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Abstract

Electron spin resonance spectroscopy has been used to study the adsorption of NO over copper ion exchanged zeolites. These studies are
especially useful if different electron spin resonance frequencies (X-band, Q-band) are applied. In the present study, we have synthesized
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SM-5 (MFI, structure code of the International Zeolite Association (IZA)), MCM-22 (MWW) and MCM-58 (IFR) zeolites with va
Si/nAl ratios and ion exchanged with copper acetate after calcination. The materials were characterized by X-ray powder diffra
arious zeolites were then subjected to high vacuum conditions. The Cu(I)–NO complexes were formed over these pretreated coppe
eolites by NO adsorption at 77 K. The electron spin resonance spectra revealed the existence of two types of Cu(I)–NO com
lightly differentg tensor and copper hyperfine parameters. The influence ofnSi/nAl ratio over the formation of these Cu(I)–NO comple
nd the temperature dependence of the intensity of their electron spin resonance signal were studied over all zeolites under inve
2004 Elsevier B.V. All rights reserved.
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. Introduction

The catalytic decomposition of nitric oxide is an inter-
sting area which has attracted immense attention over the
ast decade. The catalytic removal of NOx compounds from

he exhaust streams of various combustion sources is essen-
ially important because of the contribution of these com-
ounds to acid rain, smog formation, and global warming

1]. Though nitric oxide is thermodynamically not stable, it
s kinetically inert with respect to its decomposition into N2
nd O2, which requires a catalyst. Copper ions dispersed on

he surface of metal oxides or within zeolite cavities have
hown appreciable activity for the direct decomposition of
O. It has been shown that CuZSM-5 and CuMCM-22 ze-
lites catalyze the thermal decomposition of NO[2–6]. The
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high catalytic activity of these copper-containing zeolite
the decomposition of nitrogen monoxide triggered sev
spectroscopic studies aiming at the structure of the Cu(I)
complexes. Both mononitrosylic Cu(I)–NO and dinitros
Cu(I)–(NO)2 complexes have been identified by IR sp
troscopy[6,7]. However, despite the great deal of work c
ried out over these copper exchanged zeolites, the de
structure of these complexes, the reaction mechanism a
interaction between the NO and the catalytically active
is not yet clear. Electron spin resonance (ESR) spectros
would allow direct access to the symmetry and structu
these complexes, as recently shown for CuZSM-5 ma
als[7–9]. In the present study, we have investigated the
mation of Cu(I)–NO complexes in CuZSM-5, CuMCM-2
and CuMCM-58 zeolites with variousnSi/nAl ratios by ESR
spectroscopy at X- and Q-band frequencies. Analysis o
X-band spectra of the Cu(I)–NO complexes is hampere
superimposition with the signals of Cu(II) cations. There
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in the present study, Cu(I)–NO complexes have also been
studied at Q-band (33.03 GHz). The increased spectral reso-
lution and the separation of the Cu(I)–NO signals from the
ESR signals of the Cu(II) ions will allow a detailed structural
determination of the formed complexes.

2. Experimental

ZSM-5 (nSi/nAl = 17, 34 and 68), MCM-22 (nSi/nAl = 11,
22 and 44) and MCM-58 (nSi/nAl = 15, 22 and 35) zeolites
were synthesized as described previously[10–12], calcined
and ion-exchanged with Cu(CH3COO)2. The Cu/Al ratio was
maintained as∼0.6 in all the samples. Powder X-ray diffrac-
tion (XRD) patterns of the materials prepared in this way were
recorded employing a Siemens D5005 diffractometer using
Cu K� radiation to confirm the structural stability of the re-
spective zeolites after calcinations and ion exchange. Prior
to the adsorption of NO, the samples were activated at 673 K
under vacuum (p < 3 × 10−7 Pa) to prevent NO from react-
ing with small amounts of residual oxygen. Subsequently, the
samples were cooled to 298 K and 0.5 mbar of NO was intro-
duced. Thereafter, the samples were cooled to liquid nitrogen
temperature (77 K) and sealed off. The Cu(I)–NO adduct is
unstable at room temperature and fades away with time. The
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Fig. 1. XRD patterns of (A) CuZSM-5, (B) CuMCM-22 (* denotes the
sample with the smaller crystals), and (C) CuMCM-58.
SR spectra were recorded at X-band (νmw = 9.36 GHz) and
-band (νmw = 33.03 GHz) frequencies at temperature
7 K (X-band) and 6 K (Q-band). The X- and Q-band m
urements were carried out on Bruker ESP 380 and E
pectrometers, respectively. TheB0 modulation amplitude
sed were 0.2 mT (X-band) and 0.7 mT (Q band) and
odulation frequencies were adjusted toνmod = 100 kHz (X-
and) andνmod = 70 kHz (Q-band). The microwave pow
sed was low enough to prevent saturation of the spin

ems.

