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Two Cu2+-loaded ZSM-5 zeolites prepared by ion exchange from
liquid solution (LS) and solid-state reaction (SR) are studied by
EPR after vacuum treatments at several temperatures, Tv, up to
413 K and subsequent NO and/or O2 adsorption. In addition to the
changes in Cu2+ coordination upon dehydration, from octahedral
to square pyramidal and planar, outgassing produced in sample LS
a decrease of the Cu2+ EPR signal, initiated by brief outgassing at
298 K and reaching a maximum (ca. 75% of the total copper not
detected) for Tv= 383 K. This is ascribed to fast spin relaxation,
due either to a ligand geometry effect or to the establishment of
copper–copper interactions. Subsequent NO adsorption at 298 K
generated (Cu–NO)+ complexes, apparently by reaction of square
planar Cu2+ (possibly assisted by water or OH− still present), while
NO and O2 coadsorption led to a large change, all copper now being
EPR-visible either as a sharp signal for a square planar species or
as a broad band due to spin-interacting Cu2+. For sample SR, the
resolved Cu2+EPR signals, representing ca. 25% of the total copper,
behave similarly to those found in sample LS (except that their
overall intensity decreases little upon outgassing), but most copper
exists as Cu-oxide clusters giving a broad EPR signal. The latter,
resulting from the solid-state preparation method, seem scarcely
reactive on adsorption of NO or NO+O2; they may be connected
with the lower catalytic activity in NO decomposition previously
observed for this latter sample. c© 2000 Academic Press

Key Words: EPR; copper; ZSM-5 zeolite; dehydration; nitric ox-
ide; solid-state exchange; coordination; clustering.
INTRODUCTION

Cation substitution in zeolites is frequently used to mod-
ify their properties to obtain improved catalysts, ion ex-
change from solution being the conventional way to intro-
duce those cations (1, 2). However, some transition metal
cations are strongly solvated and their hydration shells
prevent them from penetrating into the narrow channels
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or cavities of the zeolite structure. Considering the ther-
mal stability of high-silica zeolite frameworks, methods
based on solid-state reaction of the zeolite with some com-
pounds of the transition metal ions of interest can over-
come these difficulties (3). However, the ion-exchanged
zeolites prepared by different methods and using differ-
ent salts of the same transition metal cation might present
different properties, because the diverse experimental con-
ditions during the preparation can affect characteristics
of the exchanged ions such as cation dispersion or lig-
and type. Recent studies on the catalytic properties of
Cu-ZSM-5 samples prepared by ion exchange from liq-
uid solution (LS) and by solid-state reaction (SR) have
shown different activity in NO decomposition (4). With
the objective of determining differences in these zeo-
lites that could explain their different catalytic behaviour,
we have studied the effect of the outgassing treatments
at different temperatures on the parameters of the ob-
served Cu2+ signals in detail by EPR. The study concen-
trates on the situation in which some water may be still
present in the material (by using low or moderate out-
gassing temperatures), since most practical processes of
NO elimination refer to combustion processes which lib-
erate important amounts of water vapor, which is known to
influence significantly the catalytic activity of Cu-loaded
zeolites for NO conversion. Modifications of the EPR pa-
rameters usually indicate changes in the Cu2+ coordina-
tion, as has been reported by authors who have studied
this type of zeolite by EPR (5–9). Understanding the evo-
lution of the Cu2+ coordination with the outgassing treat-
ments and the changes induced by subsequent adsorption
steps will help to determine the differences in the cop-
per species formed in the zeolite as result of two differ-
ent cation-exchange methods. On the other hand, if (some
of) the Cu2+ species present in the two zeolites are dif-
ferent, their detailed study, in connection with the results
of NO or NO plus O2 adsorption experiments, might ex-
plain the previously observed different reactivity of these
samples.
2
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METHODS

The ZSM-5 zeolite was prepared in the presence of
propylamine template and calcined in air at 823 K to ob-
tain the hydrogen form. The Si/Al ratio was 25.1 and the
Al content was 0.64 mmol g−1, with an ion-exchange capac-
ity of 0.60 mmol NH+4 g−1. Two samples containing about
2 wt% copper were prepared. One sample (SR) was ion
exchanged via solid-state reaction between H-ZSM-5 and
CuO: the fine powders of the zeolite and the copper com-
pound were thoroughly mixed and heated, at 10 K min−1

ramp rate, in a stream of nitrogen up to 873 K, and were then
kept at the same temperature for 1 h. For the liquid solution
ion-exchanged sample (LS), H-ZSM-5 was first converted
to the sodium form by titrating the zeolite with a 0.1 M
NaOH solution, and then the sample was washed and dried.
A 5.4 g amount of this Na-ZSM-5 was stirred in a 350 cm3

solution of 0.01 M Cu(CH3COO)2 during 5 h and centri-
fuged, this procedure being repeated twice, finally, the ma-
terial was washed with distilled water and dried in air at
353 K. The compositions of both catalysts, measured by
atomic absorption, were very similar: [Cu]= 0.30 mmol g−1,
[Al]= 0.63 mmol g−1 (thus, Cu/Al ratio= 0.48). Sample LS
contained only residual sodium ([Na]= 0.01 mmol g−1).

EPR spectra were recorded at 77 and 298 K with a Bruker
ER-200D spectrometer, operating in X-band and calibrated
with a DPPH standard (g= 2.0036). Portions of the sam-
ples, about 20 mg, were placed in a quartz probe cell with
double greaseless valves, using a conventional high-vacuum
line for the outgassing and gas adsorption treatments. NO
adsorption was carried out by introducing a known gas pres-
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sure in the volume between two cell valves (ca. 5 cm , cor- explained in the Discussion. Note that, although the spec-

responding to 0.26 µmol/Torr; 1 Torr= 133.3 N m−2) and

TABLE 1

Spin-Hamiltonian Parameters and Ligand Field Parameters Obtained from Them, Determined for the EPR
Signals Found in the Cu-ZSM5 Samples

EPR parameters Ligand field
(A and Q values in units of 10−3 cm−1 or [Gauss]) parameters

