
potential energy surface of N,O™ is relatively flat, this transient
species immediately dissociates into N, and O~ moieties,
because the FC locus is situated higher in energy than the
N,O" dissociation barrier (Fig. 40a2). As a result, the NN-O
bond breaking, which ET brings about, implies considerable
bending of the N,O molecule, which is a distinctive mecha-
nistic feature of the dissociation process.

These considerations allow for the formulation of N,O
decomposition along the cationic redox mechanism for single
M?"/z centres in the following way:

(1) NO('ZY) + MPY/z — [OMP'/z + Ny('Z,"),
(2) NO('ZY) + [OMFP/z = 0,(°Z,7) + Ny('Z,") + MP 'z,

(3) 2[OMF'/z —> 0,(°Zy ) + 2MP')z.

Since the specific charge transfer between the metal centres
M and the ligated O-moieties depends on their actual nature, in
these general equations only the overall charge “p+” of the
involved species is explicitly indicated. For instance, the catio-
nic redox mechanism may involve a single electron transfer

This journal is © The Royal Society of Chemistry 2026
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producing radical oxyl species O® /M, as in the case of *VO,/
BEA, or consecutive two-electron transfer forming oxo-species
(2-0), exemplified by *Fe'/BEA.>°

The attack of the second N,O molecule can be directed at the
terminal oxygen or the metal centre, depending on the
chemical characteristics of the accommodation sites imparted
by their electronic structure and location in the zeolite
matrix.**® In the case of dimeric M-O-M species, the cation
M centres or the bridging p-O®~ centres may serve as a possible
locus for lodging the O-moieties, forming a peroxo p-0,>~
species with a diagnostic band at near 867 cm™', typically
observed by Raman spectroscopy.*®"

Using the N,O decomposition on Fe/ZSM-5°%" as a straight
example, the resultant mechanisms can be epitomised as:

380

N,O('Z") + [M—p-0* -MF*/z - [0-M-0>"-MF"/z + N,('Z,"),
[0-M-0*"-M}""/z — [M—(1-0*"),-M}""/z,

N,O('ZY) + [M—(1-0>"),-MF*/z - [0-M—(p-0%>"),-MF*/z
+ Ny('Zy),

[0-M-(p-0"),-MF'/z — [(0,> )M-p-0* -MF"'/z
- [M-p-0*> -MP"/z + 0,(°Z4 ).

Actually, by involving both the metal and the bridging
oxygen, it exhibits a mixed redox (cationic and anionic) char-
acter. The less common anionic redox alternative (attack on p-
0°7) assumes the following sequence:

NL,O('Z") + [M—~(n-0*")-MF'/z - [M—~(1-0,>")-MP"/z + N,('Z,"),

NLO('Z") + [M—(p-0,>")-MF"/z > [M—~(p-0*")-MP"/z + O,(°Z, ")
+ Ny('Zy),

350

suggested, e.g., for the Cu-O-Cu in ZSM-5,
evolution via the following step:

with possible O,

2[M-(1-0,")-MF"/z — 2[M-(-0*")-MF""/z + 0,('Z, ).

Herein, the formal oxidation state of M remains essentially
intact, whereas for the bridging 0>~ moiety it changes from —2
to —1 due to the formation of u-O,>~ (peroxo) species. Addi-
tionally, depending on the N,O coordination energy to the
particular intrazeolite TMI and the reaction conditions,
adsorption quasi-equilibria such as N,0 + MP"/z « (N,O-
MY'/z, N,O + [OMP'/z < [OM-N,OF"/z and O, + MP'/z «
(0,-MY*/z have also been taken into account in the microki-
netic analysis.2371,382:383

