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EPR studies were performed for NaY zeolite samples of the faujasite type with an Si/Al ratio of 2.56
with a part of the Na* ions replaced by Cu?*. A six-stops pathway of Cu?* migration in the faujasite
network was postulated and the sites of copper complexes localization were determined vs the dehy-
dration temperature varied from 25 to 400°C. Six different kinds of Cu* complexes appear succes-
sively in the dehydration process: a hexahydrate copper complex rotating freely within the supercage
and localized complexes of different water content. EPR parameter analysis in terms of MO-theory
indicated four kinds of six-coordinated Cu?* complexes with the symmetry of tetragonally elongated
octahedron (D,;) and two quasi-identical four-coordinated Cu?* complexes of pseudotetrahedral sym-

metry (D,;).  © 1985 Academic Press, Inc.

1. Introduction

X,Y zeolites are crystalline aqueous
aluminosilicates of aikali metais, chiefly
Na, K, and Ca. They are characterized by a
high sorptive ability due to the presence, in
the framework, of large holes and channels
between the cuboctahedra and hexagonal
polyhedra (prisms) into which the (Si,A)O,
tetrahedra dispose themselves. X and Y
zeolites have a crystal structure similar to
that of natural faujasite. Their structure has
been established by Smith (/). That of fau-
jasite-type zeolite is shown in Fig. 1. The
secondary building unit of faujasite is a cub-
octahedron consisting of (Si,Al)O4 tetrahe-
dra; the diameter of the free space of this
unit amounts to 6.6 A, whereas that of the
““window’’ in the six-membered ring to 2.5
A. The tetrahedral linkage of the cuboc-
tahedra by way of hexagonal prisms forms
a supercage with a free space diameter of

11.6 A. The free diameter of the “window”’
in the 12-membered ring ranges from 7.5 to
9 A.

Structural studies (/) have shown the
cations to occupy specific ion-exchange po-
sitions in the zeolite structure denoted, af-
ter Smith, as SI, SI’, SU, SII', SII, SII*,
and SV (Fig. 2). Also, the oxygen atoms in
the lattices of faujasite type zeolites have
been denoted conventionally, as shown in
Fig. 3.

Since ion-exchanged zeolites are good
catalysts for many chemical reactions, it is
of relevance to determine the sites of the
crystal lattice into which the cations direct
themselves in the exchange process and to
elucidate the influence of these cations on
the catalytic properties. The localization
and occupation of the various positions (the
selectivity with regard to position) is depen-
dent on the Si/Al ratio, the nature and
charge of the cations, the content of water
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Fic. 1. Structure of zeolites of the faujasite type.
The chemical composition of the unit cell is given by
the general formula Na,Al,Sijs;- 054 - ~250 H,0.

molecules, as well as on other ligands. In
the case of paramagnetic cations all of these
parameters can influence EPR spectra. The
hyperfine structure and g-factors of an EPR
spectrum are sensitive to changes in a para-
magnetic complex geometry and can reflect
changes in the surrounding of the paramag-
netic ion during dehydration of a zeolite
sample.

For many years, EPR has been success-

Sodalite cage
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fully applied to studies of transition metal
complexes in the lattice of zeolites. A num-
ber of papers have been devoted to the
study of aqueous complexes of Cr3* (2),
Mn?* (3, 4), Fe?* (5), Co** (6, 7), Ni*t (8),
V4 (9), and especially Cu?* (10-19), in
samples with different degrees of ion ex-
change and of zeolite hydration. Beside its
aqueous complexes, Cu?* has been studied
in coordination with various molecules,
e.g., ethylenediamine (en) and N,N,N',N'-
tetramethylenediamine (tmen) (20), 2,2’-bi-
pyridine (bipy) (21), trimethylphosphine
(22), and NHj; (23).

The great amount of EPR work on Cu?*
complexes has shown that, with increasing
dehydration of CuNaY zeolite, the Cu?*
ions migrate in the free spaces of the zeolite
network toward specific positions (Fig. 2).
This involves a change in symmetry of the
nearest surroundings of the ion apparent as
a change in the parameters of the EPR
spectrum. It has been found that in the
process of dehydration, the symmetry of a
copper complex changes from that of a dis-
torted octahedron to plane-square (10, 12,
14). Herman (/3) has discovered a penta-
coordinated copper complex having a

Supercage walls of cages

F1G. 2. Exchangeable positions of cations in the faujasite type network.
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F1G. 3. Notation of the oxygens O? in the faujasite
type network: O(1), O(2), O(3), O(4).

trigonal bipyramid symmetry (g, < g, =
2,3) with Cu?* in the center of the hexangu-
lar window. The complex is unstable at
higher temperatures and converts into a
complex with a different structure. Similar
complexes were found by the electron spin
echo method (40, 41).