Signals g‖ g⊥ 〈g〉 A‖ A⊥ |Q| 1xy/λ δ/λ α2

I ∼2.19
A′ 2.386 2.082 2.1833 −15.15 [136] ∼−0.9 [9] nd 18.0 3.6 0.892
A′′ 2.398 ∼2.08 ∼2.186 −14.0 [125] nd nd 16.8 ∼3.4 nd
B 2.343 2.0665 2.159 −17.2 [157] −1.5 [15.5] 0.45 20.3 6.3 0.893
C′ 2.329 2.063 2.152 −15.5 [142] −1.8 [18.5] nd 19.2 6.7 0.822
C′′ 2.355 ∼2.063 ∼2.161 −15.5 [144] ∼−1.8 [18.5] nd 18.5 ∼8.3 ∼0.847
C′′′ 2.314 2.059 2.144 −16.85 [156] −1.35 [14] 0.35 21.2 7.8 0.858
D′ 2.281 2.0535 2.1295 −17.9 [168] −2.05 [21.5] nd 23.0 8.3 0.831
D′′ 2.280 2.055 2.13 −18.5 [174] −2.1 [22] <0.2 23.5 7.5 0.850
OI ∼2.4

OII g1= 2.265 g2= 2.125 g3= 2.075 〈g〉= 2.155

N g1= 2.0035 g2= 1.9975 g3= 1.8845
A(Cu)1= 14.5 [155] A(Cu)2= 16.0 [171] A(Cu)3= 16.8 [191]

tra afford absolute values only for the A and Q parameters,
A(N)2= 2.6 [28]
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expanding it to the sample cell. In a typical low-dose exper-
iment, 5 Torr of NO are expanded over the sample. The
unpaired electrons detected in the spectra were quanti-
tated by comparing the corresponding doubly integrated
intensities with that of a copper sulfate standard. To de-
termine the signal parameters with higher accuracy and
separate the contributions of the signals when they ap-
pear overlapped, computer simulations were carried out,
using an in-house program based on standard second-order
perturbation formulas or, when nuclear quadrupole cou-
pling had to be included, an adaptation of the program
QPOW (10) based on exact diagonalization of the spin
Hamiltonian.

RESULTS

The EPR spectra obtained for the Cu-ZSM5 samples
subjected to varied treatments presented several signals as-
cribable to copper species. The corresponding EPR param-
eters, together with ligand field parameters derived from
them (see Discussion), are presented in Table 1. In all cases
the EPR parameters presented in this table are derived
from computer simulations, rather than from direct mea-
surements of peak positions; as is well known (11), the lat-
ter are influenced (mainly in the high field region) by the
presence of extra singularities and by the effects of nuclear
quadrupole coupling, which may lead to changes in peak
amplitudes and to the appearance of “forbidden” transi-
tions (involving change in the nuclear quantum number MI)
between the high-field peaks. Table 1 also includes values
of ligand field parameters obtained from the EPR values as
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FIG. 1. EPR spectra at 298 K of sample LS: hydrated (a) and out-
gassed at 298 K at 10−3 Torr (b) and at 10−4 Torr (c).

both A‖ and A⊥ are given in Table 1 with negative signs, as
only then can they be compatible with acceptable values of
ligand field parameters.

I. Effect of Outgassing Treatments
on the Hydrated Cu-ZSM-5

A. Sample Prepared by Liquid Solution Ion Exchange

The EPR spectrum of the hydrated sample LS, recorded
at Tm= 298 K (Fig. 1a), showed mainly a broad non-
isotropic signal without hyperfine structure, denoted here
as type I, with extrema at g= 2.24 and 2.11. Individual
principal values of the g tensor are not resolved; several
computer simulations representing (imperfectly) the ob-
tained shape yield average g values around 2.19. The ob-
servation of a hyperfine structure (hfs) of several equi-
spaced weak peaks at the low-field side of the spectrum,
with positions corresponding to parameters g= 2.340 and
A= 125 G, indicates the presence of a second minor signal.
The spectrum-integrated intensity corresponded to 95% of
the total sample copper content. When the sample is cooled
at 77 K, signal I is no longer observed, and the spectrum,
Fig. 2a, is formed mainly by an axial signal A′with g‖= 2.386,
g⊥= 2.082, A‖= 136 G, and A⊥= 9 G (the latter splitting
was not resolved but could be estimated via computer sim-
ulation, as it determines the relationship between the tail
slopes and peak-to-peak widths of the high-field feature).

After mild outgassing (10−3 Torr) for 1 h at Tv= 298 K,
the spectrum obtained at Tm= 298 K, Fig. 1b, was formed
by a type I signal, with shifted extrema and lower intensity
than before outgassing, overlapping a partially resolved A
type signal that appeared with g‖= 2.370 and A‖= 125 G; its

g⊥ and A⊥parameters are not resolved. The total integrated
intensity of this spectrum corresponded to 69% of the to-
T AL.

FIG. 2. EPR spectra at 77 K of sample LS: hydrated (a) and outgassed
at 298 K at 10−3 Torr (b) and at 10−4 Torr (c).

tal copper present. The spectrum obtained at Tm= 77 K
(Fig. 2b) was formed by an overlapping of signal A′ (with
lower intensity than in the hydrated sample) and another
similar one (A′′) with g‖= 2.398 and A‖= 125 G; again, for
this latter signal g⊥ and A⊥ could not be resolved, as the
corresponding features overlapped those of signal A′.

A somewhat deeper outgassing (achieving a residual
pressure of 10−4 Torr) at 298 K produced significant modi-
fications in the spectra, as well as an additional decrease of
the intensity, that now reaches a value equivalent to 59%
of the total copper. For Tm= 298 K, the spectrum (Fig. 1c)
showed a new peak at high field evidencing a new signal with
a g⊥ value lower than that of A type signals; for Tm= 77 K,
Fig. 2c, this new signal (B) appeared better resolved. Fur-
ther outgassing at temperatures of 323 and 353 K led to
a decrease, until practical vanishing, of signals I and type
A, with almost exclusively signal B remaining, Figs. 3a,b
FIG. 3. EPR spectra at 298 K of sample LS outgassed at Tv=
323 K (a), 353 K (b), 383 K (c), and 413 K (d).
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FIG. 4. EPR spectra at 77 K of sample LS outgassed at Tv= 323 K (a),
353 K (b), 383 K (c), and 413 K (d).

