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Zeolites loaded with transition metal ions are promising het-
erogeneous catalysts. Knowledge about the location and
structure of the metal centers is of paramount importance for
the understanding of the catalytic potential of these mat-
erials. In this work, the spectroscopic studies of the coordina-
tion of Cul in zeolite A, ZK4, X, Y and mordenite are re-
viewed. Experimentally, diffuse reflectance spectroscopy

(DRS) and electron spin resonance (ESR) spectroscopy have
been applied to study the coordination of Cu'l in zeolites. Ab
initio calculations on model clusters, representing the Cu!!
sites in zeolites, are used for the interpretation of the experi-
mental data. The combination of experimental spectroscopic
information with theoretical results leads to a new and pro-
found insight into the Cu'™~zeolite interaction.

1. Introduction
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Zeolites are inorganic crystalline materials characterized
by a regular structure of channels and cages of molecular
dimensions. Their structure is built from tetrahedral units
(TOy), consisting of a central atom (T) — mostly Si'V —
coordinated to four oxygen atoms. Other atoms, especially
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A but also PY, Ga!'l and even transition metal ions can
replace the central Si'v. The tetrahedral units are linked by
sharing all the oxygen atoms, leading to a wide variety of
materials, differing in framework structure and chemical
composition.l'! In the case of microporous solids (with
aperture diameters from ca. 3 to 14 A) the largest two sub-
classes are the aluminosilicates and aluminophosphates (the
latter also known as ALPOs). This review will only deal
with aluminosilicate zeolites. Other recent reviews focus on
transition metal ions in aluminophosphate molecular
sieves.[>3]

As each Al incorporated in the silicate framework leads
to one excess negative charge, an equivalent amount of ex-
tra-framework cations must be introduced to neutralize the
structure. These cations, mostly Na!, K! and Ca'!, are pre-
sent inside the cages and channels of the zeolite together
with intrazeolitic water. They are not covalently bound to
the zeolite framework and can therefore easily be replaced
by transition metal ions by conventional aqueous ion ex-
change. After dehydration, these transition metal ions be-
come localized. They are dispersed over the large internal
surface of the zeolite, coordinating to the framework oxy-
gen atoms. The obtained metal coordination environment
is often not saturated, which means that these ions can act
as coordination centers for adsorbed molecules or as cata-
lytically active sites. The microporous character of the zeol-
ite material puts limits on the size and shape of the inter-
acting molecules, and hence enables shape selective reac-
tions. Alternatively, transition metal ions can also be en-
countered at framework positions (the T atoms) in zeolites.
In this case, the transition metal ions are already incorpor-
ated during the synthesis of the zeolite by so-called iso-
morphous substitution.

This review deals with studies of Cu'! in the zeolite chan-
nels, acting as a charge-compensating ion. These
Cu—zeolites have been studied extensively because they dis-
play high activities for the catalytic and photocatalytic de-
composition of NO and N,O forming N, and O,.[4~ 131 Also
the selective reduction of NO by NHj3 or hydrocarbons is
catalyzed by Cu—zeolites.['6~1°]

A prerequisite for a fundamental understanding of the
catalytic potential of Cu—zeolites is the knowledge of the
location (and accessibility), coordination and electronic
structure of the Cu ions. However, the location and coor-
dination of transition metal ions inside zeolites are still a
matter of debate. For aluminum-rich zeolites, one usually
assigns the cations to well-defined rings or cages in the zeol-
ite structure. The preference of the cation for occupation of
these specific extra-framework sites can be thought of as
arising from favorable interactions between the cation and
the framework structure. The study of the distribution of
the transition metal ions throughout the zeolite is usually
referred to as cation siting.?°~2!1 On the other hand, it has
also been suggested that the location of cations, especially
divalent cations, is determined by the distribution of alumi-
num in the zeolite lattice.[>>~2°! Indeed, it can be expected,
on the basis of simple electrostatic considerations, that di-
valent cations are preferentially located in the proximity of
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two framework aluminum atoms. The importance of charge
compensation by aluminum must be emphasized in particu-
lar in the case of Si-rich zeolites. Unfortunately, the exact
positions of aluminum ions in the zeolite lattice are un-
known, and there is no general agreement on whether the
distribution of aluminium is random or ordered.

We intend to give an overview of the studies on the siting
and coordination of Cu!! in zeolites by means of spectro-
scopic and theoretical methods. Especially diffuse re-
flectance spectroscopy (DRS) and electron spin resonance
(ESR) spectroscopy have been applied extensively in the
study of the coordination of Cu'" in zeolites. We will focus
on Cu'lin zeolite A, ZK4, X, Y and mordenite because of
their well-documented literature. The spectroscopic finger-
prints of the Cu'! species in these zeolites are now firmly
established, as shown in a previous review®" in 1993. How-
ever, there is still a good deal of disagreement on the inter-
pretation of the spectroscopic data. At the time of the 1993
review, the spectroscopic fingerprints were mainly inter-
preted from XRD results or by means of semi-empirical
calculations. Recently, however, it has become possible to
study the coordination and spectroscopic features of Cul!
in zeolites by means of ab initio calculations.?°~3? Large
model clusters were constructed, representing the possible
Cu'! sites in the different zeolites. The structure of the Cul!
coordination environment was obtained from geometry op-
timizations based on density functional theory (DFT). Mul-
ticonfigurational perturbation theory (CASPT2) was used
for the calculation of the spectroscopic features of these
clusters. As will be shown in the present review, the com-
bination of these ab initio results with the available experi-
mental spectroscopic information is a powerful research
tool, and leads to new and detailed information on the in-
teraction of Cu! with zeolites. We therefore present a sum-
mary of the new ab initio results and compare them with
the older methods and interpretations.

We note that the present review will be limited to “model
materials”, i.e. with high Al contents (Si/Al ratio between 1
and 5) and with low Cu'! contents. Isolated and bare Cu'!
sites are then present in the fully dehydrated state. Spectro-
scopic techniques clearly point to a limited number of well-
defined Cu'! coordination modes in these zeolites, and the
fingerprints can often be individually resolved, thereby fa-
cilitating the comparison with the ab initio results. On the
other hand, several zeolites studied for catalytic processes
contain Cu'! in larger than stoichiometric amounts. These
so-called “overexchanged” zeolites do not only contain isol-
ated Cull ions, but also Cu dimers or oxides. We have also
incorporated some ab initio results for zeolite Y where the
adsorption of one molecule (H,O or NH3) on the Cu'! site
is studied.

The text is organized as follows: First, we recall the
framework structures of zeolite A, faujasite and mordenite,
together with a description of their most important cation
sites. Next, we describe some of the major advantages and
drawbacks of the spectroscopic techniques frequently used
for the study of Cu" in zeolites, mainly X-ray diffraction
(XRD), diffuse reflectance spectroscopy and electron spin
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resonance spectroscopy. We also discuss why theoretical cal-
culations can be useful for the interpretation of the spectro-
scopic information. Finally, we present a critical overview
of both experimental and theoretical spectroscopic studies
of Cu'—zeolites.

2. Overview of Zeolite Structures and Cation
Sites

2.1 Zeolite A, ZK4, X and Y

The structure of zeolites with LTA (e.g. zeolite A, ZK4)
or FAU topology (e.g. zeolite X, Y) can be visualized as a
regular stacking of sodalite cages. The sodalite unit com-
prises 24 T atoms that make up a truncated octahedron,
and 36 bridging oxygen atoms. Usually, the structure of a
zeolite framework is represented in a schematic way. As
shown in Figure 1, the vertices give the position of the T
atoms, while the lines connecting the vertices represent the
oxygen atoms.

One can see in Figure 1A that in zeolite A, the sodalite
cages are connected through the oxygen four-membered
rings. They enclose a larger volume, the supercage, with
eight-membered ring apertures. The contours of this su-
percage are indicated in Figure 1A by dashed lines. The Si/
Al ratio of zeolite A is 1, implying a strict alternation of Si
and Al tetrahedra according to the Loewenstein rule.>?

Figure 1. Schematic framework structure of zeolite A, ZK4 (A),
zeolite X, Y (B) and mordenite (C); only the T atoms are shown
on the vertices of the structure, the oxygen atoms are arranged in
between; the location of the exchangeable cation sites is also indic-
ated; the contours of the supercage in zeolite A are shown by
dashed lines
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ZK4 has the same topology as zeolite A, but a higher Si/
Al ratio.