The interpretation of X-ray results for the
localization and occupation of ion-ex-
change sites in X and Y zeolites and in fau-
jasite is difficult. Essential discrepancies
exist with regard to hydrated zeolites,
where localization of the cations is impeded
by the mobility of water molecules. Differ-
ences in the localization and occupation of
specific positions occur for zeolites sub-
jected to exchange with mono- and polyva-
lent cations, as well as for bivalent cations
in samples with a high degree of ion ex-
change (24). Ogawa (24) has drawn atten-
tion to the fact that the selectivity with re-
gard to position should be defined in
relation to cation size rather than to cation
nature (small cations: Li*, Na*t, Ca?t, Sr2*
— SI; large cations: K*, Cs*, Ba?* — SII).
Structural studies of dehydrated CuNaY
zeolite (25) as well as of hydrated and dehy-
drated copper-exchanged natural faujasite
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single crystal (26) have shown Cu?* ions to
prefer the position SI with D3, symmetry.
In the hydrated sample of Cu-faujasite only
a part of the Cu?* ions were found to be
localized in SI’ position whereas the locali-
zation of the remainder was by no means
established with certainty. The determina-
tion of localization of all the Cu?* cations
became possible only after dehydration of
the sample, and the copper ions were found
to occupy positions SI, SI’, SII, SII*, and
SIII.

It should be emphasized that, whereas
structural studies are usually carried out on
samples with a high concentration of Cu?*
(this affects occupation of specific posi-
tions), EPR is performed on samples with a
low Cu?* concentration. Hence, one should
be very cautious while interpreting restults
obtained by the two methods.

The above-cited results suffice for prov-
ing that the occupation of specific ion ex-
change sites is still an open question. Ex-
perimental as well as theoretical work on
the subject is rapidly going on.

Our present paper is aimed at determin-
ing the path of Cu?* migration, at a closer
elucidating the structure of the complexes,
and at determining the parameters describ-
ing the latter. From the experimental data,
we have calculated the molecular orbital
parameters for the complexes of symmetry
Dy, and D,. Moreover, we propose models
of the complexes arising during dehydra-
tion of ion-exchanged zeolites as well as
their localization in the lattice.

2. Experimental

Zeolite samples of different copper con-
tent were obtained by ion exchange at room
temperature of NaY zeolite in solution of
copper nitrate Cu(NQOs), in accordance with
the reaction Na54A154Si13gO334 + n Cu*t -
CU,,N354._2,,A154Si]330334 + 2n Na*. The
NaY zeolite was provided by the Institute
of Industrial Chemistry, Warsaw. In order
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TABLE I
Cu?* AND WATER CONTENTS OF THE ZEOLITES INVESTIGATED?

Water Cu?* content
Cu concentration content in anhydrous Exchange Number of
in solution PHy0 zeolite ratio Cu* ions
Sample Cop2+ [mole/liter) [wt%] Pon2+ [Wt%] e [%] neg2+
CuNaY-06 0.005 26.0 0.84 6.2 1.7
CuNaY-12 0.01 24.2 1.56 11.6 3.1
CuNaY-25 0.02 25.4 3.33 24.9 6.7
CuNaY-41 0.05 23.5 5.49 41.3 11.2
CuNaY-57 0.1 23.5 7.46 56.5 15.2
CuNaY-60 0.2 22.6 7.93 60.1 16.2
CuNaY-65 0.5 223 8.53 64.8 17.5

2 When calculating the exchange ratio 7,2+ we assumed the composition Nas(AlQ,)s(SiO);35 for the unit cell

(32).

to obtain samples differing as to their Cu2*
content, copper nitrate solutions with con-
centrations of 0.5, 0.2, 0.1, 0.05, 0.02, 0.01,
and 0.005 M were prepared. To these, NaY
zeolite was added in a manner to obtain a
solution/solid ratio of 20 cm3/g. The solu-
tions were subjected to stirring for 4 hr, fil-
tering and the residue was rinsed repeat-
edly with distilled water. The samples were
then dried at room temperature. Copper
content was determined by atomic absorp-
tion technique on a ASS-1 spectrometer
made by Carl Zeiss, Jena. Degree of re-
placement of Na* by Cu?" ions ranged from
6.2 to 64.8% (Table 1, Fig. 4). The following
relations were held between the number of
Cu?* ions per unit cell nc,2+, the degree of
ion exchange between Na* and Cu?* ions
ncu2+, and the Cu?* content in mass units,

Pcu2+:
Acu2+ = %nCuz*' + nNa (nna = 54)
MNaal0, T dsial * Msio,

Ncu2t+ =

1
%mCu (PCu - 1) + Mna
192 — nna
asin =~ = (asiia1 = 2.56)

where ny, number of Na* ions per unit cell
prior to ion exchange, and maai0,, Msio,,

mcy, mMna are the respective molecular
masses.

To achieve dehydration, the samples
were heated under normal pressure at 70,
100, 150, 200, and 400°C. At each of these
temperatures, heating lasted 24 hr, after
which EPR spectra were recorded.