and 4a,b. This allowed us to determine the EPR param-
eters (given in Table 1) with higher accuracy, including a
nonnegligible nuclear quadrupole coupling Q which had to
be introduced to achieve good simulation of the high-field
features. It is noted that the integrated intensities of the
spectra shown in Figs. 3a and 4a and in 3b and 4b corre-
spond to 56% and 27% of the total copper, respectively.
The evolution of the spectrum intensity with increasing Tv

is shown in Fig. 5.
Heating the sample in vacuo at 383 K did not produce any

further significant decrease of the spectrum integrated in-
tensity; the spectra obtained at Tm= 298 and 77 K (Figs. 3c
and 4c) presented similar features, both of them being
formed by signal B (now minority) and two new types of sig-
nals, denoted as C and D′, characterized by better resolved
high-field components. For the C-type signal, the hyperfine-
split quartet of the parallel component shows a broadening,
and the high-field line of the latter appears to be split, indi-
cating the presence of two slightly different signals type C in
FIG. 5. Evolution of the spectrum intensity (recorded at Tm= 298 K)
with increasing Tv for sample LS (a) and SR (b).
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different amounts, named here C′ and C′′, of which only the
first remains at the highest outgassing temperature used;
also, the improved resolution of the high-field part now al-
lows determination at the hyperfine splitting constants A⊥
for signal D′ and the main signal of type C (C′) (see Table 1),
although their overlapping precludes verification of the
presence of nuclear quadrupole coupling effects. Further
outgassing at Tv= 413 K did not produce any significant
change of the spectrum intensity; signal B practically dis-
appeared, while the relative contribution of signal D′ to the
spectrum increased, Figs. 3d and 4d.

B. Sample Prepared by Solid State Reaction

A similar study of the effect of Tv on the EPR spectrum
was carried out on sample SR. One important difference
noted in this case is the presence of a very broad signal OI,
Fig. 6, with g≈ 2.4 and width 1Hpp≈ 2000 G, which is ob-
served clearly in all the spectra obtained at 298 K and is not
significantly modified in shape by outgassing treatments. It
is noted that decreasing the temperature to Tm= 77 K does
not produce the expected ca. fourfold increase in the inten-
sity of this signal due to the Boltzmann factor; rather, the
signal is broadened so that its amplitude actually decreases.
This indicates ferromagnetic-type behavior for the species
producing this feature. No such line was ever observed in
sample LS.

Together with this broad component, typical Cu2+ sig-
nals also appear, which are similar in shape and parame-
ters to those detected for sample LS; their intensities, how-
ever, behave differently. In the initial hydrated state the
integrated intensity of these signals accounts for only ca.
30% of the total copper present in the sample, and then
remains nearly unchanged during outgassing at increasing
temperatures, so that for Tv= 383 K it matches the value
reached by sample LS; see Fig. 5. Apart from this, the trans-
formations of these signals which occur upon outgassing of
the sample at increasing Tv were relatively similar to those
observed for sample LS (spectra not shown). Some small
FIG. 6. EPR spectra of hydrated sample SR at 298 K (a) and 77 K (b).
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variations in the values of the parameters of some signals, in
relation to those of similar signals obtained for sample LS,
were found necessary to improve the simulation of some
of the spectra, but, in general, the results indicate that the
same signals type A, B, C, and D′ are present and appear in
similar sequences in the spectra of both samples. As main
differences, it can be noted that the appearance of signal
type B occurs at lower Tv for SR than for LS, while the
total transformation of the species originating signals type
A (mainly A′) to produce signal B required a higher Tv.
Signal D′ also started to appear at higher Tv for SR than
for LS, and always remained smaller than in this latter
sample.

II. Effect of NO and/or O2 Adsorption on the Samples
Outgassed at 413 K

A. Sample Prepared by Liquid Solution Ion Exchange

O2 adsorption (1 Torr) at 298 K on sample LS previously
outgassed at 413 K (Fig. 7a) produced a decrease of the
spectrum intensity, due to the decrease of C-type and D′

signals, that is not compensated for by the formation of
any new signal (Fig. 7b). This may be due simply to broad-
ening of the signals by dipolar magnetic interaction with
the physisorbed oxygen molecule; indeed, reoutgassing at
RT reversed the effects produced by the contact with O2,
showing that no significant redox reactivity is involved in
this interaction.

FIG. 7. EPR spectra at 77 K of sample LS outgassed at 413 K (a) and
contacted with O2 (1 Torr) (b). Contacted with NO (5 Torr) at 298 K after

outgassing at 413 K (c), contacted at 298 K with 20 Torr of NO (d), and
subsequently outgassed at 298 K (e).
T AL.

NO adsorption (5 Torr) at 77 K on the sample out-
gassed at 413 K (displaying a spectrum with integrated
intensity corresponding to 27% of total Cu) produced a
small decrease of spectrum intensity that affected both
C- and D′-type signals. When the sample was warmed in
the closed cell at 298 K for 5 min (Fig. 7c), signal D′

strongly decreased. Signal C also decreased somewhat,
but the total spectrum intensity did not decrease (rather,
it increased a little, recovering the 26% level); this was
due to the formation of a new signal N, with gx= 2.0035,
gy= 1.9975, and gz= 1.8845, and displaying two superim-
posed hyperfine splittings: one of four lines, with coupling
constants Ax= 14.5 × 10−3 cm−1, Ay= 16.0 × 10−3 cm−1,
Az= 16.8 × 10−3 cm−1, and another one of three lines (cou-
pling to N, I= 1) with AN

x = 0.4× 10−3 cm−1, AN
y = 2.6×

10−3, and AN
z = 0.45× 10−3 cm−1. Computer simulations re-

producing the shape of this spectrum (see dashed line in
Fig. 7c) indicated that this latter signal represents about
30% of the total integrated intensity of the spectrum in
Fig. 7c; this is visualized in the single integral of the spec-
trum (absorption curve), see inset in Fig. 7. It was noted that
after the sample had been left within the closed cell at room
temperature for several hours the spectrum increased sig-
nificantly in intensity (up to 33% of Cu content), due mostly
to an increase in signal type C.