. Results and discussion

The XRD patterns of the copper exchanged ZSM
CM-22 and MCM-58 zeolites are shown inFig. 1A–C,

espectively. The XRD patterns matches well with those
orted earlier for these zeolites[10–12]. It is furthermore
onfirmed that there is no structural collapse after coppe
xchange.

Fig. 2 shows the ESR spectra of fresh, dehydrated
O adsorbed CuMCM-58 (Si/Al = 22) samples. The E
pectra of fresh (hydrated) MCM-58 (Fig. 2A) shows the
ypical anisotropic ESR signal of Cu(II) ions with a
I = 3/2) hypfine (hf) splitting into four lines and the
ation g‖ > g⊥ for the principal values of theg tensor.
he following parameters have been determined:g‖ =
.348, A‖ = 166× 10−4 cm−1 and g⊥ = 2.072. After de
ydration in vacuum at 673 K two Cu(II) species are
erved (Fig. 2B) with ESR parametersg‖A = 2.326,A‖A =
63× 10−4 cm−1, g‖B = 2.301, A‖B = 172× 10−4 cm−1
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Fig. 2. X-band ESR spectra of CuMCM-58 zeolite (A) hydrated, (B) dehy-
drated, and (C) after NO adsorption.

and g⊥A,B = 2.060, A⊥A,B = 17.3 × 10−4 cm−1. The g⊥
components of these species overlap. The g andA param-
eters obtained for both fresh and hydrated samples are in
close agreement with that already reported for CuZSM-5 and
CuMCM-22 samples[13,14]. After NO adsorption a new
species with reversedg values (g‖ < g⊥) and a pronounced
hf splitting into four lines at theg‖ andg⊥ spectral positions
occurs. We assign this signal to a Cu(I)–NO adsorption com-
plexes as reported earlier[8,9]. We have to note that the ESR
signal of the Cu(I)–NO complexes overlaps with the residual
Cu(II) signal.

Fig. 3A–C shows the low temperature X-band ESR spec-
tra of CuZSM-5, CuMCM-22 and CuMCM-58 zeolites with
variousnSi/nAl ratios after activation at 673 K in vacuum and
subsequent adsorption of 0.5 mbar of NO at 298 K. Although
autoreduction of Cu(II) to Cu(I) takes place to a large extent,
the signal of Cu(II) is still clearly visible. This signal superim-
poses the spectra of the Cu(I)–NO complexes and, therefore,
determination of theg values and the Cu hf splitting of these
adsorption complexes is hardly possible. In the Q-band spec-
tra (Fig. 3D–F), the Cu(II) signal is almost separated from the
signals of two different Cu(I)–NO complexes A and B. The
g values and Cu hf splitting parameters of the two Cu(I)–NO
species A and B are summarized inTable 1and are com-
parable to the recently published data on CuZSM-5[7–9]
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Fig. 4 shows the molecular orbital scheme for the
Cu(I)–NO complex[9]. The large Cu hf interaction of
Cu(I)–NO complexes can be explained by the contribution
of the 4s orbital of the Cu(I) ion to the SOMOΦ0 of the
adsorption complex which is only possible in the case of a
bent complex[8]. The Cu hf coupling constant for the three
systems is found to be in the order of CuMCM-22 > CuZSM-
5 > CuMCM-58, indicating that the bond angle between Cu
and NO decreases in the order CuMCM-58 > CuZSM-5 >
CuMCM-22. This difference in bond angle may be attributed
to the different local environment of the Cu(I)–NO complexes
in the zeolite matrix. Furthermore, the significant contribu-
tion of the Cu 4s orbital to the SOMOΦ0 of the Cu(I)–NO
complex suggests a substantial spin density transfer from the
NO to the Cu(I) ion.

