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The interaction of nitric oxide with copper ZSMS5 zeolites at room temperature has been studied
by EPR and FT-IR spectroscopy in the aim of investigating the surface intermediates involved in
the decomposition of NO to N, and O,. Particular care has been devoted to obtaining a catalyst in
a well-defined oxidation state, i.e., with one of the two ionic forms of copper (Cu®* or Cu*) clearly
prevailing on the other. The interaction of NO with Cu?*/ZSMS5 yields a reversibly adsorbed
nitrosylic adduct easily desorbed upon pumping at 333 K. The species is diamagnetic and bears a
partial positive charge. Cu™ is unstable under NO pressure and undergoes oxidation at room
temperature. In the early stages of the interaction a paramagnetic nitrosyl of Cu* is formed having
a partial negative charge on NO. This species evolves with time (or NO pressure) towards a
diamagnetic dinitrosyl capable of eliminating N,O with simultaneous oxidation of the site to

Cu’~.
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INTRODUCTION

The catalytic decomposition of NO is an
area that has attracted a great deal of atten-
tion over the past decade. The catalytic re-
moval of NO, compounds from the exhaust
streams of various combustion sources is
particularly important because of the contri-
bution of these compounds to acid rain and
smog formation (/).

In particular, the decomposition of NO
into N, and O,, although thermodynamically
favourable over a wide range of tempera-
tures, needs an efficient catalyst for appre-
ciable reactivity. Among the many potential
catalysts so far developed, Cu®*-exchanged
zeolites have shown pronounced activity for
the reaction (2-4). Unlike previous cata-
lysts, the activity of Cu>*- exchanged zeo-
lites is not inhibited by oxygen present in
the feed gas or produced in the decomposi-
tion (I). In particular, Cu**/ZSM5 has at-
tracted a lot of attention because of its sus-
tained actvity over long periods and because
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of its ability to act as a photocatalyst at 275
K (5) as well as a thermal catalyst in the
temperature range 723 to 873 K (6, 7).

However, despite the great deal of work
carried out on this catalyst, a detailed under-
standing of the basic interaction between
the NO and the catalytic sites is not yet
available. In particular, as recently reported
by Li and Hall (8) **. .. we know essentially
nothing about the surface intermediates in-
volved in the reaction.”

The aim of this paper is to provide spec-
troscopic evidence for the nature of the pri-
mary intermediates formed by contact of
NO with Cw/ZSMS5 at room temperature,
i.e., at temperature conditions similar to
those of the photocatalytic process (5), but
sufficiently lower than those of the thermal
decomposition to avoid interference due to
fast reactions in the gas phase. The spectro-
scopic techniques adopted in this study are
FT infrared spectroscopy and electron para-
magnetic resonance (EPR). The two tech-
niques are complementary because the for-
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mer one allows detailed analysis of the
adsorbate vibrations whereas the latter is
capable of detecting paramagnetic sites
(such as Cu®*) or paramagnetic surface ad-
ducts.

Particular emphasis is given to prepara-
tion of systems that are as well defined as
possible in terms of the prevailing oxidation
state of the copper. This is not a particularly
easy task because the interconversion be-
tween Cu?™ and Cu™ ions is known to occur
readily for surface-supported copper ions
(for example, during treatments under vac-
uum or upon adsorption of gases (9, 10).
Moreover, it will be shown that in the case
of copper/ZSMS systems, it is impossible to
prepare samples containing exclusively one
of the two oxidation states of copper be-
cause traces of the other oxidation state are
practically always present in the sample.
Therefore we have performed separate ex-
periments on the adsorption of very small
doses of NO on samples predominantly con-
taining Cu?** and Cu*. This allows a clearer
examination of the species formed in the
early stages of the interaction of NO with
Cu* or Cu®*. This specific interaction of
NO with either the reduced or oxidised form
of Cu/ZSMS is of vital importance for a bet-
ter understanding of the whole catalytic
transformation, based on the redox behav-
iour of the ionic copper sites, even though
it is known that high efficiency real catalysts
are slightly different than the solids em-
ployed in the present study since they con-
tain a level of copper in excess of the ex-
change capacity of the zeolite (7).

Finally, the dependence of these surface
species to various parameters such as time
and NO pressure is discussed.