NO was adsorbed also in higher and lower amounts. Thus,
in one experiment a small NO pressure (below 1 Torr), cor-
responding to ca. 0.04 mmol · g−1, was contacted with a por-
tion of sample LS preoutgassed at 413 K, which displayed
(before NO adsorption) a spectrum with an intensity ac-
counting for 20% of the total Cu present. After contact
with NO for 5 min at RT, signal N developed to almost
the same extent as in the experiment with 5 Torr of NO
described above, the total integrated intensity of the EPR
signal then reflecting spins equivalent to 22% of the total
Cu present in the sample. Keeping the sample at the same
temperature for 2 h increased the spectrum intensity appre-
ciably (again, mainly that of the signal type C component;
signal N remained almost unchanged), up to the equivalent
of 25% of the copper present.

Adsorption of a higher amount of NO (a 20-Torr dose),
on the other hand, produced a greater decrease in spec-
trum intensity, mainly of signal type C, but also of signal
N, the contribution of which now represented ca. 25% of
the total integrated intensity (Fig. 7d). Outgassing at 298 K
produced an increase of the spectrum intensity (due to an
increase in signal type C, as signal N was unchanged); its
value, now corresponding to 36% of the total copper con-
tent, was higher than that observed previous to the NO
adsorption (27%). The spectrum is now formed mainly by
a signal type C (named C′′′), a smaller signal C′ and signal N
(Fig. 7e). Subtraction of the spectra in Fig. 7d and e isolates

′′′
to measure its g and A parameters accurately, to verify the
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FIG. 8. EPR spectra at 77 K of sample LS outgassed at 413 K (a),
contacted with NO (30 Torr) and O2 (15 Torr) at 298 K for 5 min (b) and
after subsequent outgassing at 298 K (c). (d) Computer-simulated signals
D′′ and OII which best reproduces spectrum c.

presence of nuclear quadrupole coupling effects in this sig-
nal and to estimate the value of the corresponding constant
Q (Table 1).

Adsorption at 77 K of a mixture of NO (30 Torr) and
O2 (15 Torr) on sample LS outgassed at 413 K (Fig. 8a)
produced a decrease of the spectrum intensity; however,
after the sample was warmed at 298 K, the spectrum inten-
sity showed a fast increase (up to 70%) during the first few
minutes (Fig. 8b) and a slower one afterward. Outgassing
at 298 K produced an additional increase, so that now 90%
of the total copper was detected as Cu2+ (Fig. 8c). This de-
tection of almost all the existing copper as Cu2+ species is
observed not only in the form of an increase of the signals
of isolated Cu2+ cations (mainly as a type D signal, which
we name D′′, together with a smaller contribution of type
C signals), but also by the formation of a new broad sig-
nal OII (Fig. 8d). The shape of this signal can be estimated
approximately by subtracting from the spectrum in Fig. 8d
the shape (computer-simulated) of signal D′′; the difference
spectrum, which can best be reproduced with parameters
g1= 2.265, g2= 2.125, and g3= 2.075, does not present any
resolved hyperfine splitting. Figure 8e displays the shapes
of the signals D′′ (well resolved) and OII (broad), which
give a good simulation of this experimental spectrum. It
was noted that signal D′′ was best reproduced without in-
cluding significant nuclear quadrupole interaction in the
simulation.

B. Sample Prepared by Solid-State Reaction Ion Exchange
Experiments involving NO adsorption were carried out
also on sample SR, producing signals with shapes similar to
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those observed for sample LS (spectra not shown). NO ad-
sorption (5 Torr dose) at 77 K on the sample preoutgassed
at 413 K produced an important decrease of the spectrum
intensity, due to the decrease of signals C and D′; an inten-
sity recovery is observed on warming the sample at 298 K,
with the simultaneous formation of signal N. Signal OI did
not show any significant modification in this process. Out-
gassing at 298 K produced an increase in spectrum intensity,
to reach a value a little higher than that obtained previous
to the NO adsorption. The spectrum is formed mainly by
signals C′′′, C′, and N.

Adsorption at 77 K of a mixture of NO and O2 on sample
SR, outgassed at 413 K, produced a significant decrease
of the spectrum intensity as in the case of sample LS, but,
after warming at 298 K, there was no important intensity
increase. After outgassing at 298 K, the spectrum was again
dominated by the sharp features of a D-type signal, as in
sample LS, but differed from the latter in that its integrated
intensity was only a little higher than before adsorption of
the NO+O2 mixture.

DISCUSSION

I. Effects of Outgassing

The overall evolution of the ESR spectra observed here
for sample LS upon outgassing at room or moderate tem-
peratures, and the corresponding interpretation, are in ac-
cordance with those reported in previous literature works
for ZSM-5 (or other zeolites) exchanged with Cu2+ (5–9,
12). Thus, the relatively broad spectrum recorded at RT for
the hydrated specimen, in which neither hyperfine structure
splitting nor features corresponding to individual g values
are resolved, corresponds to fully hydrated, sixfold coordi-
nated Cu2+ ions. In principle, these will have their octahe-
dral ligand coordination distorted (tetragonally elongated)
due to a Jahn–Teller effect, giving rise to an asymmetric
EPR spectrum with axial-type shape, but a fast tumbling
movement (or a reorientation of the distortion axis) of the
complex in the near-liquid environment of the completely
hydrated zeolite pores tends to average the g tensor compo-
nents and obliterates the hyperfine splitting. Upon freezing
at 77 K, this tumbling or reorientation stops and a typical
anisotropic (axial) spectrum, with well-resolved hyperfine
structure at least in the parallel component, is observed.
Signal integration indicates that such a spectrum essen-
tially accounts for all copper present; thus di- or polynu-
clear hydroxide-bridged species, which are known to oc-
cur in moderately alkaline solutions and which would not
produce such an ESR spectrum, are not present here to a
significant extent.