Exemplary N,O activation pathways on well-defined centres.
Investigations documenting N,O activation on metallozeolites
induced by a distinct metal-to-ligand electron transfer (MLET)
are hardly available in the literature. Nevertheless, a notable
example is provided by the VO,(d") species encaged in the BEA
zeolites interacting with N,0.>>> The progress of the reaction
VH(=0), + N,O('ZY) - ?[(0=),V°"-0° "] + N,('Z,") at room
temperature followed by EPR is shown in Fig. 40b1, whereas the
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EPR spectrum of the final *[(0=),V>*-0°*"] product and its
simulation are shown in Fig. 40b2. The obtained kinetic
profiles of the reactant decay and the product formation
(Fig. 40c) are entirely consistent with the MLET-induced dis-
sociation of N,O. A concerted capture of the resulting radical
0°*~ moiety by the [(0=),V>']" core produces the *[(0=),V>'-
O°"] species. The EPR parameters (g, = 2.0202, g, = 2.0173,
2., =2.0284 > g.and A,, = 1.65 mT. yAyy =1.58 4,,=1.49 mT) are
characteristic of the ligand-centred O°*~ radical (manifested by
the g-tensor features) attached electrostatically to the (0=),V°*
core (demonstrated by small superhyperfine values due to the
coupling with >'V, I = 7/2). This signal disappears (after 30
minutes) upon co-adsorption of CO or propene at ambient
temperature, due to the highly reactive character of the O°*~
radicals.

The mechanism of N,O activation on cationic centres
has been meticulously elaborated by DFT modelling, corrobo-
rated to some extent by spectroscopic studies, for the
most widely investigated single Fe'/z and [FeO]*'/z sites,
and dimeric Cu"uCu®, Fe** UFe?", Fe-O-Fe/z and Cu-O-Cu/z
accommodated in ZSM-5, BEA, CHA or FER
zeolites, 2% 164333,380.384 The (Co, Mn or Ni zeolites are less
frequently examined.?8%2%¢

centres,

196 | Chem. Soc. Rev., 2026, 55, 144-209

In particular, high activity of dimeric metal centres
(Cu*uCu") has been reported for Cu/ZSM-5 zeolites.>** Among
the bridging p-1,1-0 and p-1,3-O,N, and terminal n'-O binding
modes of the N,O molecule, only the p-1,1-O attachment leads
to the small activation energy (2 kcal mol~") that is compatible
with the experimental value of 2.5 kcal mol~'. The corres-
ponding energy profile for the singlet and triplet PES indicates
that the minimum energy crossing point (MECP) appears after
the bent transition state (£ (ONN) = 143°) located on the singlet
PES (Fig. 41a,). In the MECP locus, the O-N, distance is
elongated to ~1.55 A, and the O-N-N angle decreased to
122°. Moreover, the associated charge and spin flows from
both copper sites are distinctly uneven due to the slightly
different local environments of the Cu ions (Fig. 41a, and a3).
The most significant changes in spin and charge transfer occur
around the MCEP, but not at the TS point, which is a
characteristic feature of the nonadiabatic character of N,O
dissociation, primarily driven by metal-to-ligand electron
transfer.

In the case of intrazeolite iron, multiple spectroscopic
studies (Mossbauer, VIVH-MCD, UV-vis, IR) corroborated by
DFT modelling are available for the definite description of Fe**/
z accommodated in the 6-member rings (B-6MR) present in

This journal is © The Royal Society of Chemistry 2026
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BEA, MFI, and FER, as high-spin square-planar ferrous species
(Fe**(d®), with § = 2 and D > 0) that are particularly active in
N,O decomposition.” Such centres also appear in the 6MR sites
of CHA, where the Cy-symmetric Fe** cations are less distorted
from the square planar arrangement in comparison to
C,-symmetric Fe>" centres in BEA.'*” They are collectively called
o-Fe* species, and their structural deviations across different
zeolites are reflected, among others, in the position of the
diagnostic 3d, — 3d,>_,» band appearing at 15900 em ™! in
Fe/BEA, 15200 cm™ ' in Fe/ZSM-5, 16100 cm ™' in Fe/FER, and
13000 cm™ ' in Fe/CHA."*>'

The remarkable reactivity of the o-Fe®* centres to N,O
activation is realised by transferring formally two electrons
from metal to ligand for complete N-O bond cleavage to
produce [Fe—=O]** species (¢-0) with concomitant N, release.
At moderate temperatures (~150-250 °C), the reaction occurs
quickly with an apparent activation energy of 9-13 kcal mol ™"
for Fe/BEA,”® Fe/ZSM-5, and Fe/FER catalysts.” This process can
be followed quantitatively in the UV-vis-NIR operando set-up by
observing the gradual transformation of the band at 15900
em ™' into 11500 cm™ ' with the isosbestic point at 13 500 cm ™,
which corresponds to the o-Fe*" + N,O — N,O-o-Fe** process
(Fig. 41b1). Subsequent transformation of the band at 11500
em™" into the bands located at 16900 cm™" and 28000 em ™"
(Fig. 41b2) is diagnostic of the N,O dissociation (N,O-Fe** —
[0-Fe=O0]*" + N,). The appearance of an isosbestic point at
14000 cm ™' confirms this transformation univocally.*°