EXPERIMENTAL

Two samples of Cu?>*/ZSMS3 (Si/Al ratio =
23.3) having different copper loadings were
prepared by ion exchange with an aqueous
solution contaning Cu(NOjy),.

After washing and drying in air, the cop-
per loading of the two samples was deter-
mined (following dissolution of a weighed
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amount of the exchanged zeolite) by means
of an inductively coupled plasma emission
spectrometer (Plasma 300 from Allied Ana-
lytical System). The copper contents re-
sulting were 1.9 and 0.13 wt% for the two
samples, respectively.

Prior to spectral recording both samples
were treated as follows: slow evacuation at
523 K overnight, then evacuation at 8§73 K
for 1 h. To obtain samples in which either
Cu?* or Cu* prevail, the two catalysts were
oxidised or reduced, according to the fol-
lowing procedures.

(1) Oxidised sample (hereafter referred to
as Cu?*/ZSMS5): Oxygen (100 Torr) was ad-
mitted to the sample (previously dehy-
drated) at 673 K for 1 h. The sample was
cooled to room temperature in the oxygen
atmosphere, and O, was removed by evacu-
ation at 298 K. Evacuation of O, at higher
temperatures would result in a partial reduc-
tion of copper.

(2) Reduced sample (hereafter referred to
as Cu*/ZSMS5): Hydrogen (100 Torr) was
added to the sample (dehydrated) at 603 K
for 30 min. The sample was evacuated at
this temperature and then cooled to room
temperature under a dynamic vacuum.

NO was purified by the freeze—pump—
thaw technique before contact with the sam-
ple. Very small doses of NO (corresponding
to the vapour pressure at 77 K) were initially
adsorbed onto both samples at 298 K.
Higher doses were admitted after spectra
recording.

X-band EPR spectra were recorded on a
Varian E-109 spectrometer equipped with
dual cavity, at 77 K. The g values were
measured by comparison with Varian pitch
(g = 2.0028).

For IR measurements, the sample was
compressed into self-supporting discs (=10
mg cm %) and placed in a special vacuum
cell, where it underwent all activation and
adsorptive treatments in a strictly in situ
configuration. Spectra were recorded at 298
K at a resolution of 2 cm ™! on a Bruker IFS
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FiG. 1. EPR spectra of Cu*~/ZSMS5 (1.9 wt% Cu)
dehydrated for 1 h at (a) 298 K, (b) 673 K, and (c) 873
K. Spectra recorded at 77 K.

113 v spectrometer equipped with an MCT
detector.

RESULTS
1. EPR or Cu/ZSMS

Freshly prepared Cu/ZSMS samples ex-
hibit an axial, broad, and scarcely resolved
EPR spectrum typical of hydrated Cu?* ions
in a zeolitic framework. The spectra of high
and low loaded samples were similar, but
for the intensities of the signals.

Thermovacuum treatment at increasing
temperatures produces a change in the spec-
tral profile due to the progressive appear-
ance of various distinct Cu?* species and,
in parallel, a decrease in the signal intensity,
indicating a partial reduction of Cu?* to
Cu*. The effect of dehydration temperature
on the spectral profile of the Cu?*/ZSM5
system (1.9 wt% Cu) is shown in Fig. 1. The
reduction of the Cu?" ions in zeolites by
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thermovacuum treatment has already been
reported (9, 10). Activation by thermal treat-
ment at 673 K produces two Cu?* species
the features of which, although scarcely re-
solved, are visible in the spectrum of Fig.
1b. The observed spectrum is similar to that
reported by Anderson and Kevan (//) for
Cu®*-doped NaH-ZSMS5. Further evacua-
tion to 873 K produces a third distinct Cu?*
site. The spin-hamiltonian parameters of
these three sites (labelled A, B, and C) are
similar to those previously reported by Sen-
doda and Ono (12) for Cu/ZSMS evacuated
at the same temperature and are given in
Table 1.