Probably, those mononuclear hydrated species are not
located in the zeolite channels themselves; the internal di-

mensions of these, around 0.53 nm free diameter, are pos-
sibly too narrow to contain without restrictions the larger
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[Cu(H2O)6]2+ ions (with equivalent diameter presumably
above 0.6 nm). These are more likely to lie at the intersec-
tions of these channels, which provide more room to acco-
modate such complexes, although probably not more than
one of them at a time. Note that there are four such inter-
sections per unit cell, so that the composition of the sample,
containing 3.7 Al ions/unit cell, implies the presence of 0.45
Cu ions per channel intersection. The noticeable asymmet-
ric character of the RT spectrum indicates that the men-
tioned averaging is not complete; this may be due simply to
some hindrance to rotation suffered by the hydrated ions in
the cavities or when they approach the channel openings.
Indeed the shape of the observed spectrum is not so close to
the shape of an isotropic spectrum as that observed in wider
pore zeolites such as Y (12). One additional reason for such
an effect, in zeolites with higher Si/Al ratio and therefore
with a more sparse spatial distribution of Al sites, could be
imperfect compensation of the internal electric fields when
two monovalent cations are substituted by a divalent one,
which may lead to stronger electrostatic interactions on the
copper complex, further affecting its movement.

Gradual desorption of water upon outgassing at room
or higher temperatures leads first to disappearance of the
liquid-like environment, so that the complex no longer tum-
bles but is immobilized on the zeolite pore walls; further
elimination of water leads to direct bonding of the Cu ion
to zeolite framework oxygens (these replacing some of the
lost water ligands) and eventually to a decrease in the co-
ordination of copper, giving typically square pyramidal or
square planar geometries. For these, the EPR spectra would
have in all cases shapes characteristic of axial (tetragonal)
symmetry, which corresponds to the unpaired electron lo-
cated mostly in a d(x2− y2) orbital of the Cu ion. It must
be noted that, although initially only [Cu(H2O)n]2+ species
are expected to occur with at most small amounts of hy-
drolized [Cu(H2O)n−1(OH)]+ ions [which require moder-
ately alkaline solutions or overexchange conditions during
preparation (7, 13)], such hydrolysis might occur during
thermal dehydration, allowing detached protons to spread
over the lattice and thus neutralize more effectively the
overall framework negative charge, less shielded after elim-
ination of the aqueous dielectric medium. Thus some of the
detected species could be of [Cu(H2O)x(OH)]+ type.

The changes in coordination are reflected in the values
of the EPR parameters observed, which can be used to
characterize the ligand field environment of the species in-
volved. Accurate relationships between these parameters
and the molecular orbital compositions and energies can
be established through complex expressions which may in-
volve a number of variables (14). Here we will use the more
practical expressions given by Kivelson and Neiman for d9

ions in D4h symmetry (15) and will further simplify them by

assuming that the only significant covalency effects reside
in the mixing between the d(x2− y2) orbital of the Cu ion
T AL.

and the corresponding symmetry-adapted combination of
ligand orbitals. One then obtains

A‖ = −P[α2(κ0 + 4/7)− (1g‖ + 31g⊥/7)(1+ τ)],
A⊥ = −P[α2(κ0 − 2/7)− (111g⊥/14)(1+ τ)],

with

τ = α′S/(α − α′S),
1g‖ = g‖ − 2,

1g⊥ = g⊥ − 2.

Here P= 2βeβN〈r−3〉 (for the half-occupied orbital), κ0

is the Fermi contact term of the Cu2+ ion (with a value nor-
mally around 3/7),α andα′ are the respective coefficients of
the copper d(x2− y2) and ligand-combination contributions
to the semioccupied orbital, and S is the overlap between
the latter; α, α′, and S are linked by the normalization con-
dition

α2 + α′2 − 2αα′S= 1.

Thus the parameter α2, describing the d(x2− y2) charac-
ter of the unpaired electron and thus the covalency of the
Cu–ligand bond (α2= 1 means no covalent character at all),
can be computed from the g and A values. Also, within the
same approximation scheme,

g‖ − ge = −8[α2/(1+ τ)]/(1xy/λ),

g⊥ − ge = −2[α2/(1+ τ)]/(1xz/λ),

where λ is the Cu2+ spin–orbit coupling constant for the d
orbitals, and1xy and1xz are the energy separation between
the semioccupied d(x2− y2) and the filled dxy and (dxz, dyz)
orbitals, respectively.1xy is a measure of the ligand field (in
the equatorial plane), while the tetragonal distortion can
be quantified with δ= (1xy−1xz), equal to the difference
in energy between the dxy and (dxz, dyz) orbitals.

Thus, using the values (15) P= 0.036 cm−1, S= 0.076 (for
oxygen-type ligands; results are not very sensitive to this
parameter here), and λ=−828 cm−1 (the free ion value),
one can obtain α2, 1xy, and δ; the corresponding values
(with1xy and δ given in units of |λ|) are included in Table 1.

The general trend observed upon outgassing indicates an
increase in ligand bond covalency (decrease inα2), in ligand
field (1xy), and in distortion from octahedral symmetry (δ).
Several groups can be discerned on the basis of the ligand
parameters. Type-A signals, ascribable to hexacoordinated
species, have low δ and high α2; type-D signals correspond
to square planar geometries, and have high 1xy and low Q
(the lack of axial ligands pushes the equatorial ones toward
the cation, increasing the ligand field and balancing bet-

ter the intraatomic quadrupole field of the d(x2− y2) hole).
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Type-C signals with intermediate 1xy can be ascribed to
square pyramidal geometry. Signal B is less easy to ascribe,
as its crystal field parameters1xy and δ are similar to those of
the species with square pyramidal geometry, but the lower
covalency degree and higher quadrupole coupling make it
closer to that of the hexacoordinated species giving type-
A signals. Since B-type species (the only ones detected at
the Tv= 353 K stage) produce upon dehydration the square
pyramidal species C (and subsequently species D), one pos-
sibility is to ascribe them to hexacoordinated species, which
would differ from A-type species in having a higher num-
ber of zeolite oxygen atoms in their coordination environ-
ment. The alternative is to ascribe them to pentacoordi-
nated species where the number of water molecules and the
number of zeolite oxygens in the coordination sphere are
respectively larger and smaller than those of C-type species.
Both would agree with the EPR-ESEM data by Anderson
and Kevan which show that, after prolonged evacuation at
RT of a Cu-exchanged Na-ZSM5 zeolite (a situation which
produces here mainly signal B), the main species detected
is coordinated to three water ligands.