The prime factors governing efficient N,O reduction include
the binding of N,O to the active a-Fe*" site in the n'-O fashion.
This promotes the cleavage of the N-O bond, accompanied by
the requisite charge redistribution and the formation of a

View Article Online
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metal-oxo bond. It generates the driving force for the eventual
O-atom transfer, without restraining the subsequent evolution
of O, upon capture of the second N,O molecule. A more
detailed insight into the reaction coordinate for the oxygen
release step on o-Fe/BEA (Fig. 41b3) reveals that this process
occurs in two sequential MLET events, with a notable internal
rearrangement of electrons within the 3d manifold of the iron
core. Upon n'-O attachment, an electron is transferred from the
3d.. orbital into the 3d,, orbital, which enables an efficient
n-back donation from the Fe®" core into the 3n* LUMO of the
N,O ligand.>® The extent of this back-bonding is controlled,
among others, by the presence or absence of an axial ligand. At
the bent transition state (138°), located at 25 kcal mol ", the
NN-O bond is elongated to 1.45 A, whereas the Fe-ON, bond is
contracted to 1.83 A. The TS structure evolves into a highly
unstable Fe**(S = 5/2)1 | N,O*~ (S = 1/2) species. Once the N-O
bond is eventually cleaved, a transient Fe*"~0*~ oxyl is formed
with the LUMO composed mainly of the 2p, orbital. A second
electron transfer converts the oxyl species into the final oxo
[Fe=OJ]*" units with § = 2 (Fig. 41b3).>°

The complete energetic profiles of N,O binding, activation
and decomposition into elements on different active sites
present in the exemplary Fe/ZSM-5 is shown in Fig. 42. They
illustrate two mechanistic variants of this reaction for the iron
cations, hosted in the B (Al atoms in the T4, T10 position, 4-fold
coordination of Fe) and « (Al atoms in the T1, T7 positions, 5-
fold coordination of Fe) positions, see Fig. 42al and a2,
respectively.?®°

The energies of m'-O adsorption of the N,O ligand
(—38 kJ mol " for o and —39 k] mol " for B sites), the location
of the bent transition states TS; (44 and 41 k] mol %), and the
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Fig. 42 Mechanistic variants of N,O decomposition over single and bridging Fe—oxo. Energetic profiles for N,O decomposition on Fe?*

reaction coordinate

cations hosted

in the B (a;) and « sites (a,), and dimeric Fe—O—Fe centres (b) hosted in the ZSM-5 zeolite. The reaction energy diagram for the ferro (navy blue) — and
antiferromagnetic (green) state of the dimeric iron active centres (c). The figure was based on data from ref. 164 and 380.
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N,O dissociation energies with concomitant formation of the
[FeO]*" species (AE = —67 and —63 kJ mol ') are quite similar
for both o and B sites Fig. 42a; and a,. However, the reactivity of
the resultant [FeO]*" units with N,O, which closes the catalytic
cycle by releasing O,, evolves along different pathways.

In the case of B-sites, the N,O attack is directed at the metal
(Fe) centre with the activation barrier of 167 k] mol ™" (TS;) and
d(Fe-ON,) = 2.065 A (Fig. 42a1). Upon dissociation of the ligated
N,O, the ensuing dioxo-iron intermediate is transformed into
dioxygen, and the O, desorption barrier of 141 k] mol " for
S = 2 is decreased to 114 k] mol™! for § = 3. For o sites
(Fig. 42a2), the N,O attack is directed at the terminal oxo
moiety, and the reaction is driven by the formation of an
incipient O-O bond in the TS, state with a relatively high
barrier of 243 k] mol . The ensuing n?-0,0 intermediate
(dio-0) = 1.345 A) evolves next into gas phase O,, restoring the
Fe”'/o active site. This uphill step costs 141 k] mol~" on the
quintet (S = 2 + 0) potential energy surface, but is substantially
decreased by 53 k] mol " (v) for the septet (S = 2 + 1 = 3) PES,
where oxygen is produced in its ground triplet state O,(°Z,").
The corresponding energy profile for S = 3 is marked in blue,
indicating that only the last two steps are energetically favoured
over the S = 2 pathway (Fig. 42a2).