The reducibility of Cu®?* in ZSMS is mark-
edly different from that of other supported
Cu systems. In fact, in Cu/SiO, and Cu/PVG
(porous Vycor glass), a thermal treatment
at 773 K is sufficient to reduce all the Cu?*
ions (/3)and in Cu/Y zeolite, CO (30 Torr) at
773 K is required to complete the reduction
(14). Inthe case of Cw/ZSMS, hydrogen (100
Torr) at 603 K is necessary to reduce the
bulk of the Cu®" ions. The high degree of
stability of the copper ions in ZSMS is
thought to be due to the extra stabilization
appended by the lattice framework of
ZSM5.

The spectra of the oxidised and reduced
samples, prior to NO admission, are shown
in Figs. 2a and 2b, respectively. The spec-
trum of Fig. 2a closely resembles that of the
freshly prepared Cu?*/ZSMS5 sample: it is
very intense, broad, and poorly resolved
due to the high copper (II) content and the

TABLE 1

Spin-Hamiltonian Parameters for Cu?* Ions in Par-
tially Reduced Cu?*/ZSMS5, Thermally Treated at
873 K

O 8l 8.1 A A
Species A 2.31 2.04 157 26
Species B 2.30 2.05 163 26
Species C 2.27 2.07 173 14

Note. A values are given in gauss.
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F1G. 2. EPR spectra of the (a) oxidised sample (Cu®*/
ZSMS5) and (b) reduced sample (Cu*/ZSMS) prior to
NO adsorption. Recorded at 77 K.

consequent dipolar interaction between
neighbouring copper centres. The spectrum
of the reduced sample (Fig. 2b) shows that
the intensity of the Cu?* EPR signal is weak
(more than one order of magnitude lower
than that of the initial spectrum), indicating
that most (but not all) of the copper ions are
in the reduced state. This is demonstrated
also by the observation on the same sample,
of the photoluminesence spectrum (15) of
Cu® ions (I6). A sharp isotropic peak
around the free electron value is also visible
in Fig. 2b, likely due to small amounts of
carbon radical impurities formed during the
reduction.

la. Effects of NO Treatment

Cu**/ZSM5. The addition of NO to the
oxidised samples produced an immediate
decrease of the EPR signal due to Cu?* cen-
tres. The extent of this decrease depends
on the pressure of NO employed: at low
pressures (less than 1 Torr) the signal inten-
sity is reduced by a factor of about 10 and
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the intensity is then reduced further under
progressively higher NO pressures.
Cu*/ZSM5. Cu™ is a diamagnetic ion and
thus not visible by EPR. The interaction of
nitric oxide with Cu™ ion depends on NO
pressure. At high pressures (5-30 Torr) oxi-
dation of the Cu™ sites occurs; Cu?* ions
are created immediately, in both the high
and low loaded samples, as monitored by
the immediate appearance of a Cu’* EPR
signal upon NO addition. The intensity of
this Cu** signal is, however, one order of
magnitude lower than the original intensity
of the fully oxidised Cu?*/ZSMS5 sample.
At low NO pressures (less than 1 Torr)
a paramagnetic species was formed on the
Cu*/ZSM5 (0.13 wt%) system, the EPR
spectrum of which is shown in Fig. 3a. A
species with the same spin-hamiltonian pa-
rameters was also observed on the high
loaded sample (1.9 wt% Cu) shown in Fig.
3b. However, due to the appreciable amount
of Cu’" ions remaining after the reductive
treatment of the high loaded sample, the
spectrum of Fig. 3b turns out to be the super-
imposition of a Cu®* signal and of that due
to the newly formed paramagnetic species.
Note that the interference from residual
Cu?" ions in Fig. 3a is minimal because of
the lower overall copper loading. The spec-
trum of the new species is basically under-
stood in terms of an axial spectrum (g, = g,
g, = g3 = g,) whose g components are split
into partially overlapped quartets because
of the hyperfine interaction between the un-
paired electron and the Cu nucleus (*Cu and
%Cu have a nuclear spin of ). A further
splitting of some Cu hyperfine lines into trip-
lets is also observable, due to the interaction
with the nitrogen nucleus (N, I = 1).
Spectra similar to those in Fig. 3 were
previously observed by Naccache et al. (14)
and Chao and Lunsford (/7) after NO inter-
action with Cu*/Y zeolite and in Cu™/SiO,
by Anpo et al. (13). The paramagnetic spe-
cies responsible for this signal was identified
as a nitrosylic adduct on Cu*, i.e., Cu*NO.
The spin-hamiltonian parameters of the ni-
trosylic adduct in Cut/ZSMS5 (deduced by
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F1G. 3. (a) EPR spectrum of the Cu"NO complex at 77 K on the low loaded Cu/ZSMS sample (0.13
wt% Cu). NO (0.5 Torr) added at 298 K. Spectrum recorded at 77 K. (b) EPR of Cu*NO at 77 K on
the high loaded sample (1.9 wt% Cu), with residual Cu?®~ ions present. No (0.5 Torr) added at 298 K.