Apart from these considerations on the observed ESR
spectra, an important point concerns the signal intensities
measured. For sample LS these indicate that, as soon as
water elimination by outgassing begins, some Cu2+ ions (all
of them initially observable by EPR) are transformed into
species which escape EPR detection; the minimum inte-
grated signal intensity is reached for outgassing tempera-
tures of ca. 385 K. A decrease in the EPR signal intensity of
Cu2+ in ZSM-5 zeolite upon outgassing has been reported
in previous works (7, 13). The same effect was reported by
us some time ago for Cu-exchanged Y zeolite (16); a rel-
evant fact, observed in this latter work as well as in the
results reported by LoJacono et al. (13) for Cu-ZSM-5, is
that measurements of the magnetic susceptibility indicated
in both cases no loss in this observable during this pro-
cess. In fact, the T-dependent magnetic data obtained in
(13) followed a pure Curie law, indicating that all Cu ions
behaved essentially as paramagnetic species without ex-
periencing significant ferro- or antiferromagnetic interac-
tions; comparison of inverse magnetic susceptibility plots
presented by those authors clearly indicates that the de-
crease in susceptibility found in that work for outgassing
temperatures at least up to 423 K is not larger than ca. 5%.
Thus the important decrease in EPR signal (down to less
than 20% of the initial value in some cases) is not due to
reduction of Cu2+ to Cu+ (or lower) redox state, nor to
coupling of the unpaired electrons into a paired or other
strongly magnetically interacting state. In our earlier work
it was ascribed to positioning of Cu2+ in some of the 3-
fold cation positions of the Y zeolite, which together with
a specific water ligand location led to trigonal symmetry

with a nearly degenerate ground state and strong spin–
lattice relaxation (due to the presence of low-lying excited
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states) so that the EPR signal was broadened beyond detec-
tion.

In the present case, such an interpretation is less easy
to justify, as ZSM-5 has intrinsically no trigonal symmetry
sites. Possibly in some cases, i.e., for some combination(s)
of water/zeolite ligands numbers and positions, these latter
adjust themselves so that a near-degenerate ground state
with spin–lattice relaxation characteristics similar to those
mentioned above appears. However, it is noted that un-
detectable copper is not only formed in the sample only
briefly outgassed at RT in which mobility of the visible
Cu2+ (Fig. 1b), all of it hexacoordinated, indicates that a
significant amount of near-liquid water still exists; it is also
formed (and represents most of the copper) in the sam-
ple outgassed at 413 K, in which square-planar and square-
pyramidal Cu2+ ions coexist. It does not seem probable that
the EPR-invisible Cu2+may have the same coordination in
both situations, so the explanation of this undetectability in
terms of a fast spin–lattice relaxation due to specific coor-
dination symmetry seems again little likely. An alternative
explanation would assume that, with a decrease in the num-
ber of water molecules, some interaction between Cu2+ ions
appears, e.g., via Cu–(OH2)---(OH)–Cu fluctuating hydro-
gen bonds, which leads to spin–spin relaxation via magnetic
coupling (weak, as the Cu–Cu distance will be relatively
large, easily of 0.5 nm or above), resulting again in a large
broadening of the spectra. This interaction might be con-
served even if the number of coordinated water molecules
changed (so long as some of them remain to keep the hy-
drogen bond, if this latter is essential), thus explaining the
possibility of having this effect for rather different degrees
of sample hydration. In any case, further work still needs to
be done to achieve a definitive interpretation of this fact.

Overall, the results indicate that, upon prolonged low-
temperature outgassing, in a first stage (below ca. 350 K)
hexa- (and maybe penta-)coordinated Cu species strongly
bound to the zeolite lattice and detectable by EPR ap-
pear while simultaneously other Cu ions transform into
paramagnetic but EPR-undetectable species, and later on
some part of those hexacoordinated cations transform
into the undetectable form while the rest end up as de-
tectable square pyramidal and planar species. This makes
it likely that the undetectable species are also five- or four-
coordinated complexes, but further details cannot be given
from these data.

II. Effects of NO Adsorption

Adsorption of NO at room temperature leads to the gen-
eration of the new species N while Cu2+ species decrease,
especially signal D, which practically disappears. A signal
quite similar to N was found by Giamello and Sojka et al.

(17) upon reaction of NO with a ZSM-5 zeolite contain-
ing Cu+, being ascribed there to a (Cu–NO)+ complex with
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the unpaired electron residing mostly on the N atom. This
species was found by these authors to be detectable also
by IR spectroscopy through a characteristic band located
at 1811 cm−1.

In our case, one first point to discuss is whether signal N
could arise from Cu+ ions existing prior to NO adsorption.
Our results do not allow us to verify directly whether such
Cu+ was present just before NO adsorption, and cannot
therefore give a conclusive answer in this respect. How-
ever, we may recall that, as mentioned above, the results
of Lo Jacono et al. (13) indicate that the amount of Cu+2

which may be reduced to Cu+ by outgassing at the low tem-
perature used here (413 K) should be less than ca. 5%; the
total amount of spins represented by signal N which are
found here (Fig. 7) corresponds to ca. 8% of the total Cu
present in the sample. This figure seems noticeably higher
than that deduced from the work of Lo Jacono et al. On
the other hand, the change found here in the overall in-
tegrated intensity of the spectrum upon NO adsorption at
room temperature is substantially smaller than the amount
of the new signal N formed. This means that the amount
of signal N found is rather similar to the amount of Cu2+

which has disappeared from the spectrum, which hints at a
cause-to-effect relationship rather than to a casual fact.

These two observations together suggest that in our case
the process could be described essentially as the formation
of species N at the expense of Cu2+ species, mostly of the
kind which previously produced signal D. This must then
involve both reduction of Cu2+ by one NO molecule and
interaction with a second NO, the first step being probably
the formation of a weak Cu–NO adsorption complex (dia-
magnetic but detectable by IR) as is well known to occur in
these systems (17),

Cu2+ +NO⇐⇒ (Cu+–NO+), [1]

followed by its reduction to form the EPR-visible complex,

(Cu+---NO+)+NO→ (Cu–NO)+ +NO+. [2]

The fate of the NO+ species thus formed is unclear. It
probably does not stay as a second NO+ ligand coordinated
to the Cu ion; if it did, the Cu+–NO complex formed would
probably have ESR parameters different from those re-
ported in (17) and would show hyperfine coupling to two N
nuclei. More likely it gives rise to HNO2 or nitrites upon in-
teraction with remaining water or OH− groups via a process
such as

NO+ +H2O→ HNO2 +H+. [3]

It must be noted that reaction [3] might occur concerted
with [2], i.e., that the elimination of NO+ could occur

− +
through interaction with water (or OH ), so isolated NO
would not need to appear. Also, the elimination of NO+
T AL.