These differences show that the local coordination environ-
ment around the Fe*" cations and the PES spin multiplicity
exhibit a considerable influence on the detailed mechanism
and energetics of N,O decomposition, modifying the rate
constant via the transmission k coefficient in the Eyring
equation:

kT —AH# AS*
k(T) = Texp( RT ) X K X exp(T) (8)

The Landau-Zener transition probabilities Py, (k = 2P, —
PLZZ) between the PES of different spin states, calculated for
N,O decomposition on both Fe"/ZSM-5 and [FeO]/ZSM-5 sites,
are larger than ~0.05.>' Such values indicate that without
correcting the reaction rates of N,O decomposition for changes
in the spin multiplicity, the resultant inaccuracies are equiva-
lent to the activation barrier of ~4 keal mol™" at 700 K. The
spin state exhibits substantial influence on the reaction ener-
getics by modifying the electronic structure of the reactants,
which is particularly important for attaining the ground triplet
state of the O, product. Owing to the changes in the spin

Table 5 Selected activity trends for N,O decomposition observed for Fe-,
Co- and Cu-exchanged SSZ-13, ZSM-5, BEA and MOR metallozeolite
catalysts

Topology Si/Al M/Al Activity order Ref.
CHA (SSZ-13) 12 0.13-0.32 Fe » Co > Cu 371
MFI (ZSM-5) 25 0.5 Cu ~ Fe > Co 388
MFI (ZSM-5) 18 0.73-1.3 Cu » Co > Fe 389
MFI (ZSM-5) 12.5 0.02-0.245 Fe > Co > Ni > Cu 372
BEA 15 0.11-0.21 Co > Fe > Cu 145
BEA 23-42 0.5-1 Cu > Co > Fe 385
MOR 9.2 0.64-0.80 Co > Fe » Ni ~ 0 386
198 | Chem. Soc. Rev,, 2026, 55, 144-209
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multiplicity, the reaction pathway becomes energetically more
favourable.**°

A remarkable mechanistic variant of this reaction has been
reported for conceivably adjacent Fe centres hosted in the
ferrierite matrix.*®” The unique short separation of the neigh-
bouring face-to-face B-6MR sites (7.5 A in FER vs. >9 A in MFI
and BEA), favoured by the suitable location of Al atoms (see
Chapter 4.3.1), allows the adjacent o-Fe cations to act coopera-
tively for efficient N,O activation by forming a ¢rans p-1,3-O,N
bridge between both Fe(u) centres (Fe-NNO- - -Fe — Fe + O-Fe +
N,). This finding has been attributed to explaining the superior
activity of Fe/FER (~ 3 times higher) in comparison to Fe/BEA
and Fe/ZSM-5 at 230 °C,” revealing a distinct synergy between
the framework topology and Al distribution. Accordingly, the
calculated apparent barrier for the O-atom transfer for trans p-
1,3-O,N bridged intermediates (3-4 kcal mol ') is smaller for
the n'-O species (9-13 kcal mol ™).

For N,O decomposition on dimeric iron-oxo centres ([Fe—(p-
0”")-Fe]**/ZSM-5), the minimum energy pathway after spin-
state optimisation is shown in Fig. 42. Markedly, the reactivity
of such species is dramatically higher in comparison to the
isolated Fe>* and [FeO]" active sites. It is characterised by the
switch of the rate-determining step (RDS) from O, evolution at
low temperatures (400-600 K) to N,O dissociation at high
temperatures (T > 600 K). The ferromagnetic vs. antiferromag-
netic coupling within the [Fe-(1-O®)-Fe]** centres exhibits a
rather minor influence on the N,O decomposition.'®* All the
energy differences between the key mechanistic steps are below
5.5 keal mol ™" (Fig. 42¢). For molecular oxygen to desorb in its
ground triplet state, the barrier for the PES crossing from the
antiferromagnetic singlet to the antiferromagnetic triplet is
equal to 7.9 kcal mol ', whereas for the ferromagnetic coupling
it increases to 9.5 keal mol .