For zeolite A and ZK4, only one site for Cu'’ has been
proposed: It is indicated as site II in Figure 1, at the oxygen
six-membered ring between sodalite and supercage. The
atomic structure of this six-membered ring is shown in Fig-
ure 2. This cation site has C;, symmetry. One can see that
there are six oxygen atoms available for coordination with
the Cu'! ion. Three of them (indicated with O,) are bent
slightly inwards, and are therefore favorably located for co-
ordination with a cation in the ring. The other three oxygen
atoms (Ogy) are bent outwards and therefore seem less
accessible.

On the other hand, the sodalite cages can also be linked
via the six-membered rings to form hexagonal prisms, as for
the faujasite (FAU) topology (see Figure 1B). The interior
supercage can be entered via twelve-membered rings, and is
therefore much larger than the supercage of zeolite A. Zeol-
ite X and Y are both members of the faujasite topology;

Zeolite A, X, Y, ZK4

Site I1,I' Site |
Op
Si,Al
OB
Site 1 Site 1T
Mordenite
Site A Site E
0

Si,Al

Site C Site B,D

Qr ()

Figure 2. The common cation exchange sites of zeolite A and ZK4
(site I1), X and Y (sites II, I', I, III, I111") and mordenite (site A, E,
C, B and D); the two types of oxygen atoms in sites Il and 1" are
labeled as O4 and Og
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they differ only by the aluminum content. Zeolite X has an
Si/Al ratio between 1 and 1.25; faujasites with an Si/Al ratio
higher than about 2 are generally referred to as zeolite Y.

As shown in Figures 1 and 2, many possible cation sites
are present in the faujasite structure. Due to the tetragonal
stacking of the sodalite cages, one can distinguish two dis-
tinct types of six-membered ring sites in faujasite. In Fig-
ure 2, these two types of six-membered rings are repres-
ented in the same picture, as they differ only by the zeolite
surroundings extending beyond the atoms on display. One
can, however, clearly see in Figure 1 that site II is the hexa-
gonal window between the sodalite cage and the supercage,
and it is therefore similar to site II in zeolite A. On the
other hand, site I’ is one of the base planes of the hexagonal
prism. A completely different cation site is the center of the
hexagonal prism (site I), where the cations may obtain a
sixfold coordination by binding with the three O oxygen
atoms of the two six-membered ring base planes. Finally,
cations may coordinate to oxygen atoms of the four-mem-
bered ring structures III and III', located at the walls of
the supercage.

2.2 Mordenite

Mordenite (MOR) is one of the pentasil zeolites. In these
zeolites, five-membered ring building units (the pentasil un-
its) are linked to form parallel columns. In the complex
framework of mordenite (see Figure 1C), these columns are
arranged along the z direction, so that they enclose a large,
straight twelve-membered ring channel along the z direc-
tion, often referred to as the main channel, and eight-mem-
bered ring side-pockets. There is also an eight-membered
ring zigzag channel, but as it runs in a direction perpendic-
ular to the main channel, this channel is not visible in Fig-
ure IC. The Si/Al ratio in the pentasil zeolites is usually
considerably higher than in zeolite A and faujasite. The typ-
ical Si/Al ratio of mordenite is 5, but structures with higher
Si/Al ratios can be synthesized.

The location of the cation sites in the mordenite structure
is also indicated in Figure 1C, while the detailed structures
of the sites can be seen in Figure 2. A first cation site in
mordenite is site A, a twisted eight-membered ring located
in the eight-membered ring side-pockets. The symmetry of
this site is Cy;,. The six most central oxygen atoms can co-
ordinate with cations in this site. The E site is the planar
six-membered ring in the twelve-membered ring channel.
This six-membered ring is significantly different from the
trigonal six-membered ring sites encountered in zeolite A
and Y because it is formed by connecting two (bent) five-
membered rings (see Figure 2). As a consequence, even an
ideal E site in mordenite shows only C; symmetry, whereas
the highest possible symmetry of the six-membered ring
sites in zeolite A and Y is Cs,. Cations in site E usually
coordinate to the four central oxygen atoms of the six-mem-
bered ring. Other cation sites in mordenite are site D, the
circular eight-membered rings situated at the walls of the
large twelve-membered ring channel, and site B, a similar
eight-membered ring in the side-pockets. There is also a
boat-shaped site in the eight-membered ring channel of the
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zeolite; the latter site is composed of a non-planar six-mem-
bered ring (site C) in between two five-membered rings. As
one can see from Figure 2, this six-membered ring also con-
tains, like site E, an O—T—O bridge. The corresponding
planar five-membered ring leads to the main channel of
mordenite. It is not known which cation coordination envir-
onments can be achieved in site C. One can see from Fig-
ure 2 that site E and site C have the same topology, but a
different shape.

3. Experimental and Theoretical Tools

3.1 Electron Spin Resonance

The first studies of the coordination of Cu'! in zeolites,
starting from the year 1959, were based on ESR.[3*331 The
ESR spectrum is very sensitive to the surroundings of the
Cu!! ion, as manifested by the g tensor and the hyperfine
splitting. The number of ESR signals present in the spec-
trum therefore indicates the number of different coordina-
tion environments of Cu''. The initial goal of the ESR stud-
ies of Cu'"—zeolites was to draw conclusions concerning the
coordination environment of Cu'" in unknown zeolite sur-
roundings by comparing ESR spectroscopy data with that
of Cu'l in crystals of known structure. However, since the
ESR spectra turn out to be very sensitive to the degree of
hydration, the temperature of the heat treatment during de-
hydration and the nature of other cations in the zeolite, the
early reported ESR spectral parameters varied strongly
from one report to another.?4~%21 Over the years, a con-
sensus emerged in the literature on the ESR parameters of
the fully dehydrated Cut—zeolites, which are by now firmly
established.?%1 On the other hand, the interpretation of this
spectroscopic information is not straightforward. One has
attempted to obtain more information about the accessibil-
ity of the Cu" species by studying the dependence of the
ESR signal on the adsorption of small molecules on the
Cu'! sites and on the degree of dehydration of the
Cull—zeolite.

Additionally, the pulsed electron spin resonance tech-
nique called electron spin-echo (ESE) spectroscopy can
measure the superhyperfine interaction between the Cu'!
ion and nearby magnetic nuclei (for example 2’Al).[3 These
very weak hyperfine interactions cannot be observed in a
conventional ESR spectroscopy experiment, but they show
up as a modulation of the decay of the time domain ESE
spectrum. By proper analysis of this modulation one can
determine the types, number and distances of magnetic nuc-
lei surrounding the Cu'! ion.

In order to avoid magnetic dipole interactions between
different Cu'! centers, the ESR spectra are recorded at low
Cu'" exchange levels.[*4

3.2 Diffuse Reflectance Spectroscopy

Diffuse reflectance spectroscopy (DRS) allows the meas-
urement of the electronic transitions in the UV/Vis/NIR re-
gion from a powdered zeolite sample. As the excitation en-
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ergies of the transitions within the 3d shell depend on the
ligand field surrounding of the transition metal ion, these
spectra provide a “fingerprint” of the local Cu'' coordina-
tion environment in the considered zeolite. In many cases,
however, not one but several different coordination environ-
ments are present inside the zeolite. Hence overlapping
spectra are obtained, and the spectrum must be deconvo-
luted into its individual components.*>~481 DRSS spectra are
therefore often measured at low exchange levels, as it is as-
sumed that under low load conditions only the preferential
coordination sites are occupied.

ESR and DRS both have the advantage that, although
their spectra may represent a superposition of several Cull
coordinations, the local atomic environments of Cu!! can
often be extracted from progressive loading and preferential
site occupations.

3.3 X-ray Diffraction

X-ray diffraction (XRD) is the most direct method of
obtaining the location of the exchangeable cations in the
zeolite unit cell. However, a major limitation of XRD in
the study of transition metal exchanged zeolites is that no
distinction can be made between Si and Al in the lattice.
The apparent symmetry of the coordination environment of
cations obtained with XRD is therefore often too high. This
means that the local effect of Al on the coordination envir-
onment of the cation cannot be investigated with XRD. An-
other disadvantage is that in the case of partial site occu-
pancy XRD visualizes only an average structure for the
given crystallographic site, whether it is occupied or empty.
Hence, XRD as such provides only average information,
pertaining to the overall structural integrity, as opposed to
ESR and DRS, which reveal the local atomic environment
of the transition metal ion.