computer simulation of the experimental
spectrum) are comparable, but not identical
to those reported for various systems. All
the values are reported in Table 2.

2. INFRARED SPECTRA OF Cu/ZSMS
2a. Effects of NO Pressure

Cu**/ZSM5. The infrared spectra of the
high loaded Cu>*/ZSM35 sample under in-
creasing pressures of NO (0.07 — 26 Torr)
are shown in Fig. 4. At low NO pressures,
the main features of the spectra are bands
at 1912 and 1811 cm~!. The band at 1912
cm ™! increases foremost in the spectrum as
the NO pressure is increased, while addi-
tional bands begin to appear at 1734 and 1827
cm ™', The latter bands grow simultaneously
and in parallel with a corresponding de-
crease of the 1811 cm ™! band. The spectrum
obtained upon NO contact with the lower
loaded sample was similar, but for the pres-

TABLE 2

Spin-Hamiltonian Parameters for Cu”NO in
Different Systems

System g - A A_ Ref.
ZSMS 1.87 2.0053 187.5(Cu) 176.6(Cu)  This work
18(N) 29(N)
Y zeolite 1.89 2.009 240 190 (15)
Y zeolite 1.74 2.019 — 175 14)
Si0, 1.94 2.030 183 118 (13)

Note. Spectra recorded at 77 K. A values are given in gauss.

ence of bands at 1630 and 1889 cm~!. These
extra bands are due to NO interacting with
residual sodium (Na) cations that remain
after the incomplete ion exchange of the par-
ent Na/ZSMS5 zeolite, as confirmed by the
IR spectra of NO on Na/ZSMS under similar
conditions. The influence of NO/Na* con-
tact was not apparent in the high loaded
sample because of the high exchange levels
of Cu®* for Na* ions.

The spectrum recorded at the highest NO
pressures is by far dominated by the band
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FiG. 4. IR spectra of Cu?*/ZSM5 (1.9 wt% Cu)
treated with NO at 298 K. Curves 1-7: Pyg was gradu-
ally increased from 0.07 to 26 Torr.
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Fi1. 5. IR spectra of Cu*/ZSM5 (0.13 wt% Cu)
treated with NO at 298 K. Curves 1-8: Py was gradu-
ally increased from 0.07 to 26 Torr. The inset shows
two blown-up segments of the spectrum at Py, of 26
Torr.

at 1912 cm ™!, whereas the bands at 1827 and
1734 cm ™! are more intense than the parent
band at 1811 cm~!, and minor bands are
observed at 2157 and 1630 cm™' (broad).
Cu*/ZSMS. The infrared spectra due to
the contact of NO (from 0.07 to 26 Torr) with
Cu*/ZSMS5 is shown in Fig. 5. The spectrum
turns out to depend strongly on the pressure
of NO used, in agreement with the EPR
experiments relative to the reduced
Cu/ZSMS5 system. Figure 5 shows that at
low NO pressures (less than 1 Torr) the situ-
ation is very different from that observed on
Cu?*/ZSMS: there is a dominant band at
1811 cm ™" with other minor bands at 1911,
1888, 1635, 2158, and 2249 cm~!. However,
as the NO pressure is increased from 0.07
to 26 Torr of NO, the spectral profile
changes and progressively appears similar
to that of the Cu?* state. In particular there
is aband pair at 1734 and 1827 cm ™' (already
described for the Cu’*/ZSMS sample),
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which grows in parallel with the band at 1912
cm ™!, while the band at 1811 cm~! declines.
At 26 Torr the bands at 1734, 1812, 1827, and
1912 cm ! dominate the spectrum, which
looks very similar to the corresponding one
in Fig. 4, except for additional bands at 1635
and 2159 cm™!, which appear to grow with
time and with increasing NO pressure.