(water-assisted or not) might occur before the reaction with
the second NO molecule, i.e., with intermediate production
of Cu+ which would subsequently produce the paramag-
netic (Cu–NO)+ complex. It is particularly interesting to
note that these reactions seem to affect the square pyra-
midal species which give EPR signal C much less than the
four-coordinated ones.

To our knowledge, such EPR detection of a (Cu–NO)+

complex upon NO adsorption on Cu2+ species has not been
reported previously. However, the work in Ref. (17a) does
show that, when an oxidized Cu-ZSM5 sample (i.e., one
which was outgassed at 873 K, in contact with O2 at 673 K for
1 h, cooled to 298 K, and finally outgassed at 298 K), which
can be assumed to contain no Cu+, was contacted at 298 K
with NO (0.07 Torr and above), the IR spectrum showed, to-
gether with the band at 1912 cm−1 characteristic of the (Cu–
NO)2+ species, a small amount of the band at 1811 cm−1,
indicating formation of (Cu–NO)+ and thus showing that
the latter species can form (even if in small amounts) upon
NO adsorption on samples which should contain no Cu+.
This would agree with the mechanism given above; in this
case, in which the material has been thoroughly dehydrated,
O2− ions (possibly incorporated into small CuOx clusters)
resulting from the oxidizing treatment could play the role of
water (or OH−) for reaction [3] above, NO−2 ions being pro-
duced in this case. Unfortunately, that work did not mention
whether the EPR spectra in this situation (which were not
shown) displayed the signal due to the latter complex with
significant intensity.

In any case, if other works in the literature, involving
NO adsorption on samples containing only Cu2+, failed to
reveal the (Cu–NO)+ species, this would not necessarily dis-
prove the mechanism proposed above, since NO adsorption
experiments are most frequently carried out on materials
which have been thoroughly dehydrated by outgassing at
temperatures higher than used here, and it might be that,
as said above, water (or OH−, or O2− ions of some type
produced only by oxidation) were necessary to remove the
NO+ species formed and complete the reaction effectively.

In principle, one cannot ensure from our spectra whether
there is a chemical reaction between added NO and the
EPR-undetectable Cu2+ species. Certainly no paramag-
netic product seems to result. In addition, the fact that the
above-described process leading to formation of complex
[Cu–NO]+ proceeds to a similar extent even if the amount
of NO added is clearly smaller than the amount of unde-
tected copper shows that, if some reaction of the latter with
NO ever takes place at RT, it only happens after the reac-
tion of NO with the EPR-detectable copper has been com-
pleted. The impression is, rather, that the EPR-undetected
copper does not react with NO at RT. In view of the un-
reactive character of type C species toward NO, it seems

reasonable to hypothesize that the undetectable ones are
not four-coordinated but five-coordinated. The possibility
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that they correspond to some type of trigonal bipyramid
(to explain their undetectability via the trigonal symmetry
alternative) remains open.

Reaction of the undetected copper does seem to occur at
RT in a slower process taking place after the formation of
the (Cu–NO)+. In a reaction lasting 1 h or more, the total
intensity of the spectrum increases, implying that some pre-
viously undetected copper has changed to a situation where
EPR detects it, mostly as a C-type signal (i.e., a square pyra-
midal species). The amount of additional Cu appearing in
the spectrum is never a large fraction, even if the amount
of NO added is largely in excess; rather, it is similar to the
amount of (Cu–NO)+ complex initially formed. It seems
thus likely that this increase results from a reaction between
some of the additional products being formed in processes
[1]–[3] above and the undetected Cu species, producing in
the latter a change in coordination or a breaking in the in-
teraction between Cu ions (in case the latter were the origin
of the undetectability of Cu2+). Here one should note that
the type C species remaining after NO adsorption appear
with lower intensity under NO pressure than after this lat-
ter is outgassed. This corresponds certainly to formation
of a weak adsorption state of NO, according to step [1]
above, which can be reversed by RT outgassing. The re-
sults here indicate that this weak bond quality applies to
the five-coordinated species, not to the square complexes
producing signal D′. Of course, it is possible that the EPR-
undetectable species, which have been proposed above to
have a five-coordinated structure, also act as sites for this
weak type of adsorption, but this cannot be observed in our
EPR experiments.

A remarkable fact is the complete transformation pro-
duced in the EPR spectrum upon contact of the previ-
ously outgassed sample with NO and O2 at room tem-
perature. First, the (Cu–NO)+ complex disappears, and no
N-containing radical products (such as NO2) are seen. One
possible process for this is the formation of peroxynitrite,
an unstable species that, although able to generate some
amounts of reactive radicals such as OH, mostly transfoms
by isomerizing to the stable nitrate ion (18):

(Cu–NO)+ +O2 → Cu2+ +ONOO−, [4]

ONOO− → NO−3 . [5]

Such reaction of a Cu+–NO complex with O2 to give a
Cu2+−NO−3 species is known in coordination chemistry
(19), but of course there might be also other processes. For-
mation of nitrate during NO decomposition in these cata-
lysts has indeed been indicated previously (20). Note that
the several reaction steps [1]–[5] given above sum up to

2NO+H2O+O2 → HNO2 +NO−3 +H+, [6]
i.e., a Cu2+-catalyzed oxidation of NO. Most notably, the
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C-type species, which scarcely react with NO alone, com-
pletely disappear; and furthermore, the integrated intensity
of the final EPR spectrum now accounts for all the copper
present. The resulting spectrum contains both a D-type sig-
nal, corresponding to a square planar species, and a less
resolved signal; although a hyperfine structure cannot be
discerned in this latter, and thus cannot be subjected to the
theoretical analysis given above, it is noted that its average
g value (〈g〉= 2.0155) is closer to those of type-C signals, so
a five-coordinated species seems more likely. The fact that
these two signals appear with integrated intensities in ca.
1 : 1 proportion does not allow a simple formation scheme
such as assuming that one of them results from the EPR-
undetected species (which represented before the reaction
more than 70% of the total copper) and the other one from
(some of) the EPR-detected species.