Apart from these disadvantages, there are also limits in
the preparation of suitable samples. With high-alumina ze-
olites (such as zeolite A, X and Y), it is usually possible to
obtain concentrations of divalent cations in the zeolite mat-
rix which are sufficiently high to allow determination of
their location in the zeolite unit cell. However, with siliceous
zeolites, levels of exchange are low. Since the unit cell of
such zeolites is often large and has low symmetry, the lim-
ited number of available metal ions is distributed among
several crystallographically different positions.

Ever since the first XRD study of Cu'! zeolite Y, the
XRD structures of Cul—zeolites have been used to inter-
pret the ESR signals and DRS spectra.[*! One should, how-
ever, be careful with such a comparison, not only because
XRD reports only average Cu'! coordination environments,
but also because the XRD results are reported for highly
loaded Cu' samples (close to complete exchange), while in
ESR and DRS often zeolites with low Cu'! contents are
studied.

3.4 Theoretical Calculations

Even the combination of complementary experimental
techniques cannot always provide a conclusive picture of
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the siting of Cu' ions in zeolites. As one will see from the
literature overview in sections 4 and 5, different authors
have proposed different sites for Cu'' in zeolites. In order
to obtain a sound interpretation of the spectroscopic data,
at the end of the 1970s Klier started to perform theoretical
calculations."°~521 He carried out semi-empirical calcula-
tions on a simple CuO3 model to study the electronic struc-
ture of Cu'! in the trigonal six-membered ring site of zeolite
Y, and proposed the first assignment of the ligand field
bands measured by DRS. The group of Schoonheydt soon
followed this example and studied the spectroscopic proper-
ties of Cu'! at several exchange sites (in zeolite Y, morden-
ite), with calculations based on the angular overlap model
(AOM).[20:33733] These theoretical results were used to pro-
vide an interpretation for the available ESR and DRS data.
One disadvantage was that the only structural information
available was obtained from XRD. These calculations were
therefore performed at the average XRD structures.

Thanks to the rapid development of computer power, to-
day it has become possible to perform ab initio calculations
on model clusters large enough to represent the cation ex-
change sites in zeolites. Pierloot et al. have studied the coor-
dination of Cu'! in various zeolites (zeolite A, Y, ZK4 and
mordenite) with a cluster model approach.?=3?1 The con-
sidered clusters include the Cu'! ion surrounded by a zeolite
ring (or a combination of rings), terminated by either OH
groups or hydrogen atoms. The structures of the cluster
models were obtained from partial geometry optimizations,
based on density functional theory (DFT). The spectro-
scopic features (ligand field excitation energies and ESR g
factors) were calculated by means of the CASPT2 method,
i.e. multiconfigurational perturbation theory. The calcu-
lated results were compared with the experimental DRS
and ESR spectra. This comparison allowed detailed in-
formation about the Cu'! coordination in zeolites to be ob-
tained. The present approach was also applied to study the
coordination of Co' in the six-membered ring sites in zeol-
ites.?®-3%] The main features of the electronic spectrum of
Co' in zeolite A and Y are successfully described.

We note that very recently Larsen et al. used DFT to
calculate both ESR g values and A values of several vanadyl
model complexes, in which H,O molecules were used to
represent the framework oxygen atoms.’”l Theory and ex-
perimental results were also combined here, but this time to
interpret the ESR spectra of VO?>*-exchanged zeolites.

Another theoretical approach has been followed by Sauer
and co-workers.’87 A combined quantum mechanics/in-
teratomic potential function technique was developed, in
which the cation exchange site is treated by quantum mech-
anical methods, while the periodic lattice is treated by an
ion pair shell model potential. Using this method, the loca-
tion, structure and coordination of isolated Cu! ions in
ZSM-5 were studied.[°!?) Photoluminescence energies of
Cu' sites were also calculated, and could help in assigning
the observed bands of the Cu' luminescence spectra.

We have also noted that during the last years, many other
ab initio studies have concentrated on the catalytic potential
of Cu-containing zeolites.’*-®! =771 Various kinds of cluster
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models have been constructed in order to represent the Cu'!
coordination in the zeolite. There is, however, still no agree-
ment about the active site and reaction mechanism of — for
instance — the decomposition reactions of NO and N,O.

3.5 Additional Observations

Although the previous techniques are most often used
in order to probe the coordination environment of Cu'! in
zeolites, other experimental techniques provide comple-
mentary information. Infrared spectroscopy of adsorption
complexes in Cu—zeolites (mostly of NO and CO) is often
used as a selective probe for Cu ions because there is a
shift in the vibration frequencies depending on the copper
oxidation state and its coordination environment. The tech-
nique can therefore be used to discriminate between differ-
ent Cu sites.[>>78 Secondly, IR measurements have shown
that cations induce local perturbations of the T—O-T
bonds adjacent to the cation, reflected in a shift of the skel-
etal T—O—T vibrations.!”*:8%

Determination of the Cu oxidation state, coordination
number and Cu—O bond lengths can be achieved by X-ray
absorption fine structure (XAFS) techniques.®-8?! How-
ever, for isolated Cu"! sites the EXAFS (extended X-ray ab-
sorption fine structure) spectrum only yields average Cu—O
bond lengths and coordination numbers. Hence, this tech-
nique is not well suited to offer detailed information on the
different Cu!! sites and is more often used to distinguish
between isolated versus clustered Cu ions in over-ex-
changed zeolites.

The photoluminescence spectra of Cu! ions are highly
sensitive to their coordination environment. The
Cu!(3d%4s')—Cu’(3d'%) transition energies have been meas-
ured by several groups for several zeolites. The group of
Wichterlova started from the assumption that the Cu ions
do not migrate upon reduction of Cu'' to Cu'. Therefore
they use the various bands in the luminescence spectra of
Cu! zeolites to distinguish between different types of
Cull.[23725]

Few NMR spectroscopic studies have been reported for
studying the coordination of cations inside zeolites. They
are based on ®°Cu NMR®I or 12Xe NMR spectra of
Xenon adsorbed in various Cu—zeolite samples. Due to the
large polarizability of the latter ion, its chemical shift is very
sensitive to its environment.[84~86]

4. Cu" in Zeolites A, ZK4, X and Y

Below, we present a literature overview of the spectro-
scopic and theoretical studies of Cu'' zeolites. Because of
their related framework structures, zeolite A, ZK4, X and
Y are treated together. The XRD results of Cu'l—zeolites
will be discussed before the results of the spectroscopic
studies (ESR and DRS), since they may give a first indica-
tion of the possible Cu' sites in the zeolites. Next, the re-
sults of the ab initio calculations are summarized and com-
pared with the earlier interpretations.
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4.1 Diffraction Studies

The structure of fully exchanged Cu™® zeolite A was deter-
mined by single-crystal XRD in the cubic space group
Pm3m.®71 All Cu" ions are located in site I, on the three-
fold axes in the hexagonal six-membered rings. The coor-
dination environment of Cu'! in this site is shown in Fig-
ure 3. The Cu'! ion is coordinated to three close-by oxygen
atoms (O,), at a distance of 2.14 A. A second shell of three
oxygen atoms is found at a distance of 2.85 A from Cull.
The Cu'! ion extends slightly into the large cavity, giving
rise to an O, —Cu—0, angle of 119°.

2.85

Figure 3. Trigonal coordination environment of Cu'! in the six-
membered ring site II of zeoljte A, as obtained from XRD;[®7]
Cu—O distances are given in A; the labeling of the two types of
oxygen atoms (O, and Og) is also indicated

On the other hand, XRD reveals several exchange sites
for Cu'! in zeolite Y. Two XRD studies on Cu'=Y have
indicated that the six-membered rings are the favored, al-
though not the only possible cation sites for Cu'l. First, an
X-ray powder diffraction study of a 50% exchanged
Cu"-Y,™I reported that Cu' ions are, for the most part,
present in six-membered ring site 1'. The large affinity of
Cu!! for site I’ was ascribed to the opportunity to be firmly
bound to three O, atoms of the zeolite framework. The
remaining Cu'! ions were located at the center of the hexa-
gonal prism (site I) in an octahedral coordination environ-
ment.

Secondly, a single-crystal XRD experiment on a 90% ex-
changed Cu'=Y by Maxwell and de Boer® pointed to the
presence of Cu'! ions in both six-membered rings I' and 1II.
The coordination environment is trigonal; the Cu—O dis-
tances are compared with the other XRD structures in
Table 1. Only a very small fraction of the Cu'! ions were
found in the hexagonal prism I, in a sixfold coordination
environment. Finally, Cu'" ions were also found in the four-
membered ring sites IIT and III'.