EPR measurements of the ion-exchanged
CuNaY zeolite samples with different Cu?*
concentration were carried out at room
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FiG. 4. Na+*/Cu?* exchange ratio nc,2+ and Cu?* ion
weight content pc,2+ versus Cu(NOs), concentration in
the aqueous solution used for the exchange process.
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F16. 5. EPR spectra of nondehydrated faujasite sam-
ples measured at 77 and 300 K versus Cu?* concentra-
tion in the solution.

temperature as well as at 77 K with an X-
band (9.4 GHz) spectrometer of type SE/X-
200, made by ‘‘Radiopan,”” Poznan, and
equipped with a TE,q, cavity and 100 kHz
modulation. The value of the spectroscopic
splitting factor ¢ was determined with re-
spect to a DPPH standard (g = 2.0036). The
magnetic field was monitored with an auto-
matically tracing NMR magnetometer MJ-
111, made by ‘‘Radiopan.”

3. EPR Results

EPR spectra from powder samples of Cu
NaY zeolite, dried at room temperature,
and having different concentrations of cop-
per ions Cu?*, were recorded at 300 and 77
K (Fig. 5). The spectra of samples with high
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Cu?* concentrations observed at 300 K con-
sist of a single, symmetric line, but show
growing asymmetry for decreasing Cu?*
concentrations. The isotropic g-factor
amounts to g, = 2.183 for a symmetric
line, and the linewidth is 2AB;; = 18.0 mT.
The shape of the spectra at low Cu?* con-
centration points to the presence of yet an-
other EPR line. For high Cu?* concentra-
tions, the spectrum is dominated by the
isotropic component.

The same samples were measured at 77
K. Their EPR spectra are shown in Fig. 5.
Each spectrum is seen to originate essen-
tially from one type of copper complex with
axially symmetric crystal field. Such a
spectrum is characteristic of polycrystalline
samples. The experimental spin Hamilto-
nian parameters amount to g, = 2.408, g, =
2.088, A = 14.6 X 1073 cm™! (since the hfs
line at perpendicular orientation remained
unresolved it was not possible to determine
A, precisely; however, it is known that A |
< 1.5 x 1073 cm™!). For these spectra, the
width of the individual line increases with a
rise in Cu?* concentration. Zeolite samples
with different Cu?* concentrations were
subjected to dehydration at 70, 100, 150,
200, and 400°C. The EPR spectra of these
samples are shown in Fig. 6. The spectra
differ depending on Cu?* concentration and
on dehydration temperature. The hfs is
more clearly resolved for lower Cu?* con-
centrations. For a fixed dehydration tem-
perature, the Cu?* concentration depen-
dence of the spectrum is rather weak,
whereas at a given Cu?** concentration the
dependence of the spectra on the tempera-
ture of dehydration is much stronger. Espe-
cially, the spectra of the samples CuNaY-
06 obtained from 0.005 M Cu?* solution
exhibit, for different temperatures of dehy-
dration, lines which originate from different
copper ion complexes in the zeolite. The
shape of most of the spectra points to at
least two copper complexes as their origin;
however, in each of the spectra obtained
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Fi1G. 6. EPR spectra of dehydrated faujasite samples measured at 300 K versus temperature of
dehydration and Cu?* concentration in the solution.

for the samples CuNaY-06 and CuNaY-12,
one of the components predominates. From
the shape of the EPR line characteristic of
powder spectra of copper complexes, we
easily determined the spin Hamiltonian pa-
rameters g, and A on the assumption of ax-
ial symmetry of the complexes. However,
in order to determine g, and A,, we
worked out a spectrum simulation program
for digital computer SM-3 based on the po-
sition of the additional peak occurring in
the powder spectra at the magnetic field

strength corresponding to the extremum at
the position of the hfs line for the transition
with quantum number m; = —3 (30, 42). We
checked the thus calculated parameters g,
and A, by simulation of the powder spec-
trum and by comparing the simulated and
experimental spectra. In Table II we give
the values of g, g., A, and A, vs the
temperature of dehydration, for the aque-
ous copper complexes predominant in the
samples CuNaY-06 or CuNaY-12. One
notes that, for the samples dehydrated at

TABLE I1

SPIN HAMILTONIAN PARAMETERS FOR AQUEOUS Cu?* COMPLEXES IN SAMPLES CuNaY-06 or CuNaY-12 As
A FUNCTION OF DEHYDRATION TEMPERATURE OF FAUJASITES

Measuring Dehydration Af A, A
temperature temperature
(K) (OC) g”a 81 8Bav Liso [X 1073 cm-~ l]
77 25 2.408 2.088 2.194 14.6 <1.5 <5.8
300 25 2.183 2.183
300 70 2.375 2.099 2.191 13.3 2.0 5.8
300 100 2.381 2.085 2.184 13.2 1.6 5.5
300 150 2.336 2.055 2.149 16.7 2.4 7.2
300 200 2.366 2.062 2.163 12.7 1.3 5.1
300 400 2.336 2.055 2.149 16.7 2.4 7.2

