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Study of the Location of Transition Metal Cations in Synthetic Zeolites
Using Electron Paramagnetic Resonance and Optical Spectroscopy
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The application of EPR and optical reflection spectroscopy to the study of zeolites containing first-row transition metal
cations is discussed. A qualitative theoretical analysis of the optical and magnetic properties of some ions with an unfilled
(d)" electron shell is given. The most important resuits of EPR and reflection spectroscopic studies of the behaviour of
transition metal cations in synthetic zeolites are presented. 80 references
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I. INTRODUCTION

Synthetic zeolites are widely used for the separation of
hydrocarbons by adsorption, for drying gases, and in
petroleum refining. The last application is particularly
important, because zeolites containing bi- and trivalent
metal cations (introduced by cation exchange) are much
more active catalysts than the amorphous aluminosilicates
previously used. Most workers ascribe the catalytic
properties of cation-exchanged zeolites to the polyvalent
ions themselves, or to acidic centres formed by the intro-
duction of these ions into the crystal lattice. Hence,
location studies of polyvalent metal ions in synthetic zeo-
lite structures are of fundamental importance in under-
standing their catalytic properties.

Because of the large volume of publications on various
properties of zeolites, including a number of contradictory
statements, special review artlcles have been written on
the catalytic activity of zeolites' %, on the state of water
and other molecules adsorbed by zeolites®, and other simi-
lar topics. Some of these reviews discuss the location of
polyvalent cations within the lattice, mainly on the basis
of structural studies of zeolites containing alkali, alka-
line-earth, and rare-earth metal ions.

An attempt is made here to systematise the published
results of work on the structure of zeolites containing
transition-metal ions. The number of such publications
is not large, but it is sufficient to show that zeolites con-
taining transition-metal cations have catalytic properties
essentially different from those of zeolites containing
alkali or alkaline-earth metal ions. A special feature of
the present review is that conclusions regarding the sites
occupied by transition-metal cations are drawn entirely
from the results of optical and EPR spectral studies of
the zeolites. The discussion will be largely confined to
zeolites containing cations of the first transition group
(ions with an unfilled 34 electron shell). The theory of
the EPR and optical spectra of these ions is sufficiently
well understood, and the spectral results can be inter-
preted with confidence in the light of the wealth of experi-
mental information on homogeneous complexes. Zeolites
containing cations of other transition metals have not so
far been investigated by EPR and optical spectroscopy.

1. General Discussion of Synthetic Zeolites and Cation
Localisation Sites in their Crystal Lattices

Zeolites, both naturally occurring and synthetic, are
crystalline aluminosilicatest. The various forms of
zeolites have been described in detail elsewhere, and we
shall therefore only briefly consider the properties of
zeolites with a three-dimensional skeletal structure,
which have the highest adsorption capacity and thermal
stability and therefore offer the greatest promise in the
field of catalysis. Among the three-dimensional skeletal
zeolites, we shall be concerned in particular with the
recently developed and widely used synthetic zeolites of
types A, X, and Y. The skeleton of these zeolites con-
sists of aluminium-oxygen and silicon-oxygen tetrahedra.
Twenty-four of these tetrahedra are joined to form a
polyhedron (cubo-octahedron), and the cubo-octahedra are
joined by oxygen bridges into the crystalline skeleton of the
zeolite. Depending on the aluminium to silicon ratio,
these zeolites fall into three types: A (Si0:/ALO; = 2),

X (8i02/ALO;s = 2.2-3), and Y (Si0:/ALOs = 3.2-5.0).

In type A zeolites the cubo-octahedra form a simple
cubic lattice, similar to the rocksalt structure, but with
each ion replaced by a cubo-octahedron. The cubo-octa-
hedra are connected by four-membered oxygen bridges
(see Fig. la). In zeolites of types X and Y the cubo-octa-
hedra are arranged in a lattice of the diamond type, and
the bridges connecting the cubo-octahedra consist of six
oxygen atoms (see Fig. 1b).

Because of their skeletal structure, the zeolites con-
tain holes which are interconnected by windows of well
defined sizes. The holes within the cubo-octahedra are
termed small holes, and their size is practically the same
in zeolites A, X, and Y (v = 150 A°, d = 6.5A). The
hollows bounded by the outer surfaces of the cubo-octa-
hedra and of the oxygen bridges are termed large zeolite
holes. Their diameter in A, X, and Y zeolites is ~ 11.5

1 Zeolites have been synthesised in which the aluminium
is replaced by gallium 7, or chromium®*® and the silicon

is replaced by germanium ®, beryllium, or magnesium *°
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and their volume is of the order of 800 A%.'* The diame-

ter of the six-membered oxygen windows leading from the

small to the large holes is approximately 2 A. In type-A

zeolites the large holes are interconnected by 8-membered
oxygen windows (d = 4.2 A), and in zeolites of types X and
Y by 12-membered oxygen windows 8~9 A in diameter.

¢"’”'\\
Y R

\ x ;l.rl
2y

SN

O

0%
20

>
2

R N

\\;¢, y 4 §
W e
9, RN

Figure 1. Three-dimensional model of the alumina~silica
lattice of zeolites (@) of type A and (b) of types X and Y.

Since the aluminium-oxygen tetrahedra carry an excess
of negative charge, the zeolite structure must include an
equivalent amount of metal cations (usually Na* or Cca?).
These ions can readily be exchanged 2 by other ions, and
therefore a great variety of cationic forms of zeolite can
be prepared. Without discussing cation exchange in
detail, we note in passging that the process is determined
by the nature of the metal ions, their size and charge, the
pH of the medium, the temperature, and the structure of
the zeolite!®*™°. The crystal lattice parameters of the
zeolite are not significantly altered by cation exchange,
up to the point where the crystal lattice breaks down. The
stability of the zeolite structure towards exchange is
determined mainly by the pH of the medium, the extent of
exchange, and the zeolite type.

One of the most important problems in the structure of
cationic zeolite forms concerns the sites occupied by the
metal ions which compensate the charge on the aluminium-
oxygen tetrahedra. In zeolites of types X and Y, three
types of cation site are usually distinguished 20. oI sites
are the centres of the hexagonal prisms formed by the
oxygen connecting links between cubo-octahedra (16 sites
per unit cell); SII sites are the hexagonal oxygen windows
which connect the large and the small holes (32 sites per
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unit cell); SII sites are the walls of the channels inter-
connecting the large holes (48 sites per unit cell). In
type-A zeolites the SI sites are absent. The differences
between the sites which can be occupied by cations have
recently been identified in greater detail. Sites in the
six-membered oxygen windows adjacent to a large hole
have been designated SII, those adjacent to a small hole
SII’. The location of an ion within a small zeolite hole
near a six-membered oxygen window leading to the cavity
of a hexagonal oxygen prism (SI site) is referred to as an
SI’ site. Some characteristics of the sodium forms of
synthetic type A, X, and Y zeolites are listed in Table 1.

Table 1. Some characteristics of the Na-forms of syn~
thetic zeolites (types A, X, Y).

@ Population of sites B Adsorption
& < | by univalent cati g ;

g Composition of the elementary cell ;‘ ¥ univalent catlons aﬁ cwam?m flo;

H o <)

5 of the hydrated zeolite : ] . u m g & | of dehydrated
~ ] g F 2 |zeclite

A Nay[(Al0,)12 (SiOp)121+ 27TH,0 42 | — 8 4 112.32 0.30

X Nagq[(A10,)gs(SiO0y)108]+ 264H,0 8.0 [ 16 32 38 [24.95 0,36

Y Nagg[(A10,)58(SiOg)1as]- 264H,0 8.0 | 16 32 8 |24.70 0.35

The sites available for cations in zeolites of types X
and Y are shown schematically in Fig.2. Depending on
the symmetry of the surroundings, two types of site can
be distinguished: those with C4y and those with C3y sym-
metry.

Figure 2. Structure of type X and Y zeolites (diagram-
matic). The points show possible localisation sites for
ions.

We know from X-ray diffraction studies of zeolites that
the hexagonal oxygen windows of the cubo-octahedra are
trigonally distorted. They consist of two unequal equi-
lateral triangles, rotated by 60°, formed by the oxygen
atoms of the lattice. The interplanar spacing of these
triangles is several tens of angstroms.

As a result, the electrical ligand field for cations in
S1’, SO', and S sites has Cyy symmetry (trigonal,
compressed or extended along the trigonal axis of the
tetrahedron depending on the conditions of the particular
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system), The three planar ligands, in this case, are the
oxygen atoms of the lattice, and the fourth ligand could be
either a residual water molecule (or its fragments 0O*~ or
OH"), or any other adsorbate molecule. When a cation

is localised in the plane of the six-membered oxygen win-
dow it experiences a ligand field with Dy symmetry (spec-
ial case of Csy). However, an environment corresponding
to a trigonally distorted octahedron can be realised also by
the adsorption of three fairly small molecules on a cation
in an S1I position (see below).

The ligand field surrounding SI and SII sites has a dis-
torted octahedral symmetry. In the former, the ligands
are 6 negatively charged oxygen atoms from the zeolite
lattice, which form a fairly regular octahedron. (These
sites are not accessible to adsorbed molecules.) When a
cation is localised on the surface of a large zeolite hole
(site SIM), one or more (up to 4) of the ligands can be pro-
vided by the lattice oxygen atoms, and the remainder may
be residual water molecules, or other molecules. As
will be shown below, the environment of delocalised
cations (“floating” in the large holes) of fully hydrated zeo-
lites is almost perfectly octahedral.

2. Basic Physicochemical Methods of Studying Zeolite
Structure. Application of EPR and Reflection Optical
Spectroscopy to the Study of Zeolites Containing Cations
of the First Transition Series

Almost all the physicochemical methods used in the
study of heterogeneous catalysts have been applied to the
study of zeolite structures. X-ray diffraction and infra-
red spectroscopy are the most widely used spectroscopic
methods. Other methods include chemical analysis,
calorimetry, thermogravimetry, differential thermal
analysis, electrical and dielectric measurements, tracer
studies, measurements of static magnetism, etc. Some
problems have been studied by a combination of these
methods, with satisfactory results.