Survey of N,O activation and decomposition on various metal-
lozeolite catalysts. The overall reactivity trends in N,O decom-
position for the most commonly investigated Fe, Cu, Co, and Ni
zeolites are summarised in Table 5. It is rather difficult to
establish a definite universal order of the TMI activity variation
since incoherent results have been reported. It is caused, most
probably, by insufficient control over the speciation of the
active sites, differences in the framework topology, and in the
Si/Al and M/AI ratio (loading).

The effect of TMI nature and loading on N,O reactivity is
illustrated in Fig. 43a, for Fe, Co, and Cu/SSZ-13 zeolites.>”* The
reaction rates (Fe » Co > Cu) exhibit appreciably different
responses to py o (see insert), with considerable deviation from
the pseudo-first-order kinetics. The activation energies
decrease in the order 141-148 k] mol ' (Co) > 111-113 kJ
mol " (Cu) > 81-85 kJ mol " (Fe), whereas the preexponential
factors for Fe (12.6-12.8 ([s kP]™") and Cu (11.8-12.87 [s kP] ")
are quite similar, and significantly lower than that for Co (19.0-
19.9 [s kP] ). On Co/SSZ-13, the N,O decomposition occurs on
the isolated Co cations, which tend to enhance the
preexponential factor at the cost of a higher activation energy.
For iron and copper, this process mainly occurs on dual-oxo

This journal is © The Royal Society of Chemistry 2026
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Influence of the transition metal type (Co, Cu, Fe) hosted in CHA zeolites (a;) and the M/Al ratio (a,) on the N,O decomposition performance,

together with the apparent rate order (ay, insert). The catalytic performance of Co, Cu, and Fe accommodated in BEA zeolites (b), the influence of the
framework type (c) and (d;_,), and the Si/Al ratio for Co/ZSM-5, Cu/ZSM-5, and Fe/ZSM-5 catalysts (e) on the deN,O activity. Figure based on data from

ref. 145, 371, 388, 390 and 391.

centres.®”* Thus, the rate constant for Co/SSZ-13 increases
proportionally to the Co/Al ratio (Fig. 43a2). In the case of Fe/
SSZ-13 catalysts, the rate constant increases till Fe/Al < 0.06
and then levels off, implying that only a fraction of the iron
species is active in the N,O decomposition. An exponential
activity increase with the Cu/Al ratio suggests, in turn,
that dimeric centres are responsible for deN,O reactivity of
Cu/SSZ-13, since statistically the number of pairs increases
exponentially with copper loading. The same trend of the
activity (Fe » Co > Cu) is also observed for BEA zeolites
(Fig. 43b).'*> However, since the corresponding plots in
Fig. 43a2 are derived from relatively small datasets, these
conjectures warrant additional validation.

The influence of zeolite topology on N,O decomposition
over various Co/zeolites is illustrated in Fig. 43¢, varying as Co/
BEA > Co/MOR > Co/ZSM-5 > Co/MCM-49 > Co/ZSM-23 >
Co/ZSM-35 > Co/SSZ-13.%°? In all cases, the active sites for this
reaction are the isolated Co®" cations. There is a consistent
relationship between the self-diffusion coefficient of N,O in
different topological zeolites (established by computer simula-
tion) and the N,O conversion (apparently measured under
diffusion limitation), revealing that the pore structure of the
zeolites (size and dimensionality of the channels) affects the
kinetics of the N,O decomposition by influencing the N,O
diffusion within the zeolite pores. The three-dimensional pore
structure and large pore size of Co/BEA appeared particularly
beneficial among the investigated zeolites, leading to the N,O
conversion X > 90% at 400 °C. The worst activity of Co/SSZ-13