2 Errors: g = 0.004, A = 0.3.
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70, 100, and 200°C, the values of g, g., 4y,
and A, are similar and originate from one
group of complexes, whereas for samples
dehydrated at 150 and 400°C the parameters
are identical within the limits of experimen-
tal error and originate from another group
of complexes (in a first approximation, the
spectra differ only in individual linewidth).
The EPR spectra of samples dehydrated at
400°C exhibit moreover an isotropic line
with g = 2.186. Also samples dehydrated at
70°C—particularly those with a high Cu?*
concentration—show, in addition to the an-
isotropic line, an isotropic one, identical
with that shown by the sample dried at
room temperature.

A detailed analysis of the EPR spectra
from samples with different Cu?* concen-
trations dehydrated at 200°C points to a
gradual change in relative concentration of
two different complexes. At low Cu?* con-
tent the spectrum is almost exclusively due
to the complex with spin Hamiltonian pa-
rameters of the first (70, 100, 200°C) group,
whereas at high Cu?* concentrations the
samples reveal the presence of the complex
with parameters of the second group (150
and 400°C). In a CuNaY-06 sample dried at
150°C we have observed additionally a
weak broad line with g, = 2.3 presumably
due to the five-coordinated Cu?* complex
of trigonal bipyramid symmetry found by
Herman (/3).

Dehydration of zeolite samples is a re-
versible process. Samples stored in air un-
dergo rehydration. For instance, in the case
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of samples dried at 100°C, it is almost ex-
clusively the isotropic line (g = 2.183) that
disappears and the spectrum observed is
that of the anisotropic complex. However,
10 days later, in the presence of air, the
intensity of the isotropic line grows anew.
After 10 months the isotropic line becomes
stronger than the anisotropic line, the inten-
sity of which decreases simultaneously. To
some extent the same process takes place
in samples dried at room temperature; here,
too, one can observe similar changes, de-
pendent on the time of storage (Fig. 7).

4. Discussion of the Results

Our studies, as well as those of other au-
thors, show that depending on the tempera-
ture of dehydration, Cu?*-exchanged zeoli-
tes contain different type hydrated copper
complexes. In our opinion, these com-
plexes fall essentially into two groups,
characterized markedly by the values of
their parameters g) and A (Table III). A
slight experimental dispersion of these EPR
values is primarily due to differences in the
methods of preparation of the NaY zeoli-
tes, their Si/Al ratios and Cu?* concentra-
tions, as well as the conditions of thermal
and chemical treatments of the samples.
The values of the spin Hamiltonian parame-
ters obtained by us are in good agreement
with those found by others (10-20) for hy-
drated Cu?* complexes in NaY zeolites.

However, the very diversity of the inter-
pretations put forward in those papers re-

TABLE III

COMPARISON OF g, AND A; VALUES FOUND BY OTHER AUTHORS AND BY US FOR THE
COMPLEXES INVESTIGATED

Group of complexes

Other authors (/0-20)

This work

I g1 = 2.360-2.389

Ay = (13.1-14.0) x 103 cm™!

1 g = 2.313-2.347

Ay = (15.8-17.0) x 1073 cm™!

g = 2.366-2.381
A” = (127—133) X 1073 cm™!

8 = 2.336
A” =16.7 X 1073 cm™!
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garding positions of the complexes within
the zeolite lattice as well as the symmetry
of the complexes justifies our attempt to an-
alyze the parameters anew. The presence
of at least two sets of spin Hamiltonian pa-
rameters points, in a first approximation, to
the existence of two types of complexes in
faujasite, differing in their coordination
number or in the type of symmetry of their
surroundings.

As mentioned above, X-ray structural
studies (25, 26) have shown the copper
Cu?* ions to occupy all the characteristic
cation sites presented in Fig. 2. However,
studies applying X-ray as well as EPR show
that, for a given temperature of zeolite de-
hydration, one type of copper complex, oc-
cupying a well-defined position in the
zeolite, is predominant. For example, in the
case of samples of Cu;gNay,AlssSij360354 de-
hydrated at 500°C, Gallezot et al. (25) have
found the copper ions to occupy predomi-
nantly SI’ positions and some small num-
bers of Cu?* to be in SI positions.

In samples with high concentrations of
exchanged Cu?* ions, presumably all types
of the Cu?* complexes observed are present
in different positions. At low Cu?* concen-
trations some of the complexes occupy
well-determined positions, making possible
their selective observation in the EPR spec-
tra in function of the dehydration tempera-
ture. The change in EPR spectra of the
complexes appearing in the course of dehy-
dration of the zeolite samples leads to the
conclusion that, as dehydration of the fau-
jasite proceeds, the hydrated copper com-
plexes migrate through the free spaces of
the sodalite cells and, at well-defined tem-
peratures of dehydration, occupy specific
positions in the lattice.