X-ray analysis gives the most direct indication of the
sites in which metal cations are localised in zeolites, but
the results are difficult to interpret because sufficiently
large single crystals are not yet available, and powder
patterns are exceedingly complicated. Furthermore,
the method becomes unreliable at relatively low concen-
trations of added cations, when these do not give rise to a
distinct sublattice, Adsorption and desorption phenomena
on cationated zeolite forms are not easily studied by X-ray
diffraction. Hence, the usefulness of the X-ray method
is limited essentially to studies of the distribution of
cations in zeolites.

I.r. spectroscopy 1s used in the main to study the nature
of the acidic centres and the state of the surface hydroxyl
groups in zeolites. Its relevance to studies of cation
localisation sites stems from the perturbation of the
vibrational spectra of adsorbed molecules (e.g. CO) by
interaction with cations®; this provides information on
the accessibility to adsorbed molecules of cations on vari-
ous sites.

When the zeolite contains ions of transition metals,
which are usually paramagnetic and absorb in the u.v. and
visible regions of the spectrum, the combined application
of EPR and reflection spectroscopy has given very prom-
ising results. The EPR and the optical spectra of tran-
sition-metal ions are very sensitive to the symmetry of
their immediate environment. Hence, the localisation of
ions in various crystal lattice sites can be identified,
since these sites can be distinguished by the symmetry of
their surroundings.
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The EPR and optical spectroscopy methods are to some
extent complementary, since the splitting of the electronic
levels of the ions by the crystal field can easily be deter-
mined by the optical method, and the parameters of the
EPR spectra are dependent on this splitting. It should be
noted, however, that the EPR method gives best results
with magnetically dilute samples, containing low concen-
trations of paramagnetic ions. On the other hand, the
optical spectra of such samples tend to be insufficiently
intense, owing to the low extinction coefficients of the
transition-metal ions. Hence, combined EPR-optical
spectral measurements is far from universally applicable.

The interpretation of optical and EPR spectra for
transition-metal ions requires a knowledge of the energy
levels of the ions and of the corresponding electronic wave
functions in ligand fields of different symmetries. Quali-
tative and semi-quantitative interpretations of EPR and
optical effects are usually attempted with the help of
ligand-field theory, whose limitations and methods are
discus)sed in detall elsewhere (see, for example, Refs. 22
and 23).

Most of the problems, however, concern small distor-
tions of octahedral and tetrahedral fields, and their solu-
tion relies on the application of perturbation theory.
Large distortions, e.g. the removal of an entire ligand
from the coordination sphere, are not considered as a rule.
Therefore, before reviewing the published data, we shall
briefly summarise the results of our calculations of the
electronic levels and spin-Hamiltonian constants for ions
with a (3d)? electron shell in low-symmetry ligand fields.
These calculations allow us to interpret more reliably the
EPR and optical spectra of transition-metal cations in
zeolites, and they can also be applied to the interpretation
of corresponding data for oxide catalysts, on whose sur-
face the coordination of ions may be abnormal®. The
calculations jare directly relevant, also, to the structure
of “atypical” complexes of transition metals with struc-
turally complex ligands. For example, in the bivalent
copper complex [Cu(tren)OH]', studied in our laboratory **
the ligand field has C3 symmetry, whereas weakly dis-
torted octahedral and tetrahedral structures are more
usual for copper.

II. CALCULATIONS OF THE OPTICAL AND MAGNETIC
PROPERTIES OF FIRST-ROW TRANSITION METAL IONS
IN LOW-SYMMETRY LIGAND FIELDS

A full account of our qualitative evaluation of energy
levels and spin-Hamiltonian constants for ions with a (34"
electronic configuration in low-symmetry ligand fields
lies beyond the scope of the present review. However,
our subsequent discussion of experimental results by EPR
and optical spectroscopy methods for zeolites containing
first-row transition metal cations will be made more
meaningful by a brief examination of the following types
of ligand field distortion, which (as already stated) are
found in zeolites:

1. Tetragonal distortions of a ligand field with O, sym-
metry (regular octahedron), including the transition to a
square planar symmetry by gradual removal of the two
ligands on one of the tetrad axes, and also to axial sym-
metry by gradual removal of the 4 ligands in the plane
perpendicular to the tetrad axis (Fig. 3a).

2. Distortions of a trigonal bipyramid, analogous to the
above (Fig. 3b).
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Figure 3.
Cav tetr.
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c

Models of complexes with different symmetry: (a) Cav, () Csy pyram, and (c)
£g is the effective charge on the ligands in the plane;

7e(l — a)and nga (0 < a < 1)

are the effective charges on the ligands located on the Z axis.

3. Distortions of a tetrahedron (type Csv), including the
continuous transition from a planar triangular configura-
tion to a tetrahedron compressed along the trigonal axis
(Fig. 3c).

These distortions in the ligand field are modelled by
varying the charges on the ligands located on the z-axis
[mg(1 ~ @) and nga] or in the xy plane [£g], and also by
varying the angle A between the planar ligand M and the
xy plane (see Fig.3). The distances between the central
ion and all the ligands are assumed to be identical and
equal to R.

We shall consider only the special cases of strong and
weak ligand field, because the intermediate field approxi-
mation requires electronic computation and is usually
confined to specific ions in fields of known symmetry.

Ligand fields are termed weak if they split the ground
state by an amount smaller than the distance to the nearest
excited state but greater than the spin-orbital interaction
constant A for the corresponding ions.

Tables 2 and 3 show the angular components of the

coulombic interaction integrals between an electron local-
ised at the central ion and the spherical harmonics of a
ligand field of the second and the fourth order respectively
(see Ref. 23 for a more detailed discussion).

The electronic energy levels of ions in the above fields
are shown in Figs.4 and 5. The plots are constructed for
F4/Fz = 0.15 because this case exemplifies nearly all
possible intersections of the resulting electronic levels.
Similar plots for different values of the ratio Fy/F:; can
easily be made by reference to Tables 2 and 3.

The (3d)" electron configuration (n =2, 3, ..., 9)ina
strong crystal field is obtained by progressive population
of the states derived by us for a single 3d electron, with
account being taken of Pauli's principle.

The energy levels of transition-metal ions in the free
state follow Hund's rule, and therefore the following high-
spin states are chosen as the initial levels in the weak
field approximation of the ligand field theory:

electronic wave functions, and expressions for the corre- Configuration Gs‘t‘;‘t‘:“ Spin a’;ﬁ;‘t - fon
sponding eigenvalues of the energy, for the strong and the 4 de 2p 1, 5 TS, Ver, Cr%e. Cutt, Mns+
weak field case respectively, calculated by the ligand field a, ds :? 2 % g:: Fets, CL;’*:, Mns+
theory 22°, The parameters £, 7, and sin’A have already PG e 1 RO
been defined (see Fig.3); the quantities F; and F, are the & s s 0 Mn2+, Fes+
E/F, E/Fz £E/F;
a8 - 06 L
ayp 4™ a2t .
] 8 £ / F'*% £ f"]”
2 /] P 246 = 02 3in?4
012 ™ . \% Pid e 0 rw. i 7 24,1
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Figure 4. Energy levels of one 34 electron in ligand fields of symmetry (a) C,y, (b)
Cay pyram, and (¢) Csy tetr in units of F; (Fy/F: = 0.15). Plots of the coefficients in the wave

functions are also shown in Fig. 4c.

The full lines refer to changes in the parameter 7 at

constant § =1 (a, b) or £ =1, A = Atetr; the broken lines refer to changes in the parameter
¢ at constant 7 = 2 (a,b) or to changes in the parameter sin’A at constant £ = =1 (c).
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Table 2. Angular components of the wave functions and corresponding eigenvalues of the
energy for one 3d electron in electrical ligand fields of symmetry Csy, Cgv pyram, and

Csv tetr:
Cav Cavpynm Cy tetr
Symbol A 4 x v E Fymbol v B
4 bt i+ 4 n 2a, -+ 20 A v 2a, + 2a,
1 [} 1 - 4 BY2t+avy? P
alFrem)| —megars Lo R (men) | amga prp—ary | Tz VF
L (n—y; ‘ ‘ 1 T ol
B Fz(y:_"') 4 tga—t | E ﬁ(yiﬂ?) ~wmtga | B | N | AR YE
1 3.9
L (i, y ﬂ-=—,‘F.[(—--2—+~2-sin‘A )E+n];
fllien)| e ot ORI
“l‘-‘TFi(“TE""I ; a.=—7-F. (35s|n‘A—-3Os|niA+3)T§+n],
e ay+ agye 4 .
a,=—;—m—2g+n): b= %m; &=73 F‘( 3 E+“)- n=(——§—‘) + ¢+ 204 + -0} — Smay
&—J‘F‘(iﬁ-l-n) c’=%§sin’A-ws‘A-F}g=.
K 2 ’

*In Tahbles 2 and 3 the quantities Fz and Fs are taken to be positive. The sign of the product
of the unit electronic charge and of unit charge on the ligand is included in the tabulated values

of Fz and F4.

Table 3. Angular components of the wave functions and corresponding eigenvalues of the
energy of ions with d® and d" electronic configuration in weak ligand fields of symmetry Cey,

Csv pyram, and Csy tetr.