Table 1. Cu—0O distances (given in A) in the trigonal six-membered
ring sites, obtained from X-ray diffraction studies on Cu'—A and
Cull-Y

Zeolite Site Cu—0, Cu—0Og
Cull-A7 11 2.14 2.85
Cull—Y™I T 2.00 2.91
Cull—YI88l 11 2.22 2.92

T 2.12 2.95
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Recently, a pulsed-neutron diffraction study of solid-state
copper(Il)-exchanged zeolite Y (with a Cu-exchange level
of 87%) was also reported.® This study indicated that Cu'!
occupies three sites. About half of the Cu" ions were found
in site I11’, each coordinated in a near square-planar man-
ner to four framework oxygen atoms. However, an undetec-
ted fifth ligand (H,O, OH~ or Cl~) may be present, coordi-
nating axially to Cu! so as to give a distorted square pyr-
amid. 31% of Cu' are placed at site I’ in a trigonal coor-
dination with Cu—O distances of 2.17 A. The remaining
Cu'" ions are present in site I.

4.2 ESR Spectroscopic Results

Zeolite A and ZK4

In the first ESR studies of Cu'! in zeolite A no agreement
was reached on the number of Cu'l species or the character-
istic ESR parameters of these species.’°~221 Most of the
later studies agree that only one axially symmetric signal is
present in the ESR spectrum of fully dehydrated Cu'!
zeolite A, described by g, = 2.37-241 (see
Table 2).120-28.53755.93.94] The presence of one ESR signal is
in good agreement with the XRD study, pointing to Cu'! at
only one site, the trigonal six-membered ring I1.871 Kevan
et al.’3~%% monitored the coordination of Cu'! in zeolite
A during the process of dehydration by electron spin echo
spectrometry. After complete dehydration, they described
the Cu'! coordination as close to the plane of the six-mem-
bered ring site 11, in a position displaced 0.2 A into the
supercage, where it is trigonally coordinated to three of the
six lattice oxygen atoms. This coordination environment is
very similar to that obtained by XRD (see Figure 3).

The coordination of Cu'! in ZK4 has also been studied.
Two Cu'! species were detected by ESR spectroscopy, char-
acterized by g, = 2.357 and 2.321.°7I The former signal was
assigned to Cu'! in the six-membered ring site 11, moved
inside the sodalite cage, while the latter signal was attrib-
uted to Cu'! ions at the same site, but extended into the
supercage. The presence of these two ESR signals in
Cu'"-ZK4 was recently confirmed.?®) However, a totally
different interpretation based on ab initio calculations was
given, as will be detailed in section 4.4.

Table 2. An overview of the ESR parameters found in literature of
Cu'! in various zeolites; for references, see text

Zeolite gy g,
Cu"—zeolite A 2.37-241 2.06—2.07
Cu'-ZK4 2.36 2.07

2.32 2.07
Cu'—zeolite Y 2.36—2.41 2.07—-2.08

2.30—-2.34 2.05-2.07
Cu'—zeolite X 2.37-2.38 2.06

2.35 2.06
Cu'-=mordenite 2.32—-2.34 2.05—-2.06

2.27-2.29 2.05-2.06
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Zeolite Y and X

Most authors report at least two overlapping axial signals
in Cul'—zeolite Y,[2028.36-42,53-5586.92-94.98-103] Generally,
there is agreement about the parameters describing these
ESR spectra (see Table 2). One of the signals conforms to
the one observed in zeolite A with g}’ = 2.36—2.41. The
second signal is characterized by a much smaller g;, value,
g = 2.30—2.34. It was suggested that these ESR signals
are, within experimental accuracy, independent of the Si/
Al ratio, the Si—Al ordering and the type of co-exchanged
cation.?%33 As such, they only reflect the type of coordina-
tion of Cu! in the structure. However, the relative intensit-
ies of the two ESR signals vary with the Si/Al ratio, the
type of co-cation and the Cu" loading, and are indicative
of the site preference of Cu'".[29-33]

Interpretations of the two ESR signals of Cu'! in zeolite
Y in terms of specific coordination environments at cation
sites were published only after the first XRD study of
Cu'"'-Y became available. Almost all groups assign the two
ESR signals to Cu'' at two different cation sites. However,
different research groups have proposed different sites for
Cu'. Conesa and Sorial!92-104-106] gyggested that Cu'l re-
mains mainly in the two types of trigonal six-membered
rings in the final dehydrated state, at positions I' and II.
This interpretation is in agreement with subsequent studies
by Herman®? and Schoonheydt,'**) and was also confirmed
by O, line-broadening experiments. The O, molecule can
only enter the large supercage of zeolite Y, but it cannot
access the smaller sodalite cages and hexagonal prisms (see
also Figure 1B). One can therefore expect that the ESR sig-
nals of Cu'l in the supercage (site II, III, III') will be
broadened by the dipolar interaction between the O, molec-
ule and Cu'" (the resolution and signal intensity decrease),
while the ESR signals of Cu' in the sodalite cage and hexa-
gonal prism (site I, ") are not affected. Since the ESR signal
with gf}) = 2.38 disappears upon admission of oxygen, it
was assigned to Cu'! in six-membered ring site II in the
supercage, with Cu' in a distorted trigonal coordination
environment. This assignment also seems very reasonable,
because of the similarity of the parameters of this signal
with those of the Cu'! ions encountered in zeolite A, where
the Cu'! ions are also present in site IT. On the other hand,
the signal with g{? = 2.33 is insensitive to the presence of
oxygen molecules and was assigned to Cu'! ions in site I'.
As the latter ESR parameters are characteristic for a
square-pyramidal coordination, Conesa and Soria sug-
gested that the Cu' ions in site I’ should remain coordin-
ated to two water molecules in order to realize such a coor-
dination.['%! On the other hand, Schoonheydt assigned this
signal to naked Cu'! ions in site I’ in a trigonal coordination
environment.[?”) We will come back to this point in section
44.

In the Cu'—zeolite X, two axial ESR signals are also
observed.[20-36:42.107=1101 A first signal conforms to the one
observed in both zeolite A and Y, and is characterized by
giP) = 2.37—2.38. The second is described by a somewhat
higher gi? value than the second signal in zeolite Y, 2.35
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instead of 2.30—2.34. Schoonheydt assigned the signal with
g = 2.37—2.38 in zeolite X to Cu'l ions in site II, in line
with the assignments of Cu'! zeolite A and Y. On the other
hand, the second signal in Cu'—X was assigned to a differ-
ent site; since this ESR signal is also broadened by O,, it
was assigned to the Cu'! ions in the supercage at site 111"

A different site-dependent interpretation of the ESR sig-
nals in zeolite Y and X was provided by the group of Ke-
van, who used ESR spectroscopy in combination with elec-
tron spin echo (ESE) spectrometry.l?!-97-103.109=113] Thege
authors propose the same sites for Cu'! in zeolite X and Y.
The ESR signal with g{? = 2.39 was attributed to an almost
planar trigonal Cu'" coordination in the six-membered ring
site I' of zeolites X and Y. On the other hand, the signals
with g{? = 2.33 and gf? = 2.35 in zeolite Y and X, respect-
ively, were suggested to both correspond to Cu'' in the
hexagonal prism I. This assignment is in agreement with
the earliest XRD results*’! and with the findings of Iwam-
oto,l'" who studied the oxygen adsorption in
Cu'"—zeolites Y by temperature-programmed desorption
(TPD).

Matar and Goldfarb studied the interactions of the Cu'l
cations with framework Al in zeolites A, X and Y in various
stages of dehydration and after methanol adsorption by
electron spin echo envelope modulation (ESEEM).[!15—117]
The spectra show contributions from two types of 2’Al nuc-
lei. One type includes first-shell Al, bound to the oxygen
atoms to which the Cu'! ion is coordinated; they are at
about 3.1-3.4 A from the Cu!! ion and exhibit relatively
large isotropic hyperfine constants which indicate strong in-
teraction with the framework oxygen atoms. The second
type consists of distant Al nuclei, situated at distances
larger than 5 A. Orientation-selective ESEEM experiments
provide additional structural information: The modulation
of the first-shell Al in some cases showed strong orientation
dependence. Based on these results, a link was proposed
between the ESR g, values of the coordinated Cu'! and the
position of this ion with respect to the aluminum atoms in
the trigonal six-membered ring. The Cu'! ions situated close
to a plane of Al nuclei are held responsible for the g, value
of 2.33, whereas the larger g, value (2.38) is supposed to
originate from Cu'! ions located away from the plane of Al
nuclei. This interpretation is original in its suggestion that
the different ESR signals might actually be due to Cu'! at
one and the same site, but surrounded by different Al distri-
butions. A somewhat similar idea will be backed by ab initio
calculations (section 4.4), where it is shown that the ESR
signals can indeed be explained by Cu'! in the six-mem-
bered ring site with different Al surroundings.