According to the results obtained by vari-
ous authors, in samples with low Cu?* con-
centrations, not subjected to high-tempera-
ture treatment and dehydration, the copper
complexes are present chiefly in super-
cages. With increasing dehydration at a
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high temperature, the copper ions traverse
the “‘windows”’ of the six-membered rings
and migrate in the direction of the cubocta-
hedral sodalite cell to finish up inside a hex-
angular prism on passing through the next
window. Thus, the migration of Cu?** can be
expressed schematically as a sequence of
the positions: SV — SIII — SII — SII' —
SI' — SI.

The gy, g1, A, and A, values obtained
for hydrated copper complexes observed in
dehydrated samples have been used in or-
der to determine the symmetry of the crys-
tal field originating in the ligands and to cal-
culate the bonding parameters by the
method of LCAO MO.

5. The Symmetry of the Complexes

The majority of hexacoordinated copper
Cu?* complexes is known to possess the
symmetry of a tetragonally elongated trans-
octahedron Dy,. In the limiting case of infi-
nitely extended trans-ligands, the symme-
try becomes square four-coordinated Dg,.
For the four-coordinated copper complexes
also the symmetries D, and D, of a tetrahe-
drally distorted square, referred to as
pseudotetrahedral, occur. The square can
transform continuously into a tetrahedron,
if the ligands lying on the diagonals of the
square are shifted pairwise upward and, re-
spectively, downward of the plane parallel
to the C, axis. This leads to the transforma-
tion of the symmetry

Dy, (square) — D,4(pseudotetrahedron) —
T,(tetrahedron) (a)

The square can also transform into a
pseudotetrahedron by a rotation of two lig-
ands about C; axis of the square. The tran-
sition now is

Dy (square) — D,(pseudotetrahedron) —
D,,;(90° pseudotetrahedron) (b)

In the case (a), when the planar-square
symmetry Dy, reduces to D,y due to the tet-
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rahedral perturbation, the bonding and spin
Hamiltonian parameters are related mutu-
ally according to the Sharnoff formulae
(33). We adduce them in the form proposed
by Yokoi and Addison (34). For the sym-
metry D,; the wave functions of the elec-
tron (in addition to the 3d orbitals) have to
involve the contribution from 4p orbitals in
the bond, and take the form

8aﬁ)\dKaB
Agy=g1— 8 = — —A“_;
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$(b) = ady, + mp, + pdrgxy)

d(e) = ydy, + &py + oig(x2)

d(e) = yd,. + £p, + Thig(y2)

o(by) = ,BdXZ_y2_+ M¢lig(x2 - y?)
¢(al) = 8d322~r2 + es + V¢|ig(312 — r2)

The spin Hamiltonian parameters for ¢(b,)
ground state are

g. = 2.0023

~ 2oyha — mENN Ky — ME)

Ag, =g, — g = A,

[47 84
A= 0+ Pu[ e an i aag ] 4 b, (1 + 20,
o oy

A = 0+Pd[%az2+ﬁAgl

’

né ];

Kay ™ "If

ay ] [z 2 _ 13 _ ]
+ P A ;
Kcry - "?f P 57 0881

Koy — 7)5

Kag = af + BpSaq + (1 — BA)2p[T(n)]C/2;

Ky = @y + ypSa + (1 — ¥)2p[T(m)ICI2'7;
8 = —ko(a’Py + MPL);

Pip = 2ynpopen(r >)saap

with the normalization condition
a2 + 2+ p? + 2p(aS; + nS,) =1

P;=36.0x 1073 cm™};
P, =40.2 x 1073 cm™!

Ay,—the spin—-orbit coupling constant for
the 34 and 4p orbitals, respectively,
of the free copper ion Cut, A, =
-828cmL, A, = —925 cm™!

Sq,—the overlap integral for the orbital (3d
or 4p|dy,) in the molecular orbital
d)(bz), S, = Sp = 0.1

xKo—Fermi’s contact term for the free
copper ion Cu?* k; = 0.43

C—factor accounting for the geometry 1
(for the square) > C > V2/3 = 0.816
(for the tetrahedron) T(n) = 0.2.