C4v ’ C3v pyram CSv tetr
Symboll k4 E Symbolj b 4 E Symbol ¥ E
4 _ 4 I BN s o e B N RO
A v < a2, A ¥o Ta—2a | A7 |aviis _a_Vf_ _[ma,+2a.+ﬁ
: B , . oYy | i, s
B, | ‘ﬁ(Y;—Ys p) ;a.—b At V—__{-(Y:«—Y3 )| —m—a, | AT | PYI—a _’_‘7_;.__. —-[ma,+ za,_ﬁ
B | —=wi+vyy Tato M | =@ | —am—a | 4 | = —a—a,
1 vz 3 3 g % 2 vz 3 3 vz 3 3
a(V3? Yy + 1 2 — 1 3 1 ayy?—fy; 3
E- s s ——g——a—Vh | E5 | —=@lxY;Y) | —a——Fa | E- —a+a—Vh
HBE YT amire 14 V?( s Y3 ) 53 u ¥t prit nata
faY)— — Y3? -+ avl 3
E+ B *=Y3) —ia:—z'ﬂa'l'y’l E* _i“'(Y;i'Y;_’) ‘7_41 E+ BY; tals —ayta+VH
—a (y: -+ y;'l\ 5 3 Ve 3 pr? _ayrl 10
1 a;, a, — see Table 2
‘12=‘7_F:(-'2§+'l)2 1 3 s ‘ 4
g=\|r0s+ 4 +¢,’4 —|— 78+ 20, (a, +a,);
—iF ig - b EFE a—il“ (___3_§+ ) 10 2 1 5
a4—7 0(2 +"I): 5 2 ="7Fe 2 n}s \ (3 . ’+’+3a 3a+1
N 1 9 =|—a n4) cg+ .(—-— ) “aa);
h=(-15-az+§-a.) +%b’—(ae+a¢)>< 04=7F4(—8‘§+n) _ 9‘00 7 o 5 8
( Py +‘ c[’q‘=mF}E'sin’Acos'A;c}s:EFig’slniAxcos‘A.
X|—Za+Taj.
Fatye)

Since the splitting of high-spin levels which weak ligand
fields induce in the (34)° and (34)* electronic configurations
is similar to the splitting in strong ligand fields of the
(3d)' and (3d)° configurations respectively, it can be dis-
cussed bg reference to the results given in Table 2 and
Fig. 4.2

We shall not be concerned with the behaviour of ° high-
spin levels in weak ligand fields for (3d)° electronic con-

figurations.

The optical spectra of these ions are rela-

tively insensitive to changes in the symmetry of the
external field, and their intensity is extremely low (spin-
forbidden transitions). Because of the absence of an
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Figure 5.

Splitting of the high-spin F-levels arising from the electronic configurations d2 and

d" in units of F: (Fs/Fz = 0.15) in weak ligand field of symmetry (@) Cay, (b) Cav pyram, and

(c) Csv tetr-

Figs. 5a and 50 also show plots of the coefficients in the wave functions.

(The

significance of the full and the broken lmes is defined in the caption to Fig. 4.)

Table 4. . Expressions for the spin-Hamiltonian constants
of the Cu®* and Co®* ions in different ligand fields.
Ion | n Ligand field symmetry gy g1 b Remarks
Cp, stretched octahedron 24 ASL 24 AZK _ A>0; A, >0
E=1n<2) B.B, B,E
C,y, compressed octahedron
6M
E<ln=2) 2 45— - 2>0,4,>0
E=1.1>2 AE
Cu?t | 91 C_ compressed bipyramid
30y 62 —_ H
E=1n>1.9) 2 ey A0 8y >0
E=0+t;n=1) ME
C s compressed tetrahedron 2 *2 460 | (@2/ARET | A0, A, >0
. sin®A— 3/AAE+) i
(n>1; sin®A=1/,) +B/BaE
8 spin ground
Compressed tetrahedron'C, g g > D<O iy
+3/2
Regular tetrahedron d 3 P Bt} p_o |aco;a>0
A7 A‘| 4,4,
i d
Stretched tetrahedron C *2<lg<eg i D>0 ‘l::g"““
+ 1/2
7 Trigonal id.C, 2 — - 6A2 spin ground
rigonal pyramid.C_, 2 127L/AAIE D = e state
Coz+ 1 +1/2
] AL0; 8,;,>0
Planar triangle D, 2 9 _127»__ D _6A% spin ground
Aiey Bap | state
+4/2
A0, A‘-1>0

* The coefficients @ and 8 are presented graphically in
Fig. 4c.
** Only the analytical results are presented because the
expressions are too complicated.

orbital angular momentum, the g-factor of the EPR spec-
trum is close to the free-electron value (a), and the hyper-
fine coupling constants are insensitive to the symmetry of
the surroundings.

Table 4 lists the expressions for the spin-Hamiltonian
constants of the Cu®* and Co® ions in different ligand fields,
needed for our subsequent discussion, and obtained from

the data in Tables 2 and 3 by the method of Abragam and
Pryce®®. These expressions include the spin—orbital
interaction constant (A\) of the corresponding ion and the
splitting constant of its ¢ and j electronic levels in the
ligand field (Ajj).

II. RESULTS OF STUDIES ON ZEOLITES CONTAINING
METAL IONS OF THE FIRST TRANSITION ROW

We shall consider the results of recent studies on zeo-
lites containing first-row transition metal cations with a
charge not greater than three, because no zeolite has yet
been synthesised in which the charge of the alumina-silica
lattice is compensated by cations in a still higher valency
state. The results are best discussed in the order of
increasing atomic number of the element introduced into
the zeolite.

Scandium. The electronic configuration of the
ground state of the scandium atom is [A](34)' (4s), where
[A] denotes the electronic structure of the argon atom.
Doubly charged Sc®, with the electronic configuration
[A](3d)', can be observed in principle by EPR and optical
spectroscopy, but there are no references in the literature
to zeolites containing bivalent scandium ions. A zeolite
of type Y containing tervalent scandium ions with the [A]
electronic configuration has been investigated®” as a
cumene cracking catalyst. In the same work it was shown
by X-ray diffraction that extensive exchange of Na* ions by
Sc* ions tends to disrupt the zeolite lattice.

Titanium. The electronic configuration of the ground
state of the free titanium atom is [A](3dF(4s. No work on
zeolites containing Ti®* or Ti* ions has come to our notice,
probably because of the difficulty of preparing these zeolite
forms.

Vanadium. The electronic configuration of the
ground state of the free vanadium atom is [A](34)%(4s)?.
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Vanadium has been introduced into zeolites only as the
doubly charged vanadyl cation z[!VO]?”. The EPR spectra
of these zeolites are reported“ to be identical to the EPR
spectrum of vanadyl in solution. No other information
concerning the behaviour of vanadyl in the zeolite lattice is
available, A strong internal ligand field is known to exist
in the vanadyl ion: this field is mainly responsible for the
optical and paramagnetic properties of the ion. The
spectral parameters of the vanadyl ion are relatively
insensitive to the coordination of the cation, and therefore
a detailed description of the behaviour of vanadyl in zeo-
lites cannot be expected from EPR and optical spectral
studies. This conclusion, however, is not indisputable.

Zeolites containing vanadium ions in other valency
states have not been prepared or investigated. An optical
study of zeolites containing V** cations would be very
interesting.

Chromium. The electronic configuration of the
ground state of the free chromium atom is [A](34)°(4s)'.
Only zeolites containing tervalent chromium ions have so
far been prepared.

We shall consider the effects which can be expected in
the optical spectra of zeolites containing Ccr* ions.

The spectrum of the octahedral [Cr(Hz0)s]* complex
has been discussed fully®®. The splitting diagram of the
“F level of the ground state of the free Cr™ ion in fields
of C4y symmetry (distorted along the four-fold octahedral
axis) is shown in Fig. 5a with the sign of the vertical axis
reversed. The optical spectra of aqueous solutions of
tervalent chromium salts reveal two optical transitions
within the *F level (4, — *T,; *4, — *‘T;). It is evident
from Fig. 5a that for a ligand field corresponding to an
octahedron stretched along its four-fold axis (case of
1n< 2, £ = 1) the absorption bands of the optical spectrum
should split into two, the transitions B — B, and Bz — A,
remaining approximately in the original positions and the
transitions B, — E ~ and Bz — E* undergoing a shift towards
the red end of the spectrum. If the absorption bands are
sufficiently broad, this effect manifests itself as a
broadening of the bands accompanied by a displacement of
their centre of gravity towards longer wavelengths. The
same shift, but without band broadening, is produced by a
weakening of the ligand field whilst retaining the octahedral
symmetry.

If the octahedron surrounding the ion is compressed
along its four-fold axis, the absorption bands of the Cr*
ions are again broadened, but the shift is towards the blue
end of the spectrum.

The optical reflectance spectra in diffuse scattered
light of A, X, and Y zeolites containing tervalent chromi-
um ions have been investigated by the present writers
together with Minachev and others*®. Since all the spec-
tra (after cation exchange) consisted of three absorption
maxima at 285, 425, and 625 nm, i.e. in the same posi-
tions as those in the optical spectra of Cr® solutions, it
was concluded that the chromium ions exist as hexaquo
complexes [Cr(Hz0)s[™* in the zeolite structure. After
vacuum heat treatment at 200-250° the samples lost most
of the adsorbed water, and the absorption bands of the
optical spectrum became broader and were shifted towards
the red. This effect was explained by assuming that the
ligand field had been weakened by the removal of the water
from the second coordination sphere of the chromium ion.
1t follows from the above discussion that the replacement
of one water molecule in the first coordination sphere of
the Cr* ion by a weaker ligand (e.g. oxygen from the
zeolite lattice) should lead to the same result. Both the
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two proposed band-broadening and band-shift mechanisms
probably operate in the present system.

In zeolites of types A and X these changes in the optical
spectrum were found to be irreversible, since the original
spectrum of the hexaquo complex could not be reproduced
by hydrating the samples at room temperature. This
effect was ascribed to incipient breakdown of the zeolite
lattice of CrNaX and CrNaA upon vacuum heat treatment
at temperatures above 200°, which had been demonstrated
independently by differential thermal analysis and thermo-
volumetric analysis. In contrast, with CrNaY zeolite
(known to be stable up to 700°) the reflectance spectrum
after water adsorption at room temperature was found to
be practically identical to the spectrum recorded on the
initial sample after cation exchange.