The presence of two different species A and B of
Cu(I)–NO complexes in all the three studied zeolite matrices
is tentatively assigned to the formation of these complexes
with Cu(I) ions located at different cation sites of the zeo-
lite frameworks. Nachtigall and coworkers[15] have recently
identified two different Cu(I) cation sites in CuZSM-5 on the
basis of quantum mechanical calculations. Likewise, two dif-
ferent Cu(I)–NO species were found by IR spectroscopy in
CuMCM-22 after NO exposure[6] in some agreement with
the existence of two Cu(II) cation sites in this zeolite[14].
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u(I) cations in all three zeolites. The given Cu hf coup
arameters are the splitting along theg|| andg⊥ principal axis
f the g tensor. The principal values of the Cu hf coupl

ensors as well as its orientations with respect to theg tensor
rame will be analyzed and discussed in a subsequent p
urthermore, the typical nitrogen hf coupling constant o
10−4 cm−1 of NO adsorption complexes could be resol

n theg⊥ spectral region for CuMCM-22 and CuZSM-5 z
lites with high Si/Al ratios.
.

n alternative explanation for the existence of two differ
ypes of Cu(I)–NO complexes in these high-siliceous zeo
ight be the presence of either one or two framework
inium atoms in the close proximity to the Cu(I) adsorp

ite.
According to the data inTable 1the nSi/nAl ratio does

ot seem to have any influence on the g tensor param
nd the Cu hf coupling constants. However, the nitroge
plitting could not be observed for the catalysts with lo
Si/nAl ratio (ZSM-5 withnSi/nAl = 17 and MCM-22 with
Si/nAl = 11) indicating a substantially larger linewidth
he ESR signals of the Cu(I)–NO species for these mate
his is due to the increased local concentration of the C

ons in the lattice. Which in turn results in the decrease o
istance between adjacent Cu(I)–NO complexes and, h
n increased dipole-dipole interaction between the adja
omplexes. This results in a larger homogeneous linew
reventing the resolution of the nitrogen hf splitting in
SR spectra. In the case of zeolites with highernSi/nAl ra-

ios (ZSM-5 withnSi/nAl = 34 and 68 and MCM-22 wit
i/Al = 22 and 44) the local concentration is reduced

he Cu(I)–NO complexes are far apart so as to give a w
efined nitrogen hf splitting. It seems noteworthy that
uMCM-22 samples exhibited a better-resolved nitroge
plitting in comparison with CuZSM-5 samples, which s
ests a smaller dipole-dipole interaction and a larger dist
etween the Cu(I)–NO species in CuMCM-22. The nitro
f splitting could not be observed for MCM-58 for both h
nd lownSi/nAl ratios. This indicates that in comparison
SM-5 and MCM-22 the Cu(I)–NO complexes are in
loser proximity in MCM-58. This is tentatively assigned
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Fig. 3. X- and Q-band ESR spectra of Cu(I)–NO complexes in (A, D) CuZSM-5, (B, E) CuMCM-22, and (C, F) CuMCM-58 zeolites.

the structural differences of these three zeolites. In MCM-
58, the two adjacent channels are separated by a single four-
membered ring.[16]. This could result in a decrease in the
distance between the two Cu(I)–NO complexes located in ad-
jacent channels and, hence, a larger dipole-dipole interaction
which results in an increased homogeneous line broadening,
which can account for the absence of the nitrogen hf splitting
in MCM-58.

Q-band ESR power saturation experiments atT = 6 K
showed a well-expressed maximum in the dependence of the

ESR intensity as a function of the microwave power (not
shown) for all samples in accordance with an almost exclu-
sively homogeneous line broadening due to dipole-dipole in-
teraction. The maximum in the power dependences appeared
at microwave powers of about 0.4 mW for CuMCM-22 ze-
olites whereas it was significantly shifted towards higher
power levels of about 1.0–4.3 mW in the case of CuZSM-5
and CuMCM-58 materials. Note that the CuMCM-22 ma-
terials feature the smallest homogeneous line broadening as
evidenced by the clearly resolved nitrogen hf coupling.
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Table 1
Cu hf parameters andg values of Cu(I)–NO complexes

Cu(I)–NO support g⊥ g‖A g‖B
CuA⊥ (10−4 cm−1) CuAA‖ (10−4 cm−1) CuBA‖ (10−4 cm−1) AN (10−4 cm−1)

ZSM-5(17) 2.002 1.889 1.902 159 176 228
ZSM-5(34) 2.003 1.889 1.902 159 176 228 29
ZSM-5(68) 2.002 1.890 1.903 159 176 228 29
MCM-22(11) 2.000 1.864 157 192
MCM-22(22) 2.001 1.861 1.863 157 192 223 29
MCM-22 (22a) 2.001 1.862 1.864 157 192 223 29
MCM-22 (44) 2.001 1.861 1.863 157 192 223 29
MCM-58 (15) 2.000 1.861 1.858 163 166 208
MCM-58 (22) 2.000 1.861 1.858 163 166 208
MCM-58 (35) 2.000 1.861 1.858 163 166 208

Errors ing andA values are	g = ± 0.001,	ACu = ±4.7× 10−4 cm−1, 	AN = ± 2.8× 10−4 cm−1. Parameters in parenthesis indicate thenSi/nAl ratio.
a Smaller crystals.