2b. Effects of Time of Contact
and Evacuation

Cu**/ZSMS5. There was no visible change
in the EPR spectrum after evacuation of NO
from Cu?*/ZSMS at room temperature. But
upon evacuation at 333 K, i.e., a tempera-
ture comparable to that most likely induced
in the sample by the IR beam, the Cu®*
signal was completely restored to its original
intensity. This indicates the complete re-
versibility of the Cu?"/NO interaction at this
temperature. The EPR spectrum of the
Cu’*/ZSMS5 system under NO (=1 Torr) did
not change with time, indicating that the
copper(ll) NO diamagnetic complex is sta-
ble with respect to time. Also the IR spec-
trum of the Cu?"/ZSMS5 samples in contact
with NO does not change with time, as no
appreciable spectral differences were ob-
served after 5 days. The IR spectrum de-
pends however on NO evacuation: a gradual
evacuation of the gas reduces the bands at
1912, 1734, and 1827 cm ! with an initial
increase of the band at 1811 cm ™!, whereas
after complete evacuation, all the bands are
eliminated.

Cu*/ZSMS5. Evacuation at 333 K of NO
from the Cu*/ZSMS5 sample completely de-
stroys the EPR spectrum of the Cu*NO spe-
cies, shown in Figs. 3a and 3b. The removal
of this signal is accompanied by the simulta-
neous appearance of a Cu’" signal, the in-
tensity of which is by far higher (about five
times) than that of the residual Cu®** always
present on the starting reduced Cu* sample.

A tendency of the Cu™ state to be oxidised
by coordinated NO is observed with respect
to the time of contact. In fact as the time of
NO contact increases (under a constant NO
pressure of less than 1 Torr), the Cu*NO
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signal decreases, while a Cu®* signal is
formed and increases. The final EPR spec-
trum (either after NO evacuation or after 2
days of contact) closely resembles the spec-
trum observed in the case of Cu?*/ZSMS3.

Similar evidence is observed in the IR.
The initial spectrum of the Cu*/ZSMS sys-
tem treated with 0.07 Torr of NO is charac-
terized by the band at 1811 cm™! mentioned
above and shown in Fig. 5. This band de-
creases and finally disappears after 2 days
of contact (not shown in the figure), and the
final spectrum is similar to that typical of
the Cu’*/ZSM5 system treated with NO (26
Torr); i.€., it is dominated by the 1912 cm ™!
band, which is the IR fingerprint of the inter-
action of NO with Cu?*. Evacuation at 333
K of NO from a Cu*/ZSMS sample that still
exhibits the signal at 1811 cm ™', as the main
spectral feature, destroys the latter band.
Subsequent NO additions to this evacuated
sample yield as the main spectrum feature
the band at 1912 cm™! indicating that the
Cu?* state has been produced upon NO
evacuation from the Cu* specimen. This
unambiguously indicates (as inferred on the
basis of the parallel EPR experiment, re-
ported above) that Cu>* oxidised sites are
produced by contact and successive evacua-
tion of the Cu*-reduced sample after em-
ploying a very small dose of nitric oxide (<1
Torr). In particular, Cu** ions seem to be
the result of the decomposition of the
Cu*~NO adduct which is characterized by
the EPR spectrum in Fig. 3 and the IR band
at 1811 cm™ !,

DISCUSSION

The NO molecule has an unpaired elec-
tron in a degenerate antibonding orbital with
arelatively low ionization energy of 9.5 eV.
Electron transfer of this unpaired electron
from the antibonding orbital of NO to empty
or partially filled 3d orbitals of transition
metal ions can then occur easily, followed
by lone pair donation from NO and = back-
bonding to the NO orbitals, generating a
nitrosyl complex. Although the molecular
orbital structure of the nitrosyl is rather
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complex, the process can be conveniently
schematized as

Me** + NO = Me® " Y*NO*.

This reaction is widely documented (/8)
and seems to be the reaction responsible
for the marked decrease of the Cu®* signal
intensity, in the EPR spectrum of the Cu?*/
ZSMS5 system:

Cu’* + NO = [Cu"NO™*].