After vacuum heat treatment at 400° the optical spec-
trum of CrNaY zeolite showed some radical changes: the
sample developed a grey colour and began to absorb over
practically the whole of the visible region of the spectrum,
suggesting complete breakdown of the hydration shell of
the Cr™ ions. The spectral changes were irreversible
towards water adsorption, despite the evidence (from
differential thermal and thermovolumetric analyses) that
the zeolite crystal structure had survived the heat treat-
ment. This observation was interpreted by assuming that
the dehydrated Cr*® ions at high temperatures can pene-
trate within the sodalite cells, where they experience a
ligand field with a lower symmetry (probably on SI’ sites).
These holes are too small to accommodate the hexaquo-
chromium complexes, and therefore the optical spectra
after exposure to water do not revert to their original
form (though some minor changes can be seen). This
interPretation, which is consistent with the demonstra-
tion* by X-ray diffraction analysis that tervalent lantha-
num cations penetrate into the small holes of LaNaY zeo-
lite after dehydration, was further confirmed by studies
of the adsorption of ethanol and diethyl ether.

Tsitsishvili and Urushadze ® have reported an EPR
study of magnetically concentrated samples of CrNaA zeo-
lite. They observed the EPR spectra of samples, both
hydrated and vacuum-dehydrated at room temperature, and
found in every case a single broad line (up to 500 G) with
a g-factor close to 2, which they ascribed to the octahed-
ral hexaquocomplex [Cr(H:0)s[**. After dehydration at
room temperature the lines became slightly broader.

Chromium-containing zeolites dehydrated at higher
temperatures have not been studied by EPR, because the
thermally stable CrNaY zeolites tend to contain iron
impurities which give a broad and strong EPR signal
and interfere with the study of other paramagnetic ions
with broad signalsf.

Before examining in detail the results of EPR measure-~
ments, we shall consider some effects which may be
present in the EPR spectra of Cr* ions localised in SI'
sites. As stated above, the ligand field in this case has
the symmetry of a tetrahedron distorted along a trigonal
axis. It is evident from Fig. 5¢ that the ground state of
a Cr™ ion in a tetrahedron extended along a trigonal axis
is not orbitally degenerate, and could give rise to an EPR
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1 A sample of CrNaY zeolite in which 27% of the Na*
had been exchanged by Cr*, and which gave no EPR signal
in its sodium form, was kindly provided for our EPR
measurements by No.20 Laboratory of the Institute of
Organic Chemistry of the USSR Academy of Sciences
(Kh. M. Minachev's Industrial Laboratory).
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signal at low enough temperatures. An analogous situa-
tion involving the Cr* ion was reported by Henning and
coworkers®. In atetrahedron compressed along the
trigonal axis the ground state of the Cr* ion is doubly
orbitally degenerate, and the spin-orbital interaction
ALS splits it into four doublets which are described by the
following wave functions (including the spin variables):

E (energy) ¥
9/4 7 WX (— %) Wak ()
340 Wik (— Y2 Wl (Vo)
—3/4 A WX (el Yok (—Ya)
—9/4)\ SR AVATIR S ACAR

5 -2 11 5y2 //_Ty'—l.
¥ =— e -+ E‘Ya; ¥y=— Y s‘—‘/ et

where X {(m) is the spin wave function for the spin S = 3/2
with a projection m on the z axis.

It can easily be shown that none of these doublets can
give an EPR signal.

We have shown experimentally * that the EPR spectra
of CrNaY samples measured at 4.2, 77, and 300°K
become gradually weaker as the dehydration temperature
is increased, and are practically undetectable after
vacuum dehydration above 450°. This confirms our
earlier conclusion * that after dehydration the Cr* ions
penetrate into small holes and become localised at ST’
sites. It may be argued that one water molecule (or its
fragments O or OH") is retained in the coordination
sphere of the Cr™ ion after heat treatment, and gives rise
to the observed compression of the tetrahedron along its
trigonal axis. This suggestion is consistent with the
conclusion® that cation pairs of the type M’gyr...0% ... Mg}/

are formed.

An effect of the zeolite crystal structure on the mecha-
nism of cation exchange has also been reported*°. By
comparing the amount of chromium introduced into zeolites
of different types under otherwise identical conditions with
the amount of exchangeable sodium ions it was concluded
that exchange in type A zeolites occurs only in the near-
surface regions of the microcrystallites. (It should be
noted that the hexaquo complexes are larger than the
diameter of the windows leading into the structural pores
of this type of zeolite.) Exchange does not proceed to
completion even in type X zeolites, suggesting partial
blocking of the windows leading into the large holes by the
hexaguo complexes in the SIII position. This blocking
effect does not take place in type Y zeolites, evidently
because only a small fraction of the exchangeable Na* ions
is in the SIII position (see Table 1).

Manganese. The electronic configuration of the
ground state of the free manganese atom is [A](3d)°(4s ).
Only Mn* ions have been introduced into zeolites by cation
exchange. The optical spectra of bivalent manganese have
a very low intensity, because the transitions are spin-
forbidden: this may be the reason for the lack of publica-
tions describing optical investigations of manganese zeo-
lites.

On the other hand, a considerable volume of work on
these zeolites using EPR has been published. The reason
may be that in weak ligand fields the °S level of the Mn®*
ion has no closely spaced excited states, and therefore
the EPR signals can be observed over a wide range of tem-
perature and of ligand field symmetry. The experimental
results are interpreted, on the whole, with the help of the
theoretical concepts developed by Bleaney and Rubins **~%,
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However, the spectra of polycrystalline samples are very
difficult to interpret: although the EPR spectra of Mn**
ions retain their fine structure in weakly distorted octa-
hedral and tetrahedral ligand fields, powders usually show
only the +1/2 transition because the strong angular depen-
dence of the lines corresponding to the residual transitions
give rise to fine structure. At low D values (D /g8H « 1),
typical of the Mn®* ion, the position of the lines corre-
sponding to this transition is insensitive to the symmetry
of the ligand field, and only the shape and width of some of
the components of the hyperfine structure are affected (as
a result of second-order effects) by changes in the sur-
roundings of the ion. However, the hyperfine parameters,
which are easily observed for the Mn®* ion, are determined
essentially by the degree of covalency of the bonds between
the central ion and the ligands, and to a much lesser
extent by the symmetry of the surroundings.

The first attempt to investigate zeolites of types X and
Y containing Mn?* ions by the EPR method was made by
Ursu and Nicula® in 1964. These workers found that the
resolution of the hyperfine structure of EPR spectra mea-
sured at 9300 MHz depended on the high-temperature
dehydration treatment to which the sample had been
exposed. The effect was ascribed to changes in ligand-
field symmetry arising from the removal of water mole-
cules, but no attempt was made to propose a concrete
model of the location of the ions in the zeolite structure.

The next series of publications, also involving EPR
measurements at 9300 MHz, was due to Barry and
Lay *"*°*'  These workers studied zeolites of types X
and Y containing manganese ions in combination with the
diamagnetic ions Li*, Na*, K*, Cs*, Mg®*, Ca*, Zn*, and
La*. Using the Mn’* ions as a “paramagnetic probe”,
they tried to explain some features of the distribution, in
zeolites, of cations devoid of paramagnetism.

The complex and poorly resolved experimental spectra,
varying with sample treatment, were ascribed to Mn®* ions
in different states, giving rise to their individual spectra
with the following parameters:

g=2.000; A=97+3.,5G;
:@=2 IM; A=95+1.5G; D=54=+18G;
2 001; A=95+1.5G; D=131£3.5 G (occasionally D = 100 G);
):8=1,996; A=76.5+2G; D=65+35G
(1i):g=1,995; A=88.5%3G; D<130G.,

The states were assigned by the authors as follows:
A-—hydrated (Mn-#Hz0)?* ions; I—Mn?* ions localised on
SI sites; II—Mn®* ions localised on SI’, SII’, or SII sites;
(i), (i)—Mn®" ions localised on SI’ sites with a strong
covalent bond to hydroxyl (OH™) or O?~ ions respectively.

However, none of the spectra (with the exception of the
hydrated sample) was observed in a pure form, and the
spectral assignments to manganese ions in different
lattice positions are not entirely convincing because they
are not supported by serious arguments based on the struc-
ture of the paramagnetic centres. For example, the
observed D values vary between 0.50 X 1072 and 1.3 x 1072
cm™ and therefore correspond to a weakly distorted cubic
field: they can hardly be quoted as evidence for any par-
ticular mode of stabilisation of the Mn®* ion. The hyper-
fine coupling constants also did not vary over a wide range,
with the exception of spectrum (i), ascribed to tetrahedral
Mn** jons containing a hydroxyl group in the coordination
sphere. Lastly, Barry and Lay's interpretation was not
confirmed gy the more recent work of Tikhomirova and
coworkers™ at a frequency of 35000 MHz.
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Because of the EPR spectrum of Mn* ions in a low-
symmetry ligand field is greatly complicated by second-
order effects, resulting in overlap of the hyperfine com-
ponents and in the appearance of nuclear-spin-forbidden
transitions, these workers carried out their measurements
in an apBaratus working at a shorter wave-length. They
showed “ that by working at a higher frequency ( = 8 mm,
v = 37500 MHz) the EPR spectra of Mn® ions in hydrated
MnNaA, MnNaX, and MnNaY zeolites become much sim-~
pler and consist of well resolved sextets. From the
Intensity ratios of forbidden and allowed transitions they
obtained a D value close to 106 G. They subsequently
published a more detailed study of the behaviour of Mn*
ions in the sodium forms of A, X, and Y zeolites during
dehydration and adsorption of water vapour *’**, However,
their conclusions rely exclusively on changes in the hyper-
fine coupling constants of the EPR spectra.