We have also attempted to study the influence of crystal
size on the formation of these complexes in the case of MCM-
22 system. Therefore a MCM-22 sample (Si/Al = 22) contain-
ing smaller crystals (2�m) was prepared and the Cu(I)–NO
complex was formed on this material under the same con-
ditions used for other zeolite materials. It is obvious from
Table 1that the Cu hf parameters do not differ much as com-
pared to the MCM-22 material with the larger crystals (3�m).
Hence the crystal size does not seem to have any effect on
the Cu and N hf parameters.

Fig. 5A–C shows the temperature dependence of the rel-
ative intensity of the Q-band ESR signals for the Cu(I)–NO
complexes in CuZSM-5 (nSi/nAl = 17), CuMCM-22 (nSi/nAl
= 22) and CuMCM-58 (nSi/nAl = 22) samples, respectively.
The relative intensities of the Cu(I)–NO ESR signals were
obtained by double integration of their respective spectral re-
gion. The intensity of the Cu(II) ESR spectrum determined at
the same temperature was used as an intensity standard. For
all three zeolites the relative intensity of the Cu(I)–NO signal
versus the Cu(II) signal decreases with increasing tempera-
ture associated with an increased homogeneous line broad-

ening, but it does not attain zero even at room temperature.
The ESR spectrum of the gas phase NO could not be observed
even at room temperature in CuZSM-5. This is different from
the behavior of the NO complexes formed in H-ZSM-5, Na-
ZSM-5 and Na-A zeolites. Rudolf et al. [17] have detected
the presence of NO in the gas phase over those zeolites by
ESR spectroscopy around 250 K, whereas the gas phase sig-
nal is absent in the case of the CuZSM-5 even at room tem-
perature. The absence of gas phase NO signal indicates the
presence of Cu(I)–NO complex even at room temperature.
The earlier reports on the Cu(I)–NO complexes in CuZSM-
5 and CuMCM-22 studied by IR spectroscopy confirm the
presence of Cu(I)–NO complexes at room temperature[6,7].
Hence the decrease in the relative intensity of the ESR sig-
nal of the Cu(I)–NO complex in comparison with that of the
Cu(II) cations with rising temperature may not be due to the
desorption of NO to the gas phase. There may be two rea-
sons which will account for this behavior: (1) With increas-
ing temperature, there is a higher probability for an electron
transfer from the 3d atomic orbitals of the Cu(I) ion (e.g.
3dx2−y2, 3dxy) to the HOMOΦ0 of the Cu(I)–NO complex
which is composed of the antibondingΠ∗

y molecular orbital
of the NO and the 3dz2,3dyz , and 4s atomic orbitals of the
copper ion (Fig. 4). Thus, we may expect an increasing dia-
magnetic character of the HOMO with rising temperatures,
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Fig. 4. Molecular orbital (MO) scheme for a Cu(I)–NO complex.
hich readily explains the decrease in the ESR signa
ensity of the Cu(I)–NO complexes. Since the antibon

∗
y molecular orbital of the NO contributes significantly

he HOMO of the Cu(I)–NO complex, the proposed elec
ransfer process has the potential to weaken the NO b
ndeed such an electron transfer has been suggested b
lawik et al. [18] on the basis of IR studies and quant
hemical calculations. (2) The observed effect can als
scribed to the flipping of the Cu(I)–NO complexes from
onformation to another, possibly ESR silent conforma
ith a temperature dependent flipping rate. As the tem
ture increases the lifetime of the Cu(I)–NO complex c

ormation giving rise to the well resolved low temperat
SR spectrum decreases continuously which in turn w

esult in an increased homogeneous line broadening
ecreased signal intensity.
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Fig. 5. Temperature dependence of the relative intensity of the Cu(I)–NO
complexes of (A) CuZSM-5, (B) CuMCM-22, and (C) CuMCM-58.

4. Conclusions

The formation of Cu(I)–NO complexes in CuZSM-5,
CuMCM-22 and CuMCM-58 zeolites with various Si/Al ra-

tios has been confirmed by ESR spectroscopy at X- and Q-
band frequencies. As reported earlier, two different species
were observed in all three high-siliceous materials. The de-
termined g values and copper hf parameters for the two
Cu(I)–NO species in CuMCM-22 and CuMCM-58 are com-
parable with those found for CuZSM-5 and seem to be
independent of thenSi/nAl ratio of the zeolite framework.
The ESR spectra of the Cu(I)–NO complexes are subjected
to temperature dependent changes of their conformation
or electronic structure which has to be clarified in future
studies.
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