The nitrosyl is diamagnetic because of
spin pairing between NO and Cu**, and so
its formation would result in the intensity
decrease of the Cu®** paramagnetic signal,
as indeed observed. A fraction of the total
Cu?" sites, still visible in the EPR after NO
adsorption, is thus unreactive or inaccessi-
ble to the NO molecules.

The band at 1912 cm ™!, which is the prin-
cipal one in the IR spectrum of the Cu®*/
ZSMS5 system, is thought to correspond to
this diamagnetic complex. A similar band
was observed by Naccache er al. (I14) at
1918 cm~! for NO contacted with Cu?*-Y
zeolite and assigned toa Cu*NO* complex.

The bond order in the free NO molecule
is 23. Removal of one antibonding electron,
by coordination to a transition metal ion,
producing NO*, increases the bond order
and results in a shorter and stronger bond
because the electron is removed from an
antibonding orbital. A stronger bond
should produce a vibrational frequency
above 1875 cm ™!, i.e., above the vibrational
frequency of the free NO molecule: the band
at 1912 cm~! would thus correspond to a
partially positive NO species, as expected
for [Cu™®*NO?*] (19) (where 8 + &' = 1).
This notation implies in fact that, although
a spin pairing has occurred, as revealed by
EPR, the charge donation from NO to Cu?~
centres is far from being complete, as the
observed IR frequency is slightly higher
than that of NO gas and definetly lower than
that of the NO* species (NO* frequency =
2345 cm ™) (20).

Moreover, the reversible behaviour of the
band at 1912 cm~! with respect to evacua-
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tion is consistent with the effect observed
in the EPR: evacuation of NO produces a
corresponding increase in the Cu®* signal
intensity. It is clear that [Cu™®TNO® *] (i.e.,
a complex with a reversible partial charge
from NO to the Cu?* centres) is the main
initial product of the interaction between
NO and Cu?* ions in Cu/ZSMS5 and that it
is stable, at least under the experimental
conditions of the present work.

In the case of Cu*/ZSMS, the main prod-
uct formed in the early stages of the interac-
tion with NO is a nitrosylic adduct on Cu™
(it can be written as Cu*NO), which exhib-
its the EPR spectrum shown in Figs. 3a and
3b. This species is thought to be responsible
for the IR band at 1811 cm ™' (Fig. 5), which
initially dominates this spectrum. Again the
correspondance between the EPR and IR
spectral features is found on the basis of the
intensities and of the behaviour upon NO
evacuation. Arguments in support of this
Cu*NO complex are as follows:

The paramagnetic species in Figs. 3a and
3b appears to have axial symmetry, with
two partially overlapping hyperfine quar-
tets. The hyperfine structure indicates that
the unpaired electron interacts with a cop-
per nucleus (I = § for ®Cu and Cu) produc-
ing four hyperfine lines. A further splitting
of some single copper hyperfine lines also
into three lines is instead due to the interac-
tion of the paramagnetic electron with “N
(a,x =29G, and g = 18 G, I(*N) = 1).
This latter coupling due to nitrogen was not
observed for similar NO adducts on Cu*
in Y zeolites (/4, 17). The g values of the
nitrosyl adduct observed on Cu™ are typical
of species formed upon NO adsorption on
non-d cationic centres, which occurs with-
out electron transfer to the cation (21-23).
The spectrum of adsorbed NO is observable
in such a case due to the removal of the
degeneracy in the highest occupied 7 anti-
bonding orbital of NO, by the cationic elec-
tric field (23). The Me*~""*NO* structure
typical of transition metal nitrosyls and ob-
served in the case of the Cu>*—NO interac-
tion is absent in the case of NO on Cu™/
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ZSMS because of the 3d' closed shell struc-
ture of Cu*, which cannot undergo electron
transfer to d orbitals.

The nature of the adduct is thus deter-
mined by the balance between the o dona-
tion from the 5o NO lone pair and 7 back-
bonding to the & antibonding NO orbitals.
The IR frequency of the adduct (1811 cm™1)
is slightly lower than that of the free NO
molecule, and this implies that a partial elec-
tron transfer from Cu* to NO does indeed
occur, resulting in a slightly negatively
charged nitrosyl. On the other hand the ob-
served stretching frequency (1811 cm™') is
lower than that of the free molecule but by
far higher than that reported for the NO ™~ ion
(1100 ecm™") (24) and in a cryogenic matrix
(1358-1374 cm™Y) (25). Frequencies of
=1815 cm~' for mononitrosyl complexes,
which do not imply a net charge transfer,
have also been observed with other sys-
tems, e.g., Cr’*~NO (26).