Since the EPR spectra of the Mn®* ions in the initial
samples of A, X, and Y zeolites have parameters almost
identical to those of the EPR spectra of aqueous solutions
(A = 96 G), the authors assume that the Mn® ions in this
case are present in the form of aquo complexes. Dehy-
dration at temperatures up to 150° gives EPR spectra with
a hyperfine splitting constant of 87 G for all types of zeo-
lite, which is ascribed to partially dehydrated Mn®** jons.
It is also pointed out that the electronic state of partially
dehydrated Mn®* ions is unaffected by the charge on the
zeolite lattice or by the geometry of its framework.

If the dehydration temperature is raised above 150°,
three types of spectrum are observed in X and Y zeolites
(A=99G, g =2.000; A=87G, g=2.000; A=87G,
£ = 2.007), and two types of spectrum in type A zeolite’
(A=87G, g=2.000; A="13G, g=2.000). After
dehydration at 300-400°, X and Y zeolites give only one
EPR signal (A = 99 G, g = 2.000), and the spectra of
type-A zeolites remain practically unchanged. The
authors point out that the total intensity of all the spectra
for a given sample remains constant.

By analogy with the interpretation of the spectra of Mn**
ions in spinels*®, it is suggested that the EPR signal in a
type-A zeolite with a hyperfine splitting of 73 G arises
from ions localised in the neighbourhood of a six-mem-
bered oxygen ring and on the side of a small hole (site SII’,
see Fig.2), within which a residual water molecule is
assumed to remain even after high-temperature vacuum
treatment. In this case, the Mn®* ion is tetrahedrally
surrounded by oxygen atoms from the lattice (at 3 corners)
and water (at 1 corner). This interpretation, with the
Mn** ion in an ST’ site rather than an SI site, is supported
by the observation that water vapour adsorption must be
carried out at a relatively high temperature (~ 80°) in
order to reproduce the EPR spectrum with a splitting of
87 G characteristic of the partially hydrated Mn® ion.

The EPR spectra of fully dehydrated X and Y zeolites,
with a hyperfine splitting of 99 G, are assigned to Mn®*
ions in SI sites, where the ligand field is octahedral. An
alternative explanation is also discussed: localisation of
Mn®* within a small zeolite hole, since the adsorption of
water and ammonia vapour gradually yields EPR spectra
corresponding to the fully hydrated initial samples.

No attempt was made to interpret the EPR spectrum of
Mn? ions with a splitting of 87 G and a g-factor of 2.007.

The results obtained for MnNaY zeolites by Barry and
Lay are compared with those of Tikhomirova and cowor-
kers in Table 5. Except for the data relating to the
initial samples, substantial differences in experimental
results and in their interpretation are evident. The dis-
crepancy is due partly to differences in dehydration con-
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ditions, and partly to incorrect treatment of the results
obtained at 9300 MHz from poorly resolved spectra.
However, the remaining doubt will not be fully removed
until EPR measurements are carried out at both radio
frequencies simultaneously, under standard conditions of
heat treatment and with standard control of the residual
water, )

It may be concluded from the above review of published
EPR work on synthetic zeolites containing bivalent manga-
nese ions that the existence of Mn?* in various states within
the zeolite structure has been proved beyond doubt. How-
ever, because of the spectroscopic peculiarities of this
ion, the detailed interpretation of the results is still tenta-
tive.

Table 5. Results obtained by different workers for type-Y
zeolites containing Mn** ions.
Fully §
Initial Partly dehydrated hydrated | &
2
P ine 9%6G 9G 817G 871G 99G
42—44
Interpretationt Mn@, 002", | SIL S (Mn-2 Hy0) not inter- | S11, 512
large hole STII preted
Hyperfine splitting 97G 95G,76G 95G
Interpretation (Mn-n H,0)3% SH1, SU [MnOH]* s, s, | 34041
SI'? Sir
Iron. The electronic configuration of the ground state

of the free iron atom is [A](3d)°(4sf. Tervalent iron ions
can give rise to EPR spectra. However, we have been
unable to find any reference to structural studies of zeo-
lites containing ferric ions by EPR or by optical spectro-
scopy. Such zeolites have been synthesised, and are
being intensively studied by gamma-resonance spectro-
scopy ***°.  The main results, formulated by Delgass and
coworkers®, indicate that the Fe** cations in dehydrated
type-Y zeolite are in a high-spin state, and occupy two
types of site: SI (inaccessible to adsorbed molecules) and
SHI (accessible to adsorbed molecules). It is shown**
that zeolites of types X and A are broken down by the
introduction of iron ions.

The absence of EPR studies is probablz due to the com-
plexity of the EPR spectra of Fe** and Fe* ions in sur-
roundings of low symmetry, making interpretation impos-
sible without a special theoretical study. Not the least
of the difficulties is the presence of iron impurities in the
sodium forms of zeolites even before exchange, already
mentioned above, which complicates the application of
EPR to these systems*, It should not be concluded,
however, that the EPR method will not be used in future
to study zeolites containing iron ions.

Difficulties may arise also in the interpretation of the
optical spectra of zeolites containing Fe* ions. Having
an electronic structure similar to that of the Mn® ion,
the Fe® ion gives strong charge-transfer bands in the near
u.v. region (see Ref. 51, p.276), with fairly strong
“shoulders” in the visible region of the spectrum which
tend to mask the weak, spin-forbidden d-d transitions.
Optical studies of zeolites containing Fe** (3d)° ions could
give very interesting results, but the d-d transitions for
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the high-spin Fe* ion lie in the near i.r. region: the
5ng — °E & transition for the hexaquo Fé** jon is observed
at ~ 10000 cm™ (p. 271 of Ref. 51).

Cobalt. The electronic configuration of the ground
state of the free cobalt atom is [A](3d)"(4s. Only zeo-
lites containing bivalent cobalt ions have so far been syn-
thesised and investigated.

There are many references in the literature to the
splitting of the energy levels of the bivalent cobalt ion, and
to its magnetic properties, in the weak ligand fields corre-
sponding to a distorted octahedron (see, for example,
Ref.52). Weshall thereforeconfine this review to a quali-
tative discussion of the optical and magnetic properties
of the Co?* ion in weak ligand fields of symmetry Cgy and
Csytetr. In these cases the ground state of the Co* ion
(S = 3/2) is described by a wave function with an angular
component which gives rise to an irreducible representa-
tion A of the group Csy (see Table 3 and Figs. 5b and 5¢).
Since the transitions between the levels of the split *F
level lie in the i.r. region and are relatively weak, only
the strong transition to the excited *P level is usually
observed in the optical spectrum (see, for example, Ref.
51). Changes in ligand-field symmetry from a tetrahed-
ron compressed along the trigonal axis to an extended
tetrahedron, a trigonal pyramid, of a planar triangle
should not significantly affect the spectral position of this
optical transition, since the main contribution to its energy
comes from the energy difference between the ground *F
level and the excited “P level of the free Co®* ion.

However, fairly substantial changes in the EPR spectra
can be expected to result from these changes in ligand
field. Table 4 shows the results of an analysis of the
expressions for the g and D tensors of the Co®" ion in
fields of Td, Csvtetr, Csvpyram, and Dsh Symmetry, and
also lists the spin ground states in a zero magnetic field.

In a tetrahedron compressed along the trigonal axis the
constant D for this interaction is negative for the Co® ion
(see Table 4). Since the EPR signals of Co® are usually
observed at T = 4.2°K (T = 3 cm™') because of the short
relaxation times, the population of the +1/2 spin doublet,
which gives rise to the EPR signal, can be very small for
D <O0and |Di>» ET. Hence it is obvious that the EPR
signals of polycrystalline samples are difficult to observe
when the surroundings of the Co* ion correspond to a
tetrahedron highly compressed along the trigonal axis
(D < 0). For example, Owen and Bowers > find D =
-4.5 cm™, so that the population of the s = +1/2 spin
doublet is only =2|D|/ekT =~ 0.05. Little gain in the
intensity of the EPR signal can be expected from carrying
out the measurement at liquid-nitrogen temperature,
because the 10-fold increase in the population of the +1/2
doublet (to 0.5) is compensated by a decrease in the dif-
ference of the populations within the doublet by a factor of
T17°/2.4° = 18. Line broadening may also appear as a
result of relaxation.

On changing from compression to extension of the
tetrahedron along the trigonal axis the hyperfine inter-
action constant changes sign, and remains positive through-
out further changes in the coordination of the ion (up to
the coordination of a planar triangle). Under these con-
ditions the population of the +1/2 spin doublet is close to
1: evidently, this should lead to a sharp increase in the
strength of the EPR signal as compared with the case
discussed above.

It follows that differences in the relative intensity of
the EPR spectra of Co®* ions in different samples can be
used as a criterion of the presence of distortions in the

1
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tetrahedral ligand field, which (as stated above) do not
materially affect the optical properties.

The position of the components of the fine structure of
EPR spectra for a spin of 3/2 and | D|> gBH has been
fully discussed ™.

The most significant structural data on cobalt-con-
taining zeolites, published up to 1970, were obtained by
optical reflectance spectroscopy in the visible and near
u.v. regions of the spectrum,

It has been shown *® that the adsorption of substances
such as H,O, NHs;, CH30H, etc. on dehydrated CoNaA
zeolites is accompanied by a colour change, which suggests
that molecules of these compounds can enter the coordina-’
tion sphere of Co®" ions.

A recent paper by Klier *® shows, on the basis of optical
data, that the Co®" ion in dehydrated type-A zeolite is
localised in the plane of the six-membered oxygen window,
whereas after adsorption of N>O molecules its coordina-
tion increases to the tetrahedral configuration. Klier
stresses the reversibility of this process upon outgassing
the sample at 50°, but at 150° the nitrous oxide decom-~
poses catalytically into molecular nitrogen and oxygen.

