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a b s t r a c t

The effect of interaction of electron donor ammonia and pyridine molecules with Co2+ sites on the prop-
erties of these Co2+ ions, as well as the effect of adsorbed NO on the properties of NH3 interacting with
Co2+ has been followed in the present study.

It has been shown that the molecules NO interacting with Co2+ which bonds pyridine or ammonia
molecules were strongly activated (NO stretching band was shifted to lower frequency by 60–110 cm−1).
This activation could be realized by the transfer of electrons from basic molecules via Co2+ to antibonding
�* orbitals of NO. The significant NO activation took place when NO interacted with Co2+ cations, which
coordinated maximum possible number of NH3 molecules (NH3/Co = 6). For this case the formation of

2+ 2+

o-nitrosyls
O adsorption

[Co(NH3)6NO] complexes in which the transfer of full electrons from Co to antibonding �* orbitals of
NO occurred. Such strong activation of NO molecules by ammonia and pyridine molecules makes available
the formation of N2O. The fact that NO accepts electron forming NO− and finally N2O indicates that NO
acts as oxidant in the presence of [Co(py)]2+ or [Co(NH3)6]2+. On the other hand, earlier IR study showed
that without preadsorbed basic molecules NO acted as reducer: Co3+ was reduced to Co2+ whereas NO

+
oxidized to NO .

. Introduction

Cobalt containing zeolites have drowned the attention of
esearch laboratories nearly 20 years ago as potential catalysts for
he reduction of NOx with hydrocarbons (HC-SCR) [1–3]. This pro-
ess was very attractive because of the possibility of replacing of
mmonia with methane as reducing agent. Co-zeolites have been
lso found to be active in several reactions of organic molecules
uch as alkanes, e.g. ammoxidation [4], Fisher–Tropsch synthesis
5], regioselective oxidation of alkanes [6]. Therefore, the recogniz-
ng the properties of Co2+ and Co(III) species in zeolites is crucial for
atalysis. Many techniques are employed into investigation of the
tatus of cobalt active species: IR [7–9], UV–VIS [10,11], EPR [12,13]
pectroscopies, TPR [14,15], and DFT calculations [13,16]. Very con-
enient technique for following the nature of Co active moieties and
tudying the mechanisms of the mentioned above processes is IR
pectroscopy. It gives direct information about the nature of the
urface species.

It has been reported that the presence of the cobalt oxide forms

f high dispersion (as Co3O4) is required for the selective reduc-
ion of NOx [17]. The high-siliceous zeolites of the pentasil group
oZSM-5, CoFER, and CoMOR have been found as effective catalysts
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in the process of reducing NOx by hydrocarbons, however, zeolites
CoY of high cobalt content has revealed the rather low activity.
Therefore, the structural factors of zeolites seem to be important in
this respect. It has been also shown that weakening of the NO bond
by � back-donation of electron from the cation d orbitals to the
antibonding SOMO in the NO molecule, what results in their disso-
ciation, is vital stage in the selective catalytic reduction of nitrogen
oxides. The partial neutralization of the cations with zeolitic oxy-
gen atoms is crucial for the charge transfer mechanism. Extend of
the cation neutralization is ruled by the composition of zeolite and
structural factors of zeolites [18]. Dependence of � back-donation
on the interaction of Co2+ cations with oxygens of zeolite frame-
work requires some knowledge on the Co2+ cations positions in
MFI type zeolite and the relative population of �, �, and � type
cations. As reported in the literature [18,19], the �-type Co2+ ions
dominate at all Co loadings and they are suggested to be located at
the deformed 6-member ring at the intersection of sinusoidal and
straight channels.

As mentioned above, the properties of Co2+ may be modified by
the interaction with framework oxygens. However, they can be also
influenced by the engagement into the interaction with reactant
molecules [20]. We studied the effect the electron donor ammonia

and pyridine molecules on the properties of Co2+ in zeolite CoZSM-
5. The properties of Co2+ were characterized using NO as probe
molecules. NO molecule because of relatively low energy of SOMO
orbital is good electron acceptor and its stretching frequency is very

dx.doi.org/10.1016/j.cattod.2010.11.053
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:gorak@chemia.uj.edu.pl
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Fig. 1. a – spectrum recorded upon the sorption of pyridine at 440 K in CoZSM-5,
followed by the evacuation at the same temperature, b – spectrum recorded upon
the sorption of NO at room temperature in CoZSM-5 with preadsorbed pyridine,
c – difference spectrum c = b − a, d – difference spectrum of NO sorbed at 170 K in
82 K. Góra-Marek, J. Datka / Ca

ensitive to the electronic status of adsorption sites. NO is also inter-
sting as reactant molecules in denox processes. The information
oncerning the effect electron donor molecules such as ammonia
nd pyridine on the activation of N–O bond may be also helpful in
nderstanding the mechanism of denox process.