This journal is © The Royal Society of Chemistry 2026

(X < 10%) is attributed to the blocking of the small-sized pores
due to the presence of segregated cobalt oxide entities, which
are inactive. The significant influence of the framework topol-
ogy on N,O decomposition was also observed for Fe/Zeolites
(Fig. 43d1). Yet the pore size effect is less pronounced in this
case (Fe/ZSM-5 > Fe/BEA > FeSSZ-13).*°° The dramatic differ-
ences in the activity for the Fe/FER >»> Fe/BEA > Fe/ZSM-5, in
turn, are explained by the presence of unique two face-to-face
Fe(n) cations cooperating in the efficient activation of the N,O
molecule (discussed above). Notably, in the case of copper, the
reactivity decreases as Cu/ZSM-5 > Cu/FER > Cu/MOR
(Fig. 43d2),%*" implying that the effects of the zeolite framework
and the nature of the encaged zeolites are of comparable
relevance, and cannot be rigorously separated.

Another parameter that controls N,O activation is the Si/Al
ratio®®® and the distribution of Al atoms in the T sites of the
zeolite framework.?””*#* The dependence of TOF values for N,O
decomposition on Co/ZSM-5, Cu/ZSM-5 and Fe/ZSM-5 catalysts
with various Si/Al ratios at different temperatures for M/Al =
0.5%%% is shown in Fig. 43e. Generally, for all cations, the TOF
values initially increase until Si/Al ~ 100-150, and then tend to
decline except for Cu/ZSM-5 at T > 475 °C. The drop of TOF for
Si/Al > 150 is particularly pronounced in the case of the Fe/
ZSM-5 catalyst.

The combined effects of structural heterogeneities in both
the encapsulated TMI and the zeolite frameworks (including
topology, Si/Al ratio, and Al distribution) on N,O reactivity
cannot be rigorously separated. Given the mutual interrelation
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of these factors, their individual control is insufficient to
establish universal reactivity trends for 3d metallozeolites as a
function of a selected parameter. The inaccuracies are further
emphasised by different conditions of the reaction, and var-
iances resulting from distinct catalyst preparation methods (see
Fig. 1).

Conclusions and outlook

After decades of extensive research on metallozeolites and the
catalytic chemistry of small molecules, remarkable develop-
ments have been made on both fundamental and applied
levels. The seemingly simple activation processes occurring in
metal-ligand moieties can exhibit a complex nature that can be
analyzed in detail by modern computational tools, such as
NOCV-ETS, with orbital resolution. For a sensible elucidation
of the bonding of non-innocent molecules to transition-metal
ions, multireference methods, such as CASSCF or MP2, can
provide an adequate treatment of the impact of static and
dynamic correlation on the electronic and magnetic structure
of the resulting intrazeolite adducts, in close relation to their
reactivity. Nevertheless, it is rather difficult to establish defi-
nite, universal experimental TMI structure-reactivity trends, as
incoherent results have often been reported. This is primarily
caused by insufficient control over the speciation of the active
sites, as well as by differences in the framework topology and
the Si/Al and TMI/AI ratios among the investigated catalysts of
nominally the same compositions. Therefore, there is still a
need for further advances in the synthesis of metallozeolite
materials with atomic precision, their site-specific characterisa-
tion, and complex mechanistic studies that benefit from the
synergy between modern experimental and theoretical
approaches. So far, most efforts have been focused on a few
TMI compounds only, being limited essentially to the Cu, Fe, or
Co triad, which exhibits the best catalytic performance in many
critical catalytic processes, such as SCR, SCO, or C-H bond
hydroxylation. However, a deep understanding of the principles
of catalytic chemistry of TMI zeolite requires broadening the
scope through more comprehensive studies across the periodic
table to establish general patterns of bonding, activation, and
reactivity, concerning the valence, coordination, and spin states
of the encaged cations. These molecular foundations can
provide rational tenets for classifying reactivity patterns, opti-
mising existing structures, and predicting new multinuclear
and heteronuclear active sites with enhanced reactivity. They
may contain not only TMI but also auxiliary non-redox cations
(e.g., Ca or Ga) with electronegativities tuned to their purpose.
The biocatalysis of small molecules can further inspire the
constitution of such multinuclear centres. Additionally, the
integration of novel zeolite synthesis and functionalization
methods that reduce reliance on poorly controlled Al distribu-
tion and minimize unintended TMI speciation is crucial.
Equally important is the development of new frameworks that
promote deliberately designed supramolecular interactions
with reactant molecules, intermediates, and transition states.
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This may facilitate essential future advancements in the appli-
cation of metallozeolites in the catalytic chemistry of small
molecules.