Barry and Lay* observed, in their study by reflection
spectroscopy -of CoNal3X zeolite dehydrated at 300°, that
the Co® ions are located in a tetrahedral ligand field.
Hence they suggested that the ions are localised in ST’
sites in this zeolite. Three of the planar ligands are
lattice oxygen atoms, and the fourth ligand is a residual
water fragment (OH™ or O°7). It is not clear, however,
why SI’ sites are chosen in preference to SII’ or SII sites,
since measurements of the specific adsorption of nitrous
oxide*’ have shown that the Co®* ions can be localised also
in sites accessible to the molecules of adsorbate.

Until recently there were no published references to
EPR studies of cobalt-containing zeolites, evidently
because of the need to work at liquid-helium temperatures.
We have recently reported®” an investigation of this type on
X and Y zeolites, carried out in cooperation with Brotikov-
skii.. Since no significant difference could be found
between the spectra (either optical, or ESR) of these two
types, we shall confine the following discussion to the
results obtained for the zeolite of type Y.

EPR and optical spectra were recorded before and after
dehydration by vacuum baking. (The dehydration-rehy-
dration cycle was found to be fully reversible.) The
spectra were practically identical to those of agueous solu-
tions of Co® salts, suggesting that the cobalt ions after
exchange (and rehydration) exist as [Co(H:0)s]** aguo-com-
plexes, located in large zeolite holes.

Vacuum baking at 100° removes only some of the water
from the zeolite, and the Co* ions retain their hexaquo
coordination. This is confirmed by the optical reflec-
tance spectra, in which the absorption bands are only
slightly displaced towards the red (from 19000 to 17 000
em™), with a somewhat increased intensity, after vacuum
baking.

Dehydration at 200-500° produces a blue colour in the
samples, characteristic of the tetrahedral compounds of
bivalent cobalt, and strong, overlapping bands appear in
the optical spectra at 18 500, 17 000, and 15100 cm ™.
Since, as already stated, the position of these bands is
relatively insensitive to distortions of the tetrahedral
surroundings of Co®, it is not easy to assign the localisa-
tion of the cobalt ions to SI', SII', or SII sites.

On the other hand, we can deduce from the EPR spectra
of samples dehydrated at 200-500° that after this treat-
ment the Co® ions exist in two different states within the
zeolite. For dehydration temperatures of 200-350° they
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lie on SII sites, with the coordination of a tetrahedron com-
pressed along its trigonal axis. The fourth (axial) ligand
is assumed to consist of residual water molecules or water
fragments (OH™ or O*7). As stated above, polycrystalline
samples may fail to give an EPR signal under these con-
ditions because the +1/2 spin doublet is lightly populated

(D <0). The EPR signal disappears completely>’, and
reappears (g = 2.00; g|= 2.75) only after heating the
sample at higher temperatures (400-500°). We have
ascribed the spectra observed under these conditions to
Co®* ions localised in the plane of the six-membered oxy-
gen window (between SII’ and SII sites). As Table 4 shows,
8)) should be approximately 2 in this case, and g1> 2, as
observed experimentally. We have not considered the
possibility of localisation of Co* ions in SI’ sites, because
the adsorption of tertiary pentanol molecules on a dehy-
drated sample is known to alter the EPR spectrum, sug-
gesting that quite large molecules can enter the coordina-
tion sphere of the Co®* ion.

Summing up all that has been said on zeolites containing
Co?* ions, we stress that these cations can be introduced
by exchange into zeolites of type X and Y in the form of
octahedral aquo-complexes [Co(Hz0)s]>*, which “float” in
the large holes of the zeolite lattice. As the samples are
dehydrated, the cobalt ions are transferred initially to SII
sites, where they retain a water molecule or fragment
(OH™ or O°7) in the first coordination sphere, and finally
to the six-membered windows of the sodalite cells, where
they remain accessible to adsorption of various molecules.

In conclusion, we note that Co®" ions can be reduced if
the host zeolite is dehydrated under reducing conditions.
Thus, reproducible results on water adsorption at room
temperature can be obtained only if the sample is care-
fully protected from the vapours of vacuum grease and
other organic materials®.

Nickel. The electronic configuration of the ground
state of the free nickel atom is [A](34)°(4s. One of the
first papers describing optical and EPR studies of nickel-
containing X and Y zeolites is due to Rabo and coworkers *,
who used EPR to observe the Ni'* ion (electronic structure
[A](3d)°), obtained by reducing the samples in alkali metal
vapours or in hydrogen, and also the signal from ferro-
magnetic metallic nickel. On the assumption that reduc-
tion of the ions does not cause them to migrate to new
sites% the authors conclude that for 5-75% exchange of Na'
by Ni** ions in dehydrated X and Y zeolites the ions occupy
SH as well as ST sites. The EPR spectrum with g|| =
2.30 + 2.40 and g1 = 2.096 is ascribed to Ni'* cations
localised in SI sites, and the spectrum with g|j = 2.10 +
2.13 and g| = 2.065 to Ni'* in SII sites. Optical data were
used to give a theoretical interpretation of the g-tensor
values obtained from the EPR spectra. A wide absorption
band at 450 nm was ascribed to Ni* ions in SII sites, and
a band at 650 nm CEg — *Tg transition) was ascribed to
Ni'* ions in SII sites. The spin-orbital interaction con-
stant found by comparing EPR .and optical results was
500 cm™, in good agreement with the value for the free
Ni'* ion (A = 600 cm ™).

Adsorption experiments with oxygen, carbon monoxide,
hydrogen, and ammonia on reduced forms of nickel zeo-
lite have shown that Ni'* ions localised on SII sites interact
most strongly with adsorbed molecules, but at high tem-
peratures the Ni'* ions on SI sites also take part in the
reaction Ni'* + O — Ni** + O, during oxygen adsorption.

Olson *® was able to confirm these conclusions by X-ray
diffraction methods in his study of natural faujasite con-
taining nickel ions (Si0./Al:O; = 4.6). He found the
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following distribution of Ni* ions in the elementary cell of
the mineral:

. SI' + water | SI' + water
Site St st si' SH fragment | fragment
Amount 10.5 3.2 2.0 6.5 5.8 2,9

From these data it was concluded that the results of
X-ray diffraction analyses of zeolites in their calcium form
cannot be applied automatically to zeolites containing
transition-metal ions. Thus, whereas the preferred sites
for alkaline-earth cations in the zeolite structure are the
SI sites ®’%, and the preferred sites for rare-earth cat-
ions are the SI' sites”, transition-metal cations can be
localised in other sites of the zeolite lattice even at low
extents of exchange.

Detailed optical studies of type-A zeolite containing
bivalent nickel ions have been reported by Poldk and
Cerny ® and Klier and Ralek®, The former have made
computer calculations, using ligand-field theory, of the
electronic spectra of ions with the (3d)®® electronic con-
figuration in a crystal field with Dsy symmetry. The
latter workers used these theoretical calculations to
analyse the diffuse reflectance spectra of NiNaA zeolites
degassed at different temperatures.

They showed that in a fully hydrated zeolite the bivalent
nickel ions are present as the [Ni(H.0)s]** hexagquo com-
plex, as shown by the almost exact correspondence of their
spectra with those of aqueous solutions of nickel salts.

In partly dehydrated zeolites the Ni** ions retain
approximately one molecule of water in their first coordi-
nation sphere, and they become firmly bonded to the zeo-
lite lattice—probably in SII sites—thereby acquiring dis-
torted tetrahedral surroundings. However, the observed
optical spectra did not show the characteristic absorption
maxima of tetrahedral nickel at 600-700 nm (see Ref. 51,
p.301). Further dehzydration causes complete removal of
the water, and the Ni“* cations become localised in the
plane of the six-membered oxygen window of the zeolite
lattice, as shown by the good agreement between the
observed and the theoretically calculated optical spectrum.

Studies were made also of the adsorption of nitric oxide,
cyclopropane, ethylene, propene, and acetylene on dehy-
drated zeolite, and it was concluded that the process is
monocentric and (with the exception of acetylene) rever-
sible. It is assumed that the nickel cation completes its
coordination sphere in the form of a trigonally distorted
tetrahedron.

It has been shown by X-ray diffraction analysis ® and
by magxetostatic and ferromagnetic resonance methods %
that Ni** ions are reduced to metallic nickel by treatment
of the zeolite in a reducing atmosphere, forming micro-
crystals approximately 100 A in size on the surface of
zeolite single crystals.

Copper. The electronic configuration of the ground
state of the free copper atom is {A](34)°(4s’. Many
papers have been written on EPR studies of zeolites con-
taining bivalent copper cations. Cu® ions, having the
(3d)° electronic configuration (nuclear spin 3/2), give
very sharp EPR spectra in magnetically dilute systems:
the parameters of these spectra depend sensitively on the
symmetry of the immediate surroundings of the ion. The
isotropic and anisotropic hyperfine interaction constants,
g-tensor components, and temperature dependence of the
spectrum can often be used to determine not only the
coordination of the Cu® ion, but also the percentage
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covalency of the bond in the complex, and also the type of
motion of the complex as a whole. Hence, zeolites con-
taining Cu® ions are specially interesting to research
workers.

We shall first of all consider some optical and magnetic
properties of the Cu?* ion in ligand fields with Csy, Cqy,
and Dsh symmetry in the light of the above calculations.

As Fig. 4a shows, the ground state of the Cv®* ion in
ligand fields with Oy symmetry is doubly degenerate, and
therefore the three possible d-d transitions in the optical
spectra merge into one. When the octahedron is
stretched along the tetrad axis we expect (see Fig. 44,
1< 2, ¢ = 1) the observed absorption band to split into
two, one band remaining in its original position (8, — B;)
and two other bands appearing at shorter wavelengths
(B, = E). Ina compressed octahedron, as shown in
Fig. 4a, the splitting of the absorption band is accompanied
by a shift of all three maxima towards the short-wave end
of the spectrum.