In the limiting cases of the symmetries
Dy, and T, the above formulae simplify be-
cause for symmetry of the elongated octa-
hedron or that of the planar square Dy;: 9 =
¢ = 0; for tetrahedron symmetry T;: a = v,
n=¢

The experimental results obtained by us
allow to calculate principal bond parame-
ters between the copper ion Cu?* and the
ligands. This is performed appiying the pre-
ceding formulae, and the results are given
in Table IV. In our calculations some sim-
plifying assumptions had to be made, pri-
marily for a lack of spectroscopic data con-
cerning energy of the transitions between
orbital levels in the visible band for the
Cu?* complexes in faujasite. Moreover, we
assumed alternatively the parameters Ay
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TABLE IV

BINDING PARAMETERS CALCULATED BY LCAO MO THEORY FOR AQUEOUS Cu?* COMPLEXES VS
DEHYDRATION TEMPERATURE

Measuring Dehydration Symmetry Ay A
temperature temperature of the
(K) O complex o? B? v? n=§ Ko (cm™) (cm™)
300 25 Dy, Rotating octahedron
300 70 Dy, 0.76 0.79 0.94 0 0.45 10,700 12,300
300 100 Dy, 0.78 0.78 0.78 0 0.42 10,700 12,300
300 150 Dy 0.90 0.90 0.90 0.10 0.40 16,100 19,800
300 200 Dy, 0.77 0.76 0.58 0 0.39 10,700 12,300
300 400 Dy, 0.90 0.90 0.90 0.10 0.40 16,100 19,800

and A, as both positive or both negative.
Since calculations for the case A, A, > 0
led to a? < 0, we finally assumed A, A, <
0.

The spin Hamiltonian parameters ob-
tained for the complexes dehydrated at 70,
100, and 200°C can be interpreted by as-
suming that the complexes have the elon-
gated octahedron symmetry Dy,. The tran-
sition energies Ay = 10,700 cm~! and A, =
12,300 cm~! were calculated as mean val-
ues, obtained on the assumption of a? = 82
= 2, The numerical values of the transition
energies obtained by us are in agreement
with those commonly observed (35) and
corroborate our conclusion that the com-
plexes have hexacoordinated symmetry of
the elongated octahedron Dy.

The interpretation of the EPR spectra,
however, is quite different when we deal
with the copper complexes of the faujasite
samples dehydrated at 150 and 400°C (one
should stress that the EPR spectrum of
these complexes appears as well for higher
Cu?* concentrations). In this case, too, it
was possible to calculate approximately the
bonding parameters a2, 82, y?, n? = £ and
ko; however, the high values of the hfs in-
teraction constant Ay = —16.7 X 1073 cm™!
and transition energies Ay = 16,100 cm™!
and A, = 19,800 cm~! bring evidence that,
here, the symmetry and coordination num-
ber of the ligands are lower than for the

complex with Dy, symmetry. Hence, a sym-
metry able to correspond to the complexes
in question is to be found in the four-coordi-
nated symmetry of the tetrahedrally dis-
torted square or pseudotetrahedral Dy, or
D-, discussed above.

Pseudotetrahedral symmetries are ob-
tained either by tetrahedral distortion of the
squares (cases (a), (b)) or by a similar dis-
tortion of the tetrahedron.

In the latter case the transformations can
be written as

T, (tetrahedron) —
D, (pseudotetrahedron) —
Dy, (square) (c)

T, (tetrahedron) —
D, (pseudotetrahedron) —
Dy, (rectangle) (d)

The transformations (a) and (c) are identi-
cal. However, so as to complete the pic-
ture, we still have to consider the case (d),
i.e., the transformation from a tetrahedron
to a rectangle. Formulae for gy, g., A, and
A, for the symmetry D,, have been pro-
posed by Bullugiu ez al. (36). Their formu-
lae are rather complicated, and the great
number of unknowns make practical appli-
cations impossible. Nonetheless, after
some slight simplifications, consisting in
the omission of the role of the d,2 orbital in
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TABLE V
SYMMETRY AND LOCALIZATION SITE OF AQUEOUS COMPLEXES OF Cu?* IN FAUJASITE

Dehydration Symmetry
temperature of the Coordination Composition Structure of
0 complex number Site of the complex the complex
25 D (tumbl.) 6 SV Cu(OH,)?* Elongated octahedron
70 Dy, 6 SIII Cu(OH,)40,(1)**4 Elongated octahedron
100 Dy, 6 SII Cu(OH,);0;(2)** Elongated octahedron
150 Dy, 4 SIr Cu(OH,)0;(4)** Pseudotetrahedron
200 Dy, 6 SIi Cu(OH,);04(3)** Elongated octahedron
400 Dy, 4 SI, Cu(OH,)05(3)** Pseudotetrahedron

2 The central copper ion Cu?* can also be coordinated to two O(3) or two O(4) atoms.

the ground state, these formulae become
formally identical with those given above
for the symmetry D,,.