4.3 DRS and Ligand Field Theory

Klier was the first to interpret the diffuse reflectance
spectrum of dehydrated Cu''—zeolite Y.P°~32 This spec-
trum is composed of a narrow peak centered at 10900 cm !
and two broader bands centered at 12700 and 14650 cm ™.
He studied the electronic structure of Cu'! positioned in the
six-membered ring site, represented by a CuO3z model. The
presence of one hole in its 3d shell corresponds to the free
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Cu'(d®) ion in a 2D ground state. The Cs, symmetry of the
oxygen environment imposes a splitting on the Cu'’ 2D ion
term as shown in Figure 4A. The ground state is a degener-
ate °E, with the one hole in the 3d shell located in the e
shell, consisting (to a first approximation) of the 3d,2_ 2,
3d,, orbitals. The Jahn—Teller effect was invoked, inducing
an off-axial distortion to remove this degeneracy, as also
shown in Figure 4A. Furthermore, the effect of spin-orbit
coupling was considered. By fitting the energy of the three
highest transitions to the experimental band positions, the
Jahn—Teller coupling constant b, the spin-orbit coupling
constant A, and f, a structural parameter, were determined.
As such, an O—Cu—O angle of 117° was determined, in
(somewhat fortuitous) agreement with the angle found by
XRD (of 115°). This means that the Cu'' ion would obtain
an almost planar coordination in the six-membered ring.
Klier’s assignment of the ligand field transitions is pre-
sented in Table 3.

E‘ C3v E C3v + JT + SO

¥

’E (dyy, dyg)

2E+

kY

—

’E (dx2.y2, dxy)

A B

2A (dy242)

C

Figure 4. Energy term diagram for Cu'! in the trigonal six-mem-
bered ring site of zeolite A, ZK4, X, Y by Klier (A)PU
Schoonheydt (B)I3 and Pierloot (C)1?8!

Table 3. Assignments of the ligand field bands of Cu' in the tri-
gonal six-membered ring site by various authors

Band maximum [cm '] Assignments
Klier Schoonheydt Pierloot
10900 ’E, — 2E; ZE, — %A, X2A — b’A
X2A — A
12700 ’E, = ’EF 2E, — ’E3 X?A — d’A
14650 ’E, — %A, 2E, —» ’EF X2A — e’A
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Packet and Schoonheydt!?%-3373% studied the coordina-
tion of Cu'! in various zeolites by combined DRS/ESR ex-
periments. The ligand field band positions for Cu'! in zeol-
ite A, X and Y are summarized in Table 4. As one can see,
these spectra all show ligand field transitions at similar en-
ergies. In contrast to the ESR results, no pronounced differ-
ence is found between the DRS spectra of Cu''—A on the
one hand and Cu"—X and —Y on the other hand. As al-
ready explained in section 4.2, the Cu'! ions were assigned
to site II and 1" for zeolite Y, while sites II and III were
proposed for Cu'! in zeolite X. These assignments were sup-
ported by calculations based on the angular overlap model
(AOM).[20:337551 Schoonheydt et al. further extended the
work on the CuO; complex of Klier by also including the
three more distant oxygen atoms of the six-membered ring.
The two types of six-membered ring sites of zeolite Y, site
I' and II, were both considered. Not only were the three
ligand field bands calculated but also the ESR parameters
gy, Ay and g . In agreement with Klier, a distortion of the
trigonal geometry of the six-membered rings was proposed,
due to a Jahn—Teller effect. Spin-orbit coupling was taken
into account. By the least-squares procedure, the values of
six adjustable parameters were then optimized, the AOM
spectroscopic parameters ¢ and 7w, a geometrical parameter,
the Jahn—Teller parameter, the spin-orbit coupling con-
stant and the Fermi contact parameter. The resulting as-
signment of the ligand field spectrum is compared to that
of Klier in Figure4 and Table 3. As one can see, the se-
quence of the 2A; and E terms is reversed. The reason can
be traced back to a different value for the n/c ratio from
both authors. The ligand field stabilization energy of Cu'!
in site I’ and II was calculated. From these calculations, no
site preference between type I' and II six-membered rings
could be predicted.

Both Klier and Packet obtained rather unusual values for
the spectroscopic parameters from their ligand field calcula-
tions. The spectra of Klier were calculated at an extremely
high n/c ratio, while Packet reports a very large ¢ value.
The origin of these unrealistic parameters may be because
the semi-empirical calculations started from the average
XRD structures of Cu'l sites and are therefore performed
in fictitious high symmetry coordination environments. The
possibility of symmetry reduction, for example by an asym-
metric aluminum surrounding, was not considered. As was
suggested by Goldfarb!!'>~1171 and will also be shown in
the following section, this factor does play a crucial role in
the Cul'—zeolite interaction.

Table 4. Overview of DRS band positions of Cu"! in various zeol-
ites by Schoonheydt et al.l?’]

Zeolite Band I Band II Band III

10400
10400—10800
10400—11100
12500

12200—12800
12400—13000
12400—13000
13700

15000—15400
14700—15100
14700—15100
14800

Cu'—zeolite A
Cul'—zeolite Y
Cu"—zeolite X
Cu'-mordenite
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4.4 Ab initio Studies of Cu'! in Trigonal Six-Membered
Ring Sites

Recently, more advanced quantum chemical calculations
have been performed in order to investigate the coordina-
tion and spectroscopic properties of Cu'! in the trigonal six-
membered ring site.2” 721 The results point to a new inter-
pretation of the ESR signals in zeolite A and Y. Ab initio
calculations were performed on the cluster models shown
in Figure 5. They consist of the Cu"! ion in the six-mem-
bered ring, with OH groups (Figure 5A, denoted as “large
models”) or hydrogen atoms (Figure 5B, denoted as “small
models”) inserted in order to saturate the dangling bonds
of Si, Al. The cluster models are thus represented by the
structural  formula  CuOg4Sig_ Al (OH);,? 0%  and
CuOgSig_ Al H,,? " Different aluminum contents and
distributions were studied in order to examine the local ef-
fect of aluminum on the coordination environment and the
spectroscopic properties of Cu'l in the six-membered ring.

Figure 5. Cluster models for the ab initio calculations of Cu!! in
the trigonal six-membered ring site in zeolites A, ZK4, X and Y:
(A) the dangling bonds of the silicon or aluminum atoms are ter-
minated by OH groups (“large models”); (B) the dangling bonds
of the silicon or aluminum atoms are terminated by hydrogen
atoms (“small models”); the clusters are depicted at the XRD start-
ing geometry as obtained from the literature!”’]

The coordination environment of Cu' in the six-mem-
bered ring was obtained by partial geometry optimizations
of the large clusters (Figure 5SA). The starting geometry of
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the cluster models is based on XRD data of Cu'—zeolite
A.B7 Partial geometry optimizations of these cluster com-
pounds were performed; restrictions were applied to mimic
the rigidity of the zeolite framework. The geometry optim-
izations were based on density functional theory (DFT)
with the B3LYP functional in combination with basis sets
from Schifer et al.l''8l The accuracy of the obtained
B3LYP-DFT structures was checked by performing addi-
tional restricted CASPT2 geometry optimizations for a few
clusters.?®! Significant corrections were only obtained for
the negatively charged CuOgSi3Al;(OH) ™ cluster model.

As for the calculation of the electronic spectra and the g
factors, calculations based on multiconfigurational per-
turbation theory (CASPT2) were performed. Since these
CASPT?2 calculations demand a considerably larger compu-
tational effort than the DFT geometry optimizations,
slightly smaller models were used, obtained by replacing the
terminal OH groups in the optimized cluster models by hy-
drogen atoms. It was shown that this reduction of the clus-
ter size does not affect the spectroscopic features of the
central Cu'' ion to any significant extent.?*28 In the
CASPT2 calculations, the basis sets are atomic natural or-
bitals.l''”] The reference active space consists of the Cu(3d)
orbitals, an additional d-shell (to take into account the 3d-
double shell effect) and one bonding oxygen valence orbital.
The effect of spin-orbit coupling was taken into account by
means of an effective one-electron operator.2% Finally, the
g tensors were calculated using second-order perturbation
theory, introducing spin-orbit coupling and the magnetic
field as simultaneous perturbations. More information
about the details of the calculations can be found in the
original papers.[>’~29]

First, it was checked whether the ligand field spectrum
of Cu"—zeolite A can be explained by assuming Cu'" to be
coordinated in the high-symmetric (C;,) oxygen six-mem-
bered ring structure as reported on the basis of XRD (see
Figure 3). However, the CASPT2 excitation energies of a
six-membered ring cluster at the XRD geometry did not
exceed 8500 cm ™! for the ligand field transitions. Even after
invoking a Jahn—Teller distortion, the calculated excitation
energies remained much too low to offer an explanation of
the experimental DRS spectra of Cu''—A, —Y.