We shall now turn to the changes in the EPR spectra
arislng from these distortions. Octahedral complexes
of Cu** fons, when subjected to a weak tetragonal distor-
tion corresponding to stretching of the octahedron, are
known to give EPR spectra whose parameters are des-
cribed by the expressions

B1=2+70=i  g=2+—2 (where: 430, 8> 0)
BBy B.E

Obviously, in a weakly stretched octahedron A, g, =
AR, E, and therefore Agj|/Ag| = 4. As Fig. 4a shows,
the transition from a weakly stretched octahedron to a
square pyramid or to a square plane does not affect
AR, B,, but since A E increases, the ratio Ag)/Ag|
must also increase.

Transition from an octahedron stretched along the
tetrad axis to a compressed octahedron leads to the
following expressions for the components of the g-factor:
£Z) =2; g]=2+6M/AAE, and therefore the EPR spec-
trum should become inverted, since the perpendicular
component of the spectrum now finds itself at a smaller
field than the parallel component.

It is evident from Fig. 46 and 4c that the ground state
of the Cu®* ion is not orbitally degenerate in a compressed
trigonal bipyramid or in a tetrahedron compressed along
the trigonal axis (the expressions for the g-factors are
given in Table 4).

We should stress that in this case, as in the case of a
field with the symmetry of a compressed octahedron, the
perpendicular component of the EPR spectrum experiences
weaker fields (g| > 2) than the parallel component (g| = 2).
This is because the electronic ground level in both cases
isodescribed by a wave function with an angular component
Y2,
In fields with the symmetry of a stretched pyramid or
of a tetrahedron stretched along the trigonal axis the
ground level of the Cu®* ion becomes doubly orbitally
degenerate (see Figs.4b and 4c). The angular parts of
the wave functions corresponding to this doublet can be
written in the following general form (see Table 4):

Py = a¥3—8Yy?,
Yo = a¥;? 4 8Y1, wheret 1 <a<l l/%, o 3 =1

The spin-Hamiltonian which describes the behaviour of
the system allowing for spin-orbital interaction and inter-
action with a magnetic field can be written

H# =AS +B(L+28)H, S=1/,
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Since these interactions are much smaller than the
interactions between the electrons and the ligand field,
they can be calculated by perturbation theory. By
applying this theory, and noting that A is negative for the
Cu** ion, it is readily shown that the orbital doublet is
split into two doublets by the spin-orbital interaction, and
that their behaviour in a magnetic field H is described by
a spin-Hamiltonian of the form

M'P = g BH.S. +gJ_B(H,S, +H,S,)

where, according to first-order perturbation theory, g| =
0 and g|| = 60 (8, 4) for the lower doublet and g| = 0 and
gl = 4 - 6a%(0, ~2) for the upper doublet.

Obviously, g| will be different from zero in the higher
orders of perturbation theory, but it will not be large, and
since the strongest perpendicular component of the EPR
spectrum occurs at very high flelds for low values of g ,
the EPR spectra of copper lons may be impossible to
observe.

We shall now review the results obtained by EPR and
optical spectroscopy for zeolites containing Cu®* ions.

Faber and Rogers ® were the first to report EPR
spectra from Cu® ions in zeolites. They made a theore-
tical analysis of the hyperfine interaction constants and
the g -tensor components of the EPR spectra of fully
hydrated and ammonia-saturated zeolites containing Cu®*
ions, and they obtained data on the degree of covalency of
the bond in the complexes. However, no attempt was
made to identify the structure of the zeolite, evidently
because the problem had not yet been formulated at the
time.

Nicula and coworkers " studied the hydrated, partially
dehydrated, and fully dehydrated forms of CuNaY zeolite.
From an analysis of the spin-Hamiltonian constants, and
of the temperature dependence of the EPR spectra, they
showed that the copper ions in the hydrated zeolite “float”
in the large holes as the hexaquo complexes.

Unlike Polsk and Cerng ®), Nicula and coworkers were
able to observe hyperfine splitting in partly and fully
dehydrated zeolites in perpendicular as well as in parallel
orientations. Using experimental spin-Hamiltonian
parameters, and theoretical expressions for a tetragonal
ligand field with allowance for covalent bonding ®'®®, they
tried to explain the observed gradual change in the spin-
Hamiltonian parameters in terms of changes in the degree
of covalency of o and 7 bonds in the complex upon
replacing water ligands by lattice oxygen atoms. This
explanation is well substantiated for tetragonally distorted,
octahedral Cu** complexes, but (as will be shown later) -
the spin-Hamiltonian parameters do not vary smoothly in
practice,

These workers point out that all the observed changes
in EPR spectra are reversible only in type-Y zeolites,
and hence they conclude that copper-containing zeolites
of type X are decomposed by vacuum heat treatment.

In this paper, also, no attempt is made to “associate”
the dehydrated copper cations with any specific site in the
zeolite lattice.

Richardson "™ has published a series of three papers
devoted to an EPR study of the localisation of copper ions
in type-Y zeolites containing cations of various non-para-
magnetic metals. He observed EPR spectra with para-
meters similar to those reported by Nicula and cowor-
kers ", and attempted to relate them to changes in
coordination of the Cu®* ion during dehydration of the zeo-
lite. However, Richardson bases all his arguments on
expressions for the spin-Hamiltonian parameters of the
Cu® ion in a field with C4v symmetry, and tries to assign
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all the observed EPR spectra for hydrated and for dehy-
drated samples to copper ions localised in SHI sites,
where (as stated above) the ligand field has Dsp symmetry
(dehydrated ion) or Csy symmetry (ion in an SII site with
1 molecule of water of hydration). Clearly, an ion on an
SII site can have trigonally distorted octahedral surroun-
dings only by the adsorption of three water molecules,
but Richardson ignores this possibility.

Kriierke and Jung ”® also published an EPR study of
copper -containing X and Y zeolites. However, their
results for type-X zeolites containing copper cations should
be viewed with extreme caution, since considerable doubt
exists on the stability of this zeolite lattice®

They studied the intensity of EPR signals from samples
with 2 high copper content (~ 20 Cu®* ions per elementary
cell of the zeolite) as a function of the temperature of
vacuum heat treatment, and also after adsorption of water
and ammonia molecules, and they showed that the inten-
sity of the EPR signal from a fully hydrated sample does
not correspond to the analytically determined concentra-
tion of copper ions. The plot of intensity of the EPR
signal against dehydration temperature had a distinct
minimum at 150° (~ 50% of the initial intensity). Further
increase in dehydration temperature caused the signal
to incréase, reaching 80% of the initial intensity at 350°,
but at still higher temperatures the signal once again fell
off. The dehydration process was found to be reversible.

On the incorrect assumption (see above) that these
large changes in the integral intensity of the EPR signal
cannot be due to changes in the configuration of the ligand
field close to the site of the copper cation, Kriierke and
Jung explain the decreased intensity of the EPR signals
during dehydration by postulating the formation of cation
pairs (S = 0.1) in SI’ sites of the small holes in the soda-
lite cell, joined by hydrogen bridges.

The increased intensity of the EPR signal on further
raising the dehydration temperature was ascribed to the
removal of residual water molecules, resulting in migra-
tion of the copper cations to SI sites and dissociation of the
cation pairs.

The subsequent decrease in the intensity of the EPR
signal, at dehydration temperatures above 350°, is
ascribed to irreversible changes in the zeolite structure.

The most interesting of Kriierke and Jung's results
were obtained with samples containing less than 8 cu**
cations per elementary cell. By analysing the shape of
the absorption line they were able to establish that the
parameters of the EPR spectra change in discrete jumps
rather than continuously during partial dehydration of the
zeolite, and they showed that two types of copper ions are
present giving EPR spectra with the following parame-
ters:

I—gu=2.35, gJ_=2.06, A=120 Qp;
l—gy=2.3, g/=2.06, A=1750e.

The difference between the two sets of parameters is
ascribed to the existence of two possible localisation sites
for Cu®* ions in the zeolite, with different arrangements of
nearest neighbours.

Another interesting result is the gradual decrease in
total intensity of the EPR signal with increase of dehydra-
tion temperature. Kriierke and Jung admit that the ideas
which they had developed for zeolites with high copper
concentrations cannot be applied directly to low-concentra-
tion samples, since ion-pair formation is not likely to be
significant at low concentrations.

In this context it is relevant to note that Tikhomirova
and Nikolaeva™ also proposed a non-uniform distribution
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of cations in the zeolite and the presence of sites with a
high concentration of cations from an analysis of the
individual components of the EPR spectra and their tem-
perature dependence. However, their results relate to
type-A zeolites, containing low concentrations of Cu®* and
Mn®*

Almost at the same time as Kriierke and Jung, Slot and
Verbeck published an EPR study of zeolites (type Y) con-
taining approximately 15 Mg®*, Zn*, or La™ ions and 0.3
Cu? ions per elementary cell”. They examined only
partly or fully dehydrated samples, and they also observed
two types of copper cation, with EPR sgectral parameters
identical to those obtained elsewhere From mea-~
surements of relative spectral mtensmes for different
heat treatments they concluded that dehydra.tion is accom-
panied by the gradual migration of Cu* ions into the bulk
of the zeolite. They propose two explanations for the
constancy of the parameters of individual EPR spectra:

1) copper ions penetrate into the interior when they are
replaced (by ion exchange) by hydrated ions, and they
retain their coordination when the water is removed; 2)
copper ions are partly or fully dehydrated at temperatures
as low as 110°, and their state is unchanged when the
dehydration temperature is further increased. In both
cases the migrating species are thought to be copper com-
plexes.