Hoffmann and Goslar (37) have per-
formed calculations of the spin Hamiltonian
parameters by the method of crystal field
theory for Cu?* complexes of pseudo-
tetrahedral symmetry D,; and C,,. For Dy,
they defined the angle 8 between the bisec-
trix of the ligand-central ion-ligand angle
and the central ion-ligand bond as 54.7° (for
tetrahedron) < 8 < 90° (for square). For
Cyy, they defined an angle ® (valid also for
symmetry D,) as that subtended by the
plane containing the bonds: ligand i-cen-
tral ion-ligand 2 and the plane containing
the bonds ligand 3—central ion-ligand 4, re-
spectively, as 0° (for rectangle) < & < 90°
(for tetrahedron). Calculations (37) show
that for 8 = 85° in Dys and @ = 35° in Cy,
(or, in our case, D,) the numerical values
obtained are almost identical: gy = 2.33 and
A;=—17.0 X 1073 cm™!, in excellent agree-
ment with the values observed by us: g; =
2.336 and Ay = —16.7 X 1073 cm~!. This
provides no sufficient basis for deciding
whether the copper complexes of faujasite
samples dehydrated at 150 and 400°C have
the symmetry D,; or D,. Nonetheless these
results allow to draw the conclusion that
the ligands of the central ion form a four-
coordinated, tetrahedrally distorted square
or pseudotetrahedral structure. Since the

tetrahedral distortion of the square mea-
sured as the difference 90° — 8 = 90° — 85°
= 5° for D,, requires less energy than the
distortion ® = 35° for D,, we are inclined to
accept the symmetry Dy  as that of the four-
coordinated Cu?* complexes.

6. Localization of the Complexes

The calculations performed enable us to
postulate, for the complexes in faujasite lat-
tice, the symmetries and positions assem-
bled in Table V.

The isotropic EPR line with g = 2.183
observed by us in undehydrated samples af-
ter ion exchange is assigned to the hexahy-
drate copper complex Cu(OH,)?". Its aniso-
tropic spin Hamiltonian parameters
undergo averaging due to tumbling of the
complex in the supercage and iis interac-
tion with the oxygen atoms of the 12-mem-
bered ring by means of hydrogen bonds.
Thus, the complex occupies the position
SV. Presumably, the emergence of hydro-
gen bonds is responsible for the anisotropic
EPR spectrum of the complex apparent on
freezing at 77 K.

As dehydration of the zeolite proceeds
on heating, the degree of hydration of the
compiex is, in general, iower whereas the
remaining coordination valences are satu-
rated with lattice oxygens. In the position
SIII, still within the supercage, the copper
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TABLE VI

DEHYDRATION TEMPERATURES FOR WHICH
DIFFERENT CATION SITES OF FAUJASITE ARE
MaxiMALLY OccUPIED BY CATIONS Na* (RUBIO et
al. (31)) orR, ALTERNATIVELY, BY CATiONs Cu?*
(TH1s WORK)?

Site of Dehydration temperature (°C)
cation
localization Na+* cations Cu?* cations
Sv 25 500 25
SHI 25 70
SII 130 100
SII' 25 150 500 150
SIg 200 200
SI4 500 400
SI 500

4 In all cases, the exchange process was carried out
at room temperature.

ion is still able to form a bond with two
oxygens O(1) of the zeolite lattice. The re-
maining ligands are provided by oxygens,
supplied by four molecules of water. As de-
hydration of the zeolite proceeds further,
the EPR parameters of the copper com-
plexes change; hence we conclude that the
complexes change their positions (and
structure) in the zeolite lattice. The com-
monly accepted assumption is that the com-
plexes, formed on hexangular internal and
external walls of the sodalite cell, coordi-
nate with three oxygens of the window,
whereas the remaining ligands are oxygen
atoms of water molecules. The number of
these ligands and the symmetry of the com-
plex have to be in agreement with the con-
clusions derived from the LCAO MO calcu-
lations of the bond parameters carried out
on the basis of the available spin Hamilto-
nian parameters (Tables II, IV, V).

The four-coordinated complex with tetra-
hedrally distorted square symmetry is ob-
served distinctly at 150 and 400°C, whereas
at 200°C the normal six-coordinated com-
plex, having the symmetry of a tetragonally
elongated octahedron, is predominant.

GOSLAR AND WIECKOWSKI

Similar observations have been performed
by Conesa and Soria (I4) who, transitorily,
observed at 150°C the EPR spectrum of a
copper complex with spin Hamiltonian pa-
rameters equal to g; = 2.327, g, = 2.054, A,
=168 %X 10 3cm,and A, = 2.2 x 1073
cm~!, i.e., exhibiting good agreement with
our measurements of g = 2.336, g, =
2.055,4,=167x 103 cm l,and A, = 2.4
%X 1073 em~!. The transitory occurrence of
a four-coordinated complex of low symme-
try and a low degree of hydration can be
explained by the requirement that, in order
to pass through the hexangular ring from
the supercage into the sodalite cell, the
Cu?* ions has to get rid of some water mole-
cules, since a cation with an ionic radius
exceeding 1.15 A cannot go through the six-
membered ring in question. The ionic radii
of Nat and Cu?* are known to amount to
0.95 and 0.72 A, respectively, and their hy-
drated complexes have diameters that are
several times larger. This justifies the pos-
tulate that the complex mentioned occupies
positions SII’ inside the sodalite cell imme-
diately after passing from supercage
through a six-membered ring on reduction
of the number of its water molecules.
Rubio et al. (31) have investigated NaY
zeolite versus the temperature of dehydra-
tion by X-ray diffraction technique. They
have found there exist two, slightly differ-
ent possible positions SI and Sl of the
cations; of the two, SI, lies somewhat
closer to six-membered ring neighboring on
hexagonal prism. It is in these positions
that we localize the copper complexes ap-
pearing in faujasite dehydrated at 200°C
(SIp) and 400°C (SI4). In Table VI are listed
those temperatures for which the individual
sites in the zeolite network are maximally
occupied by cations Na*. It turns out that
there is agreement with the temperatures
for which a given site of the network is in-
vested with cations Cu?*. The general trend
of the changes in occupation of the sites by
cations Na” is thus seen to be in agreement
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after dehydration at 100°C