In a next step, the DFT-optimized structures of model
clusters with all possible aluminum distributions in the six-
membered ring were considered. All structures were optim-
ized without applying any symmetry restrictions. The
optimized coordination environments are shown in Fig-
ure 6. Only one Al is present in ring A, while rings B and
C contain two, and ring D three Al. As one can see, the
calculated structures reveal strong local deformations of the
six-membered rings; as a matter of fact, no symmetry what-
soever is retained. The distortions are due to the tendency
of the Cu'! ion to obtain a fourfold coordination environ-
ment in the six-membered ring. One of the more distant Og
oxygen atoms (Og;) is bent inwards in order to provide an
additional short Cu—O bond. This fourfold coordination
environment gives rise to a much higher ligand field as com-
pared to the trigonal coordination; the CASPT2 excitation
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Figure 6. Calculated structures of Cu'! in the trigonal six-mem-
bered ring site; Cu—O distances are given in A; cluster A contains
only one Al, clusters B, C contain two Al, while three Al are present
in cluster D; the coordination geometry of Cu'! is fourfold planar;
one can clearly distinguish the two coordination modes in the six-
membered ring: clusters A, B on the one hand and clusters C, D
on the other hand; clusters A, B represent B3LYP-DFT structures,
while cluster C, D contain a CASPT2-optimized Cu—Opg; bond

energies are calculated between 9500 and 15400 cm ™!, in

good agreement with the experimental ligand field bands.
The energy term diagram is shown in Figure 4C. A new
assignment of the experimental ligand field bands is pro-
posed, as shown in Table 3.

One can also see from Figure 6 that the cation shows a
strong preference for coordination to oxygen atoms bound
to Al rather than Si. This also means that the aluminum
distribution may thoroughly influence the coordination en-
vironment of Cu'l. Two distinct fourfold coordination
modes could be distinguished, depending on the number
and relative positions of Al in the six-membered ring. In
clusters A and B, the Cu—Opg,; distance is much shorter
than Cu—0,;. On the other hand, Cu—0y,; is shorter than
Cu—Opg in rings C and D, due to the introduction of a
second Al next to Ou;. The two coordination modes can
also clearly be distinguished by looking at the calculated g
factors. The g, value is systematically lower (2.31—2.33) for
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the clusters A and B, than for the other group with clusters
C and D (2.39—-2.41). Based on the close correspondence
between the calculated g factors and the experimental ESR
signals of zeolite A and Y, a new interpretation of these
signals is proposed. The occurrence of two ESR signals in
zeolite Y as opposed to only one signal in zeolite A can be
attributed to the higher Si/Al ratio in the former zeolite. In
zeolite A, with an Si/Al ratio of 1, only the ring shown in
Figure 6D can occur, explaining the single ESR signal with
gy = 2.38. On the other hand, rings with 1, 2 or 3 Al (all
structures in Figure 6) can occur in zeolite Y, which leads
to the two ESR signals. This new interpretation is corrobor-
ated by the experimental ESR signals obtained for
Cul'-ZK4 (with Si/Al > 1).12%971 Also here, two ESR sig-
nals are observed, while only one six-membered ring site is
present. On the other hand, the rather high gf’ value ob-
served in the Cu''—zeolite X remains puzzling.

Finally, we should remark that for clusters with more
than 1 Al there are different structural minima for Cu" in
the six-membered ring. The energy barriers for going from
one minimum to another are low, which indicates that at
room temperature Cu'! is likely to undergo a hopping pro-
cess between the different minima. This also explains why
the actual minima are not detected on the time-scale of an
XRD measurement.

As a next step, the DFT/CASPT2 approach was applied
to investigate how the coordination of Cu'! in the six-mem-
bered ring is influenced when an external ligand is adsorbed
at the Cu" ion.?’! The structures of the six-membered rings
were reoptimized with B3LYP-DFT in the presence of one
NH; or H,O ligand. Adsorption on Cu'! in the two coor-
dination modes in the six-membered ring may be compared
by considering clusters B and D in Figure 6. For both clus-
ters, it is found that the weakest of the four Cu—O bonds
is partially given up upon adsorption of NH; or H,O, and
a new strong bond is formed with the extra-lattice ligand
instead. This means that for cluster B, the Cu—O,; bond
is partially relaxed, while in cluster D, the CuOg; bond is
relaxed. When the binding energies were calculated, it was
found that adsorbed NHj; systematically gives a stronger
bond than H,O.

The ligand field spectra of the clusters with external li-
gands were compared to those of the naked Cu!! clusters.
The CASPT?2 excitation energies of the adsorption com-
plexes are calculated at a lower energy than that of the Cu'!
clusters without adsorbent. This is in agreement with ex-
perimental observations; it is known that the partially hy-
drated or ammoniated Cu'—=Y samples are characterized
by a ligand field band in the range 10500—12500 ¢cm™!,
somewhat lower than the ligand field band for fully dehyd-
rated Cu''—Y.[?*121 Tt has indeed been proposed in the lit-
erature that the Cu'' species in these partially saturated
samples are complexes with Cu'' coordinated to three lat-
tice oxygen atoms of the six-membered ring site and one
external ligand.[*!-1211 On the other hand, a trigonal bipyr-
amidal complex with Cu'’ coordinating to three oxygen
atoms of the six-membered ring and two axial H,O or NHj
molecules has also been suggested.['°!! So far, clusters with
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more than one external ligand have not been studied with
the ab initio approach.

5. The Siting of Cu'' Ions in Mordenite

5.1 XRD

According to the best of our knowledge, XRD data on
fully dehydrated Cu'—mordenite are not available yet.
Therefore, other XRD data are often consulted to obtain
a first indication of possible coordination sites of Cu'’. In
partially dehydrated Cu'—mordenite,'?? three sites for
Cu'! were determined. In site A (see Figure 1C) the Cu!
ions are not only coordinated to six lattice oxygen atoms of
the eight-membered ring, but also to two water molecules.
A second occupied site is the six-membered ring in the
twelve-membered ring channel (site E), where the Cu'! ion
is coordinated to four lattice oxygen atoms of the six-mem-
bered ring. The last and least occupied site is site D, where
Cu'! is bound to three oxygen atoms of the circular eight-
membered ring. It can, however, not be excluded that the
Cu'" ion further migrates to other cation sites upon com-
plete dehydration.

Most of the interpretations of the siting of Cu'® in mord-
enite are based on the much earlier XRD results of dehyd-
rated Ca!' mordenite.'>3] Four sites are occupied by Ca'l.
Ca'l ions are first found in site A, where this ion is coordin-
ated to six lattice oxygen atoms in C,, symmetry. The se-
cond exchange site which is occupied by Ca' is site E,
where Ca'l is coordinated to four lattice oxygen atoms. A
smaller portion of the Ca'l ions is located in the boat-
shaped site in the eight-membered ring channel of the zeol-
ite. This site is composed of a non-planar six-membered
ring (site C) in between two bent five-membered rings. Fi-
nally, Ca'! ions were also found in site D. It should, how-
ever, be noted that the ion radius for Cu! is much smaller
than that of Ca'', which can result in different preferential
sites for dehydrated Cu™— and Ca™-mordenite. Moreover,
it can also be expected that transition metal cations react
differently with the zeolite than the closed shell alkaline-
earth cations. Any interpretation of the spectroscopic sig-
nals in Cu'—mordenite on the basis of these two available
XRD studies is therefore speculative.