The former explanation does not stand up to critical
examination, since heat treatment at 400° for 72 h in an
oxygen atmosphere (as in Slot and Verbeck's experiments)
is known to cause practically complete dehydration of the
zeolite (see, for example, Ref.70). The second explana-
tion seems more convincing, but it can be shown by ther-
mal analysis (see below) that the bulk of the water is
removed only at temperatures of the order of 200-300°,
and therefore it is hard to accept that the coordination
sphere of the copper ions is broken down at a temperature
as low as 110°, and that all subsequent changes in the EPR
spectrum are to be ascribed only to migration of the ions.

Slot and Verbeck ascribe the difference between the
parameters of their two EPR spectra to the existence of
two types of localisation sites for the ions (SI and SII).
They also point out that cation migration is strongly influ-
enced by the main cation of the zeolite.

Summarising the published results, we may conclude
that for copper zeolites (unlike manganese zeolites) there
is acceptable agreement between the data from different
laboratories. However, contradictions are apparent in
the interpretatlon of the results. Most workers ascribe
to Cu®* ions in SI’, SII’, or ST sites (Csy tetr Or Cay pyram
symmetry) expernnental EPR spectra which clearly corre-
spond to copper ions in ligand fields with C,y symmetry.

In this context, we may discuss some results obtained by
the writers (m collaboration with Shvets and Pecherskaya)
by EPR and optical reflection spectroscopy ™

The initial samples were prepared by ca.tion exchange
of Y-zeolite in the sodium form in a solution of copper
acetate, and contained 2-4 Cu® ions per elementary cell.

With hydrated samples, the results were almost identi-
cal to those previously discussed. The conclusion that
in fully hydrated zeolites the copper ions are accommo-
dated in the large holes as hexaquo complexes was con-
firmed by optical measurements.

In partly dehydrated (100-300°) zeolites EPR signals
of two types (I and II) have also been detected. Their
parameters are practically identical to those reported by
other workers (signal I: =2.38, g1 =2.08, A = 126 Oe;
signal II: g = 2.32, gJ_ .05, A = 162, B = 22 Oe).

The optical spectra of these samples showed enhanced
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optical absorption in the region 400-800 nm. On raising
the dehydration temperature the relative intensity of
signal I (which is absent in the EPR spectra of initial or
hydrated samples, where only signals of type I can be
observed) increases, and the total intensity of the EPR
spectrum decreases (by a factor of 10-20 for samples
fully dehydrated at 500°).

These effects were interpreted as follows ™. The
type-1 EPR spectrum and the optical spectrum of a fully
hydrated zeolite, consisting of one broad maximum at
800 nm, are asmgned to the Cu® ion surrounded by 6
water molecules The EPR signal of the second type is
assigned tp Cu®* ions in a square pyramidal or a plane
square coordination. This is shown by the fact that,
whereas the general structure of the EPR spectrum is
retained, both the ratio Ag|/Ag] and the optical absorntlon
at wavelengths shorter than those for the [Cu(Hz0)e]*"
complex are increased. Cu®* ions in these coordinations
are fairly strongly bound to the zeolite lattice (apparently
in SIII sites), since, in contrast to hydrated samples,
their EPR spectra are the same at room temperature and
at liquid nitrogen temperature.

The strong reduction in the integral intensity of the EPR
s1gnals for vacuum heat-treatment temperatures of 400 to
500° can be expla.med in two ways: a change in the val-
ency state of the Cu®* ions (e.g. reduction to Cu *), ora
very strong broadening of the EPR lines resulting from a
change in coordination. The latter explanation is the more
plausible, because the initial EPR spectra can be regen-
erated by water adsorption at room temperature but not by
heatmg the dehydrated samples in an oxygen atmosphere.
The Cu** ions in a dehydrated zeolite are assumed to
occupy sites in the planar six-membered windows of the
sodalite cells of the zeolite. As stated above, the ions
in these sites experience an electrical ligand field with
the symmetry of a planar triangle. Under these condi-
tions it may not be possible to observe EPR signals,
because g| differs very little from zero. Relaxation may
also cause broadening of the EPR line, but measurements
at 4.2°K failed to reveal a new signal in the EPR spectrum.

Two papers appeared while this rev1ew was in manu-
seript ™, Gé4llezot and coworkers ™ showed, by an
X-ray analy51s of dehydrated Cu(57%)NaY zeohte that
most of the copper ions are located in SI’ sites, where
they can interact with adsorbed ammoma and pyr1dme
molecules. The second paper " reports an EPR study of
Cu(7%)NaY zeolite. The intensity of the spectrum is
found to be constant during dehydration, and the fall of
intensity observed in the writers' work is ascribed to
reduction of the copper ions (as discussed above) or
cation-pair formation. The formation of pairs seems
improbable, particularly in samples with a low copper
content, but a special study of this problem seems desir-
able, together with a study of the effect of oxygen on the
dehydration of copper-containing zeolites.

Copper ions localised in STI sites were found to be
accessible to adsorption (at room temperature) of various
polar molecules (methanol, ethanol, propanol, and iso-
propanol)™. The ions appear, from EPR measurements,
to remain strongly bound to the zeolite lattice near the
six-membered oxygen rings (SII sites), but their coordi-
nation increases to octahedral Decompos1t10n of the
alcohol complexes of the Cu®* ions in zeolite was found to
set in at temperatures of the order of 200°, accompanied
by dissociation of the alcohol molecules into hydrogen and
acetaldehyde (in the case of ethanol). Catalytic dehydro-
genation of alcohol under normal catalytic conditions
(accompanied by dehydration®') begins at temperatures of
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this order. Thus, we may conclude that Cu®* ions local-
ised in SII zeolite sites act as active centres for the
catalytic decomposition of alcohol into hydrogen and acet-
aldehyde.

The lack of catalytic activity towards the dehydrogena-
tion of ethanol in calcium and sodium zeolites shows that
the electronic structure of the zeolite cation plays an
important role in determining the specificity of the cata-
lyst.

In this context, the work of Richardson’® has yielded
some very interesting results. It describes a compara-
tive study, by the EPR method, of the formation of cation-
radicals on different forms of zeolites (including copper)
on which electron-donor molecules such as anthracene,
perylene, pyrene, and naphthalene had been adsorbed.
Richardson points out that zeolites containing transition-
metal cations ,and also cadmium cations, are much more
active than other zeolites towards the electron-transfer
reactions leading to the formation of cation-radicals,
because of the high electron affinity and strong polarising
power of these cations.

These results are entirely consistent with those of
Neimark and coworkers®®, who showed (from the lumi-
nescence spectra of naphthalene adsorbed on different
forms of cationated zeolites) that alkali and alkaline-
earth metals lead to the formation of charge-transfer
complexes between naphthalene and the zeolite lattice,
followed by catalytic oxidation of the naphthalene in air to
a -naphthaquinone, whereas transition-metal cations pro-
duce luminescence quenching, which the authors ascribe
to direct adsorption of the naphthalene on the cation
(atmospheric oxidation being thus precluded).

Zinc. The electronic configuration of the ground
state of the free zinc atom is [A](34)'°(4sf. Bivalent
zinc ions are not paramagnetic, and are inactive in the
u.v. and v131ble regions of the spectrum. Hence, zeolites
containing Zn®* ions have not been examined by either of
the methods discussed in this review.

---000---

It is clear, from this review of the recent literature,
that interesting information on the behaviour of ions of the
first transition row in synthetic zeolites has been obtained
by EPR and optical spectroscopy. Among the specific
problems examined are the coordination and valency state
of the cations after exchange and after various treatments,
the sites on which ions are localised in zeolites, and the
mechanism of adsorption of various molecules on these
ions. In many cases, catalytically active centres have
been unambiguously identified. The results on the coor-
dination state of cations in dehydrated zeolites, and on the
changes in coordination resulting from the adsorption of
various compounds, are particularly interesting.

For most metals it has been reliably established that the
ions enter the zeolite, during cation exchange, in the form
of hexaquo complexes, which “float” fairly freely in the
large holes of the sodalite cells.

Upon partial removal of the adsorbed water from the
zeolite, the transition-metal ions become firmly bound to
the zeolite skeleton, retaining their octahedral coordination.
This reaction involves the partial replacement of the
water in the coordination sphere of the ion by oxygen atoms
of the zeolite lattice. Further removal of water from the
coordination sphere of the ion begins (depending on the ion)
at temperatures in the region of 150-250°, and goes to
completion at 350~450°. The coordination of the metal
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ions decreases to a square pyramid, or even to a trigonal
configuration, after complete dehydration.

Unlike the alkali-metal cations, the bivalent ions of the
first transition series can be stabilised in SII and SII’
sites even at low extents of exchange: this effect may be
due to the ability of the latter ions to form groupings of the
type MOH'. These trigonally coordinated ions (e.g. cop-
per, cobalt, and nickel) can act as specific adsorption
centres for polar molecules of water, ammonia, and alco-
hols. Tervalent metal ions (e.g. chromium) penetrate
deep into the sodalite cell upon dehydration, and become
stabilised on SI' sites, thus acquiring a more effective
screening of their excess of positive charge by virtue of
the negative charges on the zeolite lattice. Hence, these
ions are relatively inaccessible to large molecules such
as alcohols, aldehydes, etc.

We may also conclude from this review that contempo-
rary workers hold conflicting views on the laws which
determine the distribution of cations in zeolites. The
scarcity of reliable experimental data is undoubtedly
responsible for this state of affairs.

The results discussed in this review also show that
synthetic zeolites provide a very interesting system for
the study of the anomalous coordination states of transi-
tion-metal cations introduced into the zeolite by cation
exchange. These ions (particularly when doubly charged)
act as adsorption centres for a number of molecules; the
possibility that the molecules thus coordinated are chemi-
cally activated and that the resulting catalytic properties
of transition-metal ions can be exploited is a very inter-
esting topic, which lies beyond the scope of the present
review.
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