———~~ after 10 doys
. after 10 months

F16. 7. Time-evolution of the EPR spectrum for
sample CuNaY-06 dehydrated at 100°C.

with the postulated migration of the cations
Cu?* in the faujasite network according to
the scheme SV — SIII — SII — SII’ — SIj
— SI, (— SI). Noteworthy is the fact that
the investment of SII'’ by Nat* becomes
minimal for the dehydration temperature of
200°C (31), providing a good interpretation
of the analogous decrease in concentration
of low-symmetry Cu?* complexes in the
samples dehydrated at 200°C.

! Prism
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It is well-known that, as the dehydration
of NaY zeolites proceeds, cations (espe-
cially divalent ones) show a tendency to oc-
cupy positions SI in a hexagonal prism. Our
studies do not permit an evaluation of
whether any amount of Cu?* cations oc-
cupy positions SI in the range of tempera-
tures 25-400°C of our measurements. How-
ever, from the work of Gallezot et al. (25)
the conclusion can be drawn that Cu?* mi-
gration toward the hexagonal prism be-
comes considerable at dehydration temper-
atures of 500-600°C. We interpret the
presence of the weak isotropic EPR line
with ¢ = 2.186 in samples dehydrated at
400°C as due to strong exchange interac-
tions between two Cu?* complexes local-
ized within the same sodalite cell, as postu-
lated by Chao (/8, 38) and Lunsford (39),
or lying close to each other inside and out-
side the cell, as proposed by Conesa and
Soria (14).

Figure 8 shows the path of migration of
Cu?* in the faujasite network as a function
of the dehydration temperature, as well as
the cation sites successively occupied at
given temperatures. We hence draw the
conclusion that, for given temperatures of
dehydration, well-defined cation sites in the
framework achieve a high degree of activ-
ity, causing a fixation of the cations. Since,
however, ageing in air of previously dehy-

1

! E Sodalite cage Supercoge ': walls of cages
: ! o
I 1 |
I ] 1
| 1 [}
| 1 1
1 1 1
i ! |
R —
BRIt v

400%C 200°C 25°C G

FiG. 8. Scheme showing the migration of Cu?* in the faujasite network depending on dehydration

temperature.
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drated zeolite samples leads to the vanish-
ing of anisotropic EPR spectra and to the
appearance anew of the isotropic spectra,
we come to the conclusion that rehydration
of the zeolite leads to a deactivation of the
sites, a reverse migration of the cations
Cu?*, and a reconstruction of the tumbling
complex Cu(OH»)?" in the supercage. Thus,
Cu?* diffusion occurs in the network in
both of the directions shown schematically
in Fig. 8; at a given temperature of dehydra-
tion, the complex ‘‘reaches’” a well-defined
equilibrium position, determined by the de-
gree of its dehydration and the activity of
the lattice site.

7. Conclusions

Depending on the temperature at which
Cu?* ion-exchanged faujasite is subjected
to when placed under dehydration, copper
complexes differing in their symmetry and
in degree of dehydration arise. The differ-
ences in the EPR parameters observed for
the complexes are related with the migra-
tion of the copper ions in the faujasite net-
work which go from supercages via sodalite
cells to hexagonal prisms. An interpretation
of the EPR spectra of Cu?* complexes in
faujasite is first proposed on the basis of
formulae expressing the spin Hamiltonian
parameters in terms of bonding parameters
of the LCAO MO approximation for the
symmetry D,;, and comprising by these for-
mulae the limiting case of symmetry Dy,
also. At given dehydration temperatures in
the range from 25 to 400°C, well-defined po-
sitions available to the cation exhibit a cat-
ion-fixing activity. The changes in EPR
spectrum accompanying dehydration are
reversible, as confirmed by the process of
rehydration of the complexes and their mi-
gration to supercages when a sample under-
goes ageing in air. Hence, the activity of the
sites available to cations is related with the
degree of dehydration of the faujasite sam-
ple.
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