5.2 ESR and DRS Studies

In the first ESR studies of Cu''-exchanged mordenite,
two types of Cu'l cations, both in an axial environment,
were detected, with gff) = 2.32 and g7 = 2.27 (as also
reported in Table 2).['*4125] The two coordination environ-
ments were described as either four-coordinated square-
planar (characterized by g7 = 2.27) or five-coordinated
square-pyramidal (characterized by gf}’ = 2.32). An investi-
gation of the Cu'! reducibility provided additional informa-
tion on the coordination of these ions. The Cu'! ions in the
close to square-planar coordination are readily reduced by
CO at 400 °C, while the five-coordinated Cu!! ions are more
stable to reduction by CO. It was therefore suggested that
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the five-coordinated Cu'! ion compensates for the two ele-
mental charges of the mordenite lattice and has no addi-
tional link to extra-lattice oxygen ligands. The reduction
process for the latter species must involve the abstraction of
an O?~ anion from the zeolitic framework and should prove
difficult. Finally, the accessibility of the Cu'! species was
examined. It was shown that both types of Cu'! ions inter-
act with cation-radicals of large molecules such as benzene
and o-xylene via a dipole—dipole interaction, implying that
they must be located in sites that are accessible from the
main channel.

Sass and Kevan!!?®! studied the coordination of Cu'! in
mordenite in the presence of adsorbed molecules. Due to
the very low Cu'! loadings (1 Cu'' per 30 unit cells), they
observed only one ESR signal in CuNa—, CuK— and
CuCa—mordenite, with g{) = 2.32—2.33. This Cu'! species
was assigned to Cu'! in site A.

De Tavernier and Schoonheydt observed the same two
Cu'" signals with ESR as Kucherov, and found that their
relative intensities are dependent on the Cu'! loading, the
Si/Al ratio and co-exchanged cations.[2%-30:3L.1271 At small
Cu" loadings, only the ESR signal with gf}) = 2.33 is de-
tected. In the DRS spectrum of these samples, a ligand field
band with maximum intensity at 13700 cm™! is observed.
In contrast with the DRS spectra of zeolite Y, the individual
transitions of this band are not resolved. When the Cu'!
loading is increased, the second signal (g7 = 2.27) also
becomes apparent in the ESR spectrum. This goes along
with a broadening of the DRS ligand field band. An inter-
pretation of these combined DRS/ESR data of
Cu''—mordenite was provided on the basis of AOM calcu-
lations.l'?”] According to this interpretation only site A is
occupied at low Cu'" exchange levels, in agreement with the
assignment of Kevan. The weak coordination with six oxy-
gen atoms at this site gives rise to the ESR signal with a
giP value of 2.32. At higher copper loadings, a second ex-
change site, i.e. site E, becomes occupied. The fourfold
Cu—oxygen coordination at this site was held responsible
for the second ESR signal with g7 = 2.27.

Carl and Larsen!'?%12°] also decomposed the ESR spec-
trum of CuNa—mordenite into two axial signals, but with
different parameters g, = 2.33, 4, = 164 107* cm ™! and
gy =234, A, = 121 10* cm~!. While the first signal is in
good correspondence with that found by de Tavernier, the
second signal has an exceptionally low value of 4, (121
107* ecm ™). A third ESR signal was also present, but its
parameters could not be resolved.

The siting of Cu'! in various Si-rich zeolite matrices, in-
cluding mordenite, has been studied extensively by Wichter-
lova et al.?*~23] They combined conventional ESR meas-
urements with Cu! luminescence and IR studies of ad-
sorbed NO on Cu'! and also studied the reducibility of the
Cu' ions. It was assumed that the Cu' siting and distribu-
tion reflect those of the Cu' ion. As shown in Table 5, four
main coordinations of the Cu ions, common in ZSM-5,
mordenite, erionite, and zeolite beta, were distinguished.
These authors concluded that the Cu'! siting in high silica
zeolites is essentially controlled by the local Si—Al se-
quences in the framework, in agreement with the earlier
suggestions of Kucherov.['?#1251 Cu™ characterized by gf}) =
2.32 is preferentially located in the close vicinity of two
framework aluminum atoms. Here it obtains the square-
pyramidal oxygen coordination. The Cu'! ions are strongly
bound to the zeolite lattice and they are not easily reduced.
A second type of Cu', characterized by a gf?’ value of 2.27,
has a square-planar oxygen coordination and is adjacent to
a single aluminum atom. This site is easily reduced and was
suggested to be responsible for the high and stable activity
of Cu—zeolites in NO decomposition.!'3%131] The possibil-
ity of an extra-framework oxygen ligand (O~ or OH ™) was,
for the latter site, also considered.

From an FTIR study of the framework T—O—T vibra-
tions, Wichterlova et al. also showed that the bonding of
Cu'! (or other divalent cations) to the framework oxygen
atoms causes local deformations in the zeolite frame-
work.[”! Upon reduction of Cu'! to Cu! or the adsorption
of a ligand on the Cu! ion, the band shifted to higher wave-
numbers, indicating some relaxation of the framework.

5.3 Ab initio Studies of the Siting of Cu"" in Mordenite

Pierloot et al.?%31 also performed ab initio calculations
in order to interpret the two ESR signals of Cu'! in morden-
ite. Cluster models of several cation exchange sites in mord-
enite were constructed, based on the XRD structure of
Ca''—mordenite. These clusters consist of the ring systems
in Figure 2 terminated by OH groups or hydrogen atoms.
The considered sites were site A, as a representative of an
oxygen eight-membered ring site, and sites E and C (see
Figures 1C and 2).

The structure and spectroscopic features of Cu'' on these
cation exchange sites were calculated with the DFT/
CASPT?2 approach, using a similar strategy as described in
section 4.4. The effect of the aluminum distribution on the
coordination environment, spectroscopic features and siting

Table 5. Spectroscopic signatures of Cu!' as established by Wichterlova et al.:>3>72%1 Cu" emission wavelengths, IR frequencies of

Cu?*—NO, and ESR parameters of Cu?*

Cu site Cu* emmision [nm] Cu?>"—NO [cm™] g Al Cu?* coordination
Cu-I 450 1921 (1909) 2.31 Al pairs square-pyramidal
Cu-1I 480 1912 2.33 Al pairs square-pyramidal
Cu-IIT 510 1906 -

Cu-1v 540 1896 2.28 single Al square-planar

526 Eur. J. Inorg. Chem. 2002, 515—530



The Coordination of Cu'! in Zeolites — Structure and Spectroscopic Properties

MICROREVIEW

of Cu'l was examined in detail. The calculated spectro-
scopic features were confronted with the experimental DRS
and ESR data in order to understand the siting of Cuf
in mordenite.

The geometry optimizations of site-A clusters indicate
that the Cu'" ion cannot acquire a fourfold coordination
environment in this site. The distortions induced by Cu!
are insufficient to realize an optimal fourfold oxygen coor-
dination. Eight-membered rings are simply too large to sup-
ply Cu'f with the desired planar oxygen four-coordination.
This was also shown by a molecular modeling study of the
coordination of Cu™ in mordenite.['*?! As a consequence of
the weak coordination, the obtained ligand field is not
strong enough to explain the observed spectroscopic fea-
tures of Cu'—mordenite (the CASPT2 excitation energies
remain below 10000 cm~!). Therefore, the eight-membered
ring sites in mordenite will be excluded from the following
considerations.

As a next step, the coordination of Cu'! in the cluster
models of site E and site C was studied. The geometry op-
timizations show that Cu'' can obtain a strong fourfold co-
ordination environment in the planar rings of these sites,
i.e. in the six-membered ring of site E and in the planar
five-membered ring of site C. Let us first look at the results
for site E. As for the trigonal six-membered ring site, two
coordination modes can be distinguished in the six-mem-
bered ring of site E, depending on the relative positions of
Al. A representative cluster of each of these two coordina-
tion modes is represented in Figure 7. Coordination mode
I is realized if Al is present at the central positions in the
six-membered ring. Then, an almost perfect square-planar
coordination is obtained (see Figure 7), with four Cu—0O

Figure 7. The representative coordination modes for Cu'! in mord-
enite; cluster I represents Cu'! in site E where one Al is present at
a central position; the Cu'! ion obtains a planar fourfold coordina-
tion environment; cluster II represents Cu'! in site E with two Al
at non-central positions; Cu'l is present in an irregular fourfold
coordination environment; cluster I1I represents Cu'l in the planar
five-membered ring in the main channel, where this ion obtains
a fqQurfold pyramidal coordination; the Cu—O distances are given
in A

Eur. J. Inorg. Chem. 2002, 515—530

distances of around 2 A. This strong coordination gives rise
to a ligand field spectrum at high energy (and is in agree-
ment with experimental results), and axial g factors with a
gy value around 2.27. On the other hand, more distorted
coordination environments are present if Al is placed at less
central positions, mode II in Figure 7. Cu®! forms a bond
with one of the less central oxygen atoms due to the prefer-
ence of Cu!! for coordination with oxygen atoms bound to
Al. As can be seen from Figure 7, this results in a planar
four-coordination with one rather large O—Cu—O angle.
This distortion of the coordination environment slightly
weakens the strength of the ligand field, resulting in higher
characteristic g;; values (g, = 2.30—2.32) for coordination
mode II as compared with mode I.