After the initial formation of Cu*NO at
low NO pressures, the successive stages of
NO interaction with Cu* can be observed
in Fig. 5: as the NO pressure is increased a
second molecule can adsorb at the Cu™NO
site, creating a dinitrosyl, with stretching
bands at 1734 and 1827 cm ™!, (This s clearly
seen to occur also in Fig. 4 on the small
fraction of Cu* ions, where the band pair
only appears as the pressure is increased.)
Upon further increase of the NO pressure,
Fig. 5 shows that the concentration of dini-
trosyls grows (growth of the twin peaks at
1734 and 1827 cm™ 1Y), with the simultaneous
decrease of the mononitrosyl Cu*NO spe-
cies (single peak at 1811 cm ™ !). Evacuation
of NO reveals that this step is reversible, as
the 1734 and 1827 cm ™! bands are destroyed
and the 1811 cm ™' band is restored. Dimeric
NO species with a cis-configuration are
known to adsorb, in cryogenic matrix, at
~1870 and =1710 cm ! (27) and have been
observed at the surface of various catalysts.
The intensity ratio of the symmetric and
asymmetric stretching modes of the dini-
trosyl species formed in Cu* are shown
by the inset of Fig. 5. Using the integrated
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intensities for the asymmetric and symmet-
ric stretching modes, as obtained through
a band simulation program (26, 28), we
have

T 12
[ZQJ = 1.2738,
Is

and « (the angle of oscillation between the
two NO molecules) = 104°, which is a realis-
tic figure for asymmetric cis-(NO), com-
plexes on a surface site. Note that the two
NO stretching modes have rather different
half band widths, as normally observed in
the condensed phase (20). If we use the non-
integrated intensities (/,,,,), we would ob-
serve an angle of @ = 90°, i.e., a figure close
to that observed for (NO), in the gas phase,
and any effect due to the coordination at
Cu* surface centres would be lost.

In parallel with the pressure dependence
of the dinitrosyl species, the intensity of the
1912 cm™! band also grows at higher NO
pressures eventually becoming the domi-
nant feature of the spectrum of the Cu*/
ZSMS specimen (Fig. 5). This band is the
same band observed in the spectra of the
Cu’*/ZSMS5 system (Fig. 4) and is typical of
NO interaction with Cu**, resulting in the
formation of [Cut®*NO®**], as detailed
above. The appearance of the latter band, in
Fig. 5, indicates that the Cu™ sites undergo
oxidation in the presence of a high NO pres-
sure. This fact is also confirmed by the ap-
pearance of a Cu*" signal in the EPR spec-
trum of Cu*/ZSMS after the adsorption of
5-30 Torr of NO. Since the Cu*3*NQO*~
adduct is not EPR visible, the observed
Cu’* ions (exhibiting a low spectral inten-
sity) should correspond to the fraction of
oxidised sites not capable of NO adsorption
(see IR section).

The mechanism of the whole oxidative
process can be understood by examining the
other bands observed in Fig. 5, which pro-
vide spectroscopic evidence for the oxida-
tive intermediates. The 2249 cm ™' band is
typical of adsorbed N,O (29) (N cxidation
No. = +1) whereas the 2158 cm~! band
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likely belongs to a NO3™ molecule (N oxida-
tion No. = +3) adsorbed in a quasi-linear
configuration (30). The band observed at
1634 cm ™! can also be attributed to an oxi-
dised adsorbed species, i.e., to nitrites or
pseudo nitrites (NO; ). The nitrite formation
parallels that of the 1912 cm™' band (the
band characteristic of the oxidised state of
copper). The interaction of NO with Cu™/
ZSMS is thus a complex redox process. The
oxidation of the site likely occurs by N,O
elimination from the dinitrosyl, followed by
further successive reactivity of the site with
NO, according to Scheme 1.