Overall, it seems that all the Cu is transformed into one
of these two species after the reaction with NO+O2. One
gets the impression that, once a ligand such as nitrate (or
maybe nitrite) is formed, in a process catalyzed by low-
coordinated Cu2+, it interacts with all the copper present,
producing new types of more stable Cu2+ complexes, all of
which are EPR-detectable. Some of these exist as square
planar isolated species giving well-resolved EPR signals,
while others undergo mutual interactions leading to broad-
ened signals in the spectrum. The broad lineshape of this
latter signal suggests its ascription to Cu2+ species interact-
ing via dipolar or weak exhange coupling, maybe mediated
by a common bridging ligand. This, together with the possi-
bility that the undetectability of part of the Cu2+ present is
due to some weak Cu–Cu interaction, supports the idea that
the structural and coordination circumstances in the zeolite
may facilitate copper ions approaching and coupling to one
another in different ways, depending on the type of ligands
present, even if their concentration in the material is as
low as here (less than 2 Cu ions per unit cell of volume=
5.36 nm3). Indeed the possible relevance of coupled Cu
pairs in these zeolites for the catalytic conversion of NO
has been widely discussed (21).

III. Processes in the Specimen Prepared
via Solid-State Reaction

The EPR spectra for sample SR show resolved signals
which are quite similar to those in sample LS and appear
or mutually transform at similar outgassing temperatures.
Thus they can be ascribed to the same Cu2+ species. How-
ever, a notable difference is that, instead of having an inten-
sity which initially corresponds to ca. 100% of the total Cu
content and then decreases with dehydration to ca. 25% (as
observed in sample LS), they represent this latter smaller
fraction already in the starting air-equilibrated (and thus
hydrated) state. The rest of the Cu2+ existing in this sam-

ple are probably in the state which gives the very broad
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signal OI, although a quantitative correspondence cannot
be established. The latter signal is likely to correspond to
oligomeric Cu2+ species linked by oxidic bridges, which
mediate ferromagnetic interactions between the cations;
probably, the solid-state preparation method involves mi-
gration of (CuO)n species across the zeolite channels, which
will become immobilized as clustered or isolated cations af-
ter combining with protons in reactions such as

(CuO)n + 2H+ → (CunOn−1)
2+ +H2O, [7]

(CuO)n + 2nH+ → nCu2+ + nH2O, [8]

and other similar processes, possibly including OH− as well
as oxide ions. One may thus hypothesize that the solid state
preparation method leads to the location of isolated Cu2+

ions, via process [8], in some specific zeolite sites which are
able to stabilize after dehydration EPR-detectable Cu2+

species, but which possibly exist in limited amounts, equiv-
alent to only a fraction of the total Cu ions introduced.
Then, the remaining Cu ions introduced in the solid state
reaction as clusters would not be completely split as isolated
ions, maybe because the other zeolite sites do not favor this
breaking, and would remain as oligomeric species. Thus,
after dehydration a similar (majority) fraction of Cu ions
remain, in the LS sample, as EPR-undetectable ions, and in
the SR sample as clusters producing a broadened signal.

The subsequent interaction with NO and O2 reveals
that, while the smaller fraction which gives well-resolved
EPR spectra has similar chemical properties in both sam-
ples, the other larger fraction behaves differently, as it is
not quickly transformed into species giving well-resolved
signals in EPR. Thus one can conclude that this last trans-
formation occurs quickly at room temperature only on non-
clustered Cu ions; the clustered ones appear clearly less re-
active than isolated Cu species. Even the EPR-silent species
detected in sample LS, which do not react with NO alone at
RT, are more reactive than these clusters, in view of their dif-
ferent behavior when contacted with the NO+O2 mixture.
This reduced reactivity of oxidic clustered species, lower
than that of the not clustered ones present in sample LS
(isolated or at most with weaker mutual interactions), might
be the reason for the lower catalytic activity of sample SR
in the NO decomposition reaction (4).

CONCLUSIONS

For sample LS, the outgassing treatments at increasing
temperatures produce two effects on the EPR spectra: (i)
modification of the coordination of isolated Cu2+ cations,
first by substitution of lattice oxygen for water molecules
in the initially octahedral coordination of the hydrated
[Cu2+(H2O)6] complexes and subsequently by the further
loss of ligand water molecules to reach square pyramidal or

square planar coordination; (ii) formation, in this process of
coordination change, of paramagnetic but EPR-silent Cu2+
T AL.

species. This latter phenomenon, which for Tv≥ 383 K af-
fects up to ca. 75% of the total copper and has been ob-
served previously in zeolites Y (16) and ZSM-5 (13), may
be due to a near-degenerate ground state or to weak spin
coupling.

For sample SR, most of the copper forms small copper
oxide clusters (observed as a very broad EPR line) that
are not affected by the outgassing treatments and that take
the place of the Cu2+ ions giving the EPR-silent species in
sample LS. The amount and location of the rest of the Cu2+

cations (isolated) in this sample SR, and the modification
of their coordination symmetry with increasing Tv, are not
very different from those observed for the isolated Cu2+

cations in sample LS.
In sample LS, NO adsorbs at 298 K on Cu2+ cations

with unsaturated coordination and reacts irreversibly with
square planar Cu2+; Cu+–NO species appear as a result
of this process, and it is proposed that they are formed
from the four-coordinated Cu2+ in a two-step reaction with
NO with possible assistance from remaining water or OH−

groups. Adsorption of a NO–O2 mixture at 298 K produces
the modification of nearly all of the Cu2+ species (EPR-
silent or not), the resulting Cu2+ cations being detected ei-
ther as square planar isolated Cu2+ species or as exchange-
interacting Cu2+ ions.

In the case of sample SR, NO adsorption at 298 K pro-
duced similar effects on isolated Cu2+ cations as in the case
of sample LS. Adsorption of a NO–O2 mixture at 298 K did
not alter significantly the copper oxide clusters, indicating
that the reactivity of these associated Cu2+ cations is signifi-
cantly lower and suggesting that such association in clusters
may be connected with the lower catalytic activity of this
sample in NO decomposition.
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