At site C, it was found that Cu'' acquires a pyramidal
four-coordination in the planar five-membered rings, coor-
dination mode IIT in Figure 7. Due to the small size of the
five-membered ring, the Cu'! ion is located slightly above
the plane of the oxygen atoms, in the main channel of
mordenite. This pyramidal coordination is also character-
ized by g, = 2.27, and this third coordination mode can
therefore not be distinguished from mode I in site E.

As one can see, the calculated g factors characterizing
coordination mode I, IT and III are in good agreement with
the experimental ESR spectra. The ESR signal with gi)) =
2.33 is assigned to Cu' in coordination mode II, while the
second signal with g7 = 2.27 can be assigned to Cu'! ions
in coordination mode I and/or III. Additional considera-
tions must be taken into account in order to explain the
order in which the two ESR signals appear; first, it may be
expected that the Cu'! ions prefer rings in which two Al are
present above rings containing only one Al, due to electro-
static effects. Second, the rule of Takaishi for the ordered
aluminum distribution in mordenite was invoked.[!33l134]
According to this rule, the five-membered rings in morden-
ite can never contain more than one Al This also implies
that not all six-membered rings with two Al in site E and
C can occur (as linking five-membered rings forms them).
Six-membered rings with 2 Al at central positions cannot
be formed in mordenite; 2 Al must be placed at the non-
central positions.

The following interpretation of the siting of Cu'! ions in
mordenite is then proposed: at low Cu'! loadings, the Cu™
ions are found at the preferential sites, that is in rings with
two aluminum atoms. Takaishi’s rule excludes those alumi-
num distributions that might have provided Cu'! with a
regular square-planar coordination in a ring containing 2
Al. As such, only coordination mode II (see Figure 7) is
realized at the lowest Cu'' loadings, leading to only one
ESR signal with g, = 2.33. The number of vacant six-mem-
bered rings decreases when the Cul' loading increases.
Therefore, rings with 1 Al also become occupied at higher
Cu'! loadings, so that the more regular square-planar or
square-pyramidal coordination modes in the planar five-
and six-membered ring in the main channel are also
formed. This gives rise to the second ESR signal, character-
ized by g, = 2.27. We remark that the Cu'! ions are located
in the main channel of mordenite, and as such they are
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well accessible for adsorbing molecules, in agreement with
ESR results.[?4

Finally, the charge compensation of Cu'' in rings with
only 1 Al was examined. In the literature, it is often sug-
gested that Cu'® ions in the vicinity of only 1 Al are coord-
inated to an extra-lattice OH™ ligand in order to compens-
ate for the local positive charge.[?370-128:1351 To test this hy-
pothesis, additional calculations were performed for clusters
with 1 Al, where Cu" is also coordinated to OH~. The
optimized structures show that the Cu'l ion is in a planar
threefold coordination environment. The Cu! ion is moved
outside the plane of the zeolite ring and remains coordin-
ated to only two of the lattice oxygen atoms (the ones
bound to Al) and the OH™ group. The latter bond has an
unusually short Cu—O distance. This trigonal coordination
is very unusual in the inorganic coordination chemistry of
Cu''. The g, factors characterizing this coordination
(around 2.40) are much higher than the experimentally ob-
served ESR signals. It is concluded that the (Cu—OH)"
species are not present in the Cu—mordenite samples con-
sidered here. Charge compensation therefore only proceeds
via Al in the lattice. In the case of Cu'! in rings with only
1 Al, this implies that charge compensation is also realized
by Al in a next shell of the zeolite structure.

6. Concluding Remarks

The present work demonstrates that the structure and
spectroscopic properties of transition metal ions in zeolites
can successfully be explained by means of cluster model
calculations using a combined DFT/CASPT2 treatment.
Accurate structural information about the coordination of
the transition metal ion and the distortions of the zeolite
framework due to the metal adsorption is obtained from
the partial geometry optimizations based on DFT. The
spectroscopic features of the cluster models were calculated
by means of the CASPT2 method. The ligand field excita-
tion energies were predicted with an accuracy of less than
1000 cm ™!, while the ESR g factors were calculated with
an accuracy of 0.03.

The DFT/CASPT?2 approach allows a thorough investi-
gation of the role of the Al distribution on the coordination
environment and siting of the transition metal ion, which
turns out, plays a crucial role in the cation—zeolite interac-
tion. The main disadvantage of the cluster model approach
could be the neglect of the effect of the rest of the zeolite
crystal on the coordination environment of the transition
metal ion. One may wonder whether restricted model clus-
ters can correctly describe the cation exchange sites in the
real zeolite matrix. However, the excitation energies and g
factors crucially depend on the structure of the cluster
model. The close correspondence between the experimental
and calculated spectroscopic features therefore indirectly
confirms the high quality of the DFT structures. The fact
that the coordination environment and spectroscopic prop-
erties of transition metal ions in the considered zeolites can
be described by the relatively small cluster models used in
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this work is an indication that they are essentially only de-
pendent on the nearest neighbors of the cation. It would be
interesting to examine the effect of the wider zeolite envir-
onment by using a QM/MM embedding procedure. In this
method, the quantum mechanical (QM) description of the
cluster is coupled with a classical description (with molecu-
lar modeling, MM) of the interactions between the cluster
and its further environment.[>3 60l

The study of the coordination of Cu'l in zeolite A, Y,
ZK4 and mordenite has led to a new and profound insight
in the Cu'—zeolite interaction, which can be summarized
by the following three rules:

(1) The presence of Cu'! in cation exchange sites in zeol-
ites causes local distortions of the zeolite framework. The
driving force for these structural deformations is the tend-
ency of Cu! to attain a four-coordinate square-planar coor-
dination to the lattice oxygen atoms. This can be rational-
ized by means of molecular orbital theory; in a square-
planar environment, Cu'’ can maximize the o interaction
between the Cu(3d,2_,2) orbital and the oxygen ligands.
The Cu—0O binding thus has a partially covalent character.

(2) Framework aluminum atoms strongly influence the
coordination environment of Cull, since the cation prefer-
entially coordinates to lattice oxygen atoms bound to Al.
As there are different possible Al distributions in one site
(for zeolites with Si/Al > 1), this can lead to different coor-
dination modes for Cu'! in one site.

(3) Planar five- and six-membered rings are the ideal sites
to accommodate the Cu'! ion, as the planar fourfold coor-
dination is most easily achieved in these rings. Larger or
twisted rings are avoided.

In the future, it will be interesting to examine and com-
pare the reaction mechanism and reactivity of these trans-
ition metal ion centers for the N,O and NO, decomposi-
tion reactions.

Finally, the performance of the DFT/CASPT2 approach
can also be compared to previous theoretical calculations
of transition metal ions in zeolites, which were based on
crystal or ligand field theory.?%3°~33 Whereas the crystal/
ligand field calculations essentially had a rationalizing role,
the current DFT/CASPT2 approach has proven to have a
predictive value. As a first example, the DFT/CASPT?2 cal-
culations have revealed large local distortions of the zeolite
structure due to the presence of the transition metal ion.
These local deformations of the zeolite in the presence of
divalent cations were already decided from IR spectroscopy
experiments, where a shift of the framework T—O-T
stretching vibrations is observed upon complexation with
the cations,”*8% and from ESEEM and 2’Al NMR spectro-
scopy experiments.[''3] In this respect, the DFT structures
offer detailed structural information about these distortions
which has, so far, been inaccessible to experiment. Secondly,
our new interpretation of the ESR signals of Cu!! in zeolite
A and Y suggested the presence of two ESR signals in a
related zeolite, namely Cu''—ZK4. The subsequent ESR ex-
periments on this zeolite indeed confirmed this prediction.

The new ab initio interpretations differ quite significantly
from many previous ligand field results on the coordination
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of Cu' in zeolites. On the other hand, some of the main
ideas of ligand field theory apparently survive. The predom-
inant orbitals that constitute the complete basis of the
whole ligand field framework are the metal d orbitals. And
these very same orbitals play a crucial role in the construc-
tion of the complete active space of the ab initio work. The
unique role of the d,2_ 2 orbital in the stabilization of the
four-coordinate square-planar coordination is completely in
line with simple ligand-field predictions.
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