Elimination of N,O from the copper dini-
trosyl(II) occurs via the oxidation of the site
to Cu?* leaving a reactive oxygen intermedi-
ate that can easily react with additional NO
to give NO, (1634 ¢cm™!). Elimination of
N,O from an adsorbed nitrosyl pair has al-
ready been observed in the case of NO ad-
sorbed on Ca?* zeolites (23). The Cu’* site
remaining after the oxidation and N,O elimi-
nation is then available for the coordination
of another NO molecule to give the
[Cut®*NO? *] nitrosyl(III) typical of an oxi-
dised Cu®* sample (which is the main final
result of the oxidation process), as sup-
ported by the appearance of the band at
1912 cm~'. The formation of Cu?* sites also
occurs by evacuation of the reduced sample
(see Scheme 1) under a low NO pressure
when Cu™NO() is the most abundant spe-
cies present at the surface (Section 2b). This
is unambiguously proved, both by the ap-
pearance of a Cu®" signal in the EPR spec-
trum after NO evacuation and by the IR
spectrum after NO readsorption that exhib-
its the 1912 cm~! band typical of a NO ad-
duct on Cu’*. The interpretation of the
mechanism of this second oxidation process
is not straightforward and requires a careful
analysis of the evacuated gas phase to iden-
tify the nature of the nitrogen species.
(Work is currently in progress on this last
point.)

Some discrepancies apparently exist be-
tween the present picture of NO chemistry
on ionic copper sites and that proposed by
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Iwamoto er al. (29) who previously ob-
served bands at 1734, 1811, and 1827 cm ™!
for NO on a partially reduced Cu/ZSMS5 sys-
tem. The bands at 1734 and 1827 cm~! were
assigned to (NO), or dinitrosyls and the
1811 cm™~! band was assigned to an NO~
species; it was suggested that these bands
were the intermediate species involved in
the NO decomposition. According to Iwa-
moto et al. all three bands decreased simul-
taneously in intensity with time, under a
constant pressure of NO (42 Torr). This in-
tensity trend is different from that observed
in our experiments, where the 1827 and 1734
cm™! bands increased at the expense of the
1811 cm™' band and vice versa (Fig. 4). In
our opinion, the apparent different behav-
iour is due to the pressures of NO employed
in the respective experiments. This hy-
pothesis was confirmed by adding a high
pressure of NO (26 Torr) to the Cu/ZSMS
sample: all three bands decreased simulta-
neously, as in the case described by Iwa-
moto et al. However, the use of very small
doses of NO allowed us to show that the

mononitrosyl (1811 cm™') and the dinitrosyl
(1734 and 1827 cm ") on Cu ™" are not formed
independently but are two species formed
on the same site and interconvert into one
another following the gas pressure. At high
pressures both mono- and dinitrosyl com-
plexes exist at the same time, and, as the
decomposition proceeds, both nitrosyl sites
are destroyed resulting in the decrease of all
three bands simultaneously. At the lower
pressures the decomposition follows the re-
action scheme shown above.

Furthermore, by comparison of the result
of adsorption onto oxidised and reduced
samples of Cu/ZSMS, it is possible to single
out the adducts typical of Cu?* and Cu™,
respectively, and to describe the oxidative
mechanism and its pressure dependence on
the reduced site.

CONCLUSION

At ambient temperatures, NO typically
reacts with Cu?>*/ZSMS5 leading to a diamag-
netic mononitrosyl characterized by a par-
tial electron transfer from the molecule to
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the transition metal ion. The adduct, the NO
stretching frequency of which is 1912 cm ™',
is reversibly formed at the temperature of
the IR beam.

The interaction of NO with Cu*/ZSMS is
characterized by the initial formation of a
mononitrosyl which forms without electron
transfer to the copper. The mononitrosyl
(formerly Cu*NO) is paramagnetic and
characterised by a typical EPR spectrum.
The IR stretching frequency of 1811
c¢m ! indicates that the adsorbed NO mole-
cule is slightly negative. The formation of
this species is the first step in the formation
of a dinitrosyl and of an oxidation process
that occurs through the disproportionation
of the dinitrosyl species and leaves Cu®*,
N,O, and NO; . The reduced state of Cu?*
in the Cu/ZSMS5 catalyst is therefore de-
duced to be unstable under NO pressure at
room temperature.
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