Further experimental progress can be achieved by applying,
for example, phase-sensitive detection to enhance the signal-to-
noise ratio and time resolution, particularly in operando cata-
lytic studies of metallozeolites under working conditions.**?
Insights into the dynamical processes occurring in the cages
and channels can be provided, in turn, by pulsed-laser excita-
tions, synchronised with time-resolved spectroscopic detection
of the resulting molecular changes on the scale from picose-
conds to milliseconds.>®* Future research into speciation of
active sites can also be inspired by recent advances in TEM
imaging techniques, such as iDPC-STEM (integrated differen-
tial phase contrast STEM) or ptychography, which are capable
of single-atom detection located in microporous channels,
proving that TMI species can be directly visualised in beam-
sensitive materials such as zeolites.**>*%

Finally, many of the topics covered in this review are also
relevant to the sister MOF materials functionalized by TMI.>®’
Due to their unique hybrid structure, they provide even more
versatile scaffolds for intentionally tuning the TMI properties,
opening new areas of catalytic chemistry where progress is
chiefly needed.
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List of acronyms

n-MR n-Member ring

ALMO Absolutely localized molecular orbitals
BEA Beta framework type code

BEEF-vdW Bayesian error estimation functional with

van der Waals
BS Broken symmetry

CAS Complete active space

CASPT2 Complete active space with second-order
perturbation theory

CASSCF Complete active space self-consistent field

CEC Cation exchange capacity

CC Coupled cluster

CCSD(T) Coupled cluster with single, double, and
perturbative triple excitations

CHA Chabazite framework type code

COHP Crystal orbital Hamiltonian population

CT Charge transfer

CVD Chemical vapour deposition

DFT Density functional theory

EDE Dispersion interactions

EDX Energy-dispersive X-ray spectroscopy

ENDOR Electron nuclear double resonance

EPR Electron paramagnetic resonance

ESEEM Electron spin echo envelope modulation
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ET
ETS-NOCV

EXAFS
FAU

FC

FPT
FTIR
HC
HC-SCR
HF
HOMO
HSAB
HYSCORE

iDPC-STEM
IEL

IZA

LC

LMCT
LUMO
MAS-NMR

MD
MEL
MFI
ML
MLET
MO
MOR
MP

CN
NEL
NOCV
oT
PEC
PES

PL

rR

SCO
SCR
SOC
SOMO
TMI
TPD
UV-Vis
UV-Vis-NIR
VB
VB-CAS
VTVH-MCD

XAFS
XANES
X-band CW-EPR

ZFS

Electron transfer

Extended-transition-state natural orbitals
for chemical valence

Extended X-ray absorption fine structure
Faujasite framework type code
Franck-Condon

First principles thermodynamics

Fourier transform infrared spectroscopy
High coverage

Hydrocarbon selective catalytic reduction
Hartree-Fock

Highest occupied molecular orbital

Hard soft acid base

HYperfine sublevel CORrElation spectro-
scopy

(Integrated differential phase contrast STEM)
Inverse/inverted energy levels
International zeolite association

Low coverage

Ligand-to-metal charge transfer

Lowest unoccupied molecular orbital
Magic angle spinning nuclear magnetic
resonance

Molecular dynamics

Mixed energy levels

MFI zeolite framework type code

Machine learning

Metal-to-ligand electron transfer
Molecular orbital

Mordenite framework type code
Moeller-Plesset

Coordination number of TMI e.g. Cuy,
Normal energy levels

Natural orbitals for chemical valence
Oxygen transfer

Principal electronic configuration
Potential energy surface
Photoluminescence

Resonance Raman spectroscopy

Selective catalytic oxidation

Selective catalytic reduction

Spin-orbit coupling

Singly occupied molecular orbital
Transition metal ion
Temperature-programmed desorption
Ultraviolet-visible spectroscopy
Ultraviolet-visible-near infrared spectroscopy
Valence band

Valence bond complete active space
Variable-temperature, variable-field mag-
netic circular dichroism

X-ray absorption fine structure

X-ray absorption near edge structure
X-band continuous wave electron paramag-
netic resonance

Zero-field splitting
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