. Experimental

Parent zeolite NH4ZSM-5 was supplied by ZEOLYST, CBV 2314.
eolite CoZSM-5 of Si/Al = 11.5 and Co/Al = 0.15 was obtained by
onic exchange of NH4ZSM-5 in 0.5 M Co(NO3)2 solution at 350 K.
fter exchange procedure, samples were filtered and washed with
istilled water until the washing was free from nitrate ions and
ried at 385 K for 24 h.

Pyridine (POCh Gliwice, analytical grade), ammonia (PRAXAIR
9.96%) and nitrogen oxide (Linde Gas Polska 99.5%) were used as
dsorbates.

Usually, the activation procedure applied to the aluminium rich
FI zeolite (as investigated in this study) results in a partial dea-

umination leading to the formation of Lewis centers attributed to
xtraframework aluminium. The scrutiny of the spectra of the par-
nt zeolite NH4ZSM-5/11.5 in the region of OH groups vibration
oes not exhibit any bands of Al–OH species (spectra not shows).
dditionally, the sorption of pyridine in HZSM-5/11.5 exhibits the
resence of negligible amount Py–AlLewis sites. The quantitative
tudies demonstrate the presence of 0.2 Lewis centers per unit cell
hich corresponds 2.5% of total Al content in HZSM-5/11.5.

Our quantitative IR studies of CO adsorption exhibited that in
oZSM-5/11.5/0.15 all Co ions exist as exchangeable cations, bal-
ncing the negative charge of AlO4

− tetrahedra pairs. Only 1% of
otal amount Co cations takes the form of oxide-like species being
alanced by single AlO4

− tetrahedron.
Prior to IR studies the zeolite were pressed into thin wafers and

ctivated in IR cell at 770 K at vacuum for 1 h. The IR spectra were
ecorded at room temperature with a Bruker Tensor 27 spectrom-
ter (equipped with an MCT detector) with the spectral resolution
cm−1.

. Results and discussion

.1. Sorption of NO in zeolite CoZSM-5 with preadsorbed pyridine

The spectra of presented in Fig. 1 were recorded upon the sorp-
ion of NO in zeolite with preadsorbed pyridine. Spectrum a was
ecorded upon the sorption of pyridine at 440 K in CoZSM-5, fol-
owed by the evacuation at the same temperature. The amount
f pyridine sorbed was sufficient to neutralize all protonic sites
nd to saturate all Co2+ ions. The spectrum of pyridine adsorbed
hows the bands of pyridinium ions and pyridine bonded to
o2+ (most characteristic ones at 1545 and 1450 cm−1, respec-
ively). Spectrum b was recorded upon the sorption of NO at room
emperature in CoZSM-5 with preadsorbed pyridine. Spectrum c
difference spectrum c = b − a) shows a weak NO band at 1800 cm−1

f [Co(py)(NO)]2+ mononitrosyls. The frequency of this band is
ower by 60 cm−1 than for mononitrosyls formed in CoZSM-5 with-
ut pyridine (1860 cm−1).

As reported in the literature [9,21], the mononitrosyls are
ormed in zeolite CoZSM-5 without pyridine only if NO is sorbed
t temperatures above ca. 600 K. At lower temperatures the second
O molecule interacts with Co2+NO forming dinitrosyls. It may be

upposed that, when Co2+ bonds pyridine molecule, there is not

nough space to bond two NO molecules.

The lowering NO stretching frequency for NO bonded to
Co(py)]2+ adducts indicates the important N O bond activation
hich can be explained by � back donation of electrons from
zeolite CoZM-5 with preadsorbed pyridine, and e – difference spectrum recorded
upon heating to room temperature of CoZSM-5 with pyridine and NO coadsorbed
at 170 K (spectrum d).

[Co(py)]2+ complex to antibonding �* orbitals of NO. The electrons
from strongly basic pyridine molecule are transmitted to NO via
Co2+ cations.

When NO was sorbed in zeolite CoZM-5 with preadsorbed pyri-
dine at low temperature 170 K (Fig. 1 spectrum d) very weak
bands of [Co(py)(NO)2]2+dinitrosyls (1780 and 1860 cm−1) devel-
oped indicating that at 170 K very small number of [Co(py)]2+was
able to bond two NO molecules. The frequencies of dinitrosyls
bands are lower by 30–35 cm−1 than for dinitrosyls formed in
CoZSM-5 without pyridine preadsorbed (1810 and 1895 cm−1 –
spectrum not shown) due to N O bond activation by � back dona-
tion. The subsequent evacuation results in the transformation of
dinitrosyls to mononitrosyls (band at 1800 cm−1 – spectrum e).

The spectra recorded upon the sorption of NO in CoZSM-5 with
preadsorbed pyridine show also the bands at 2224 and 1280 cm−1

assigned to N2O [9,21] (Fig. 1, spectra c and e). The formation of
N2O can be evidence that NO in the presence of [Co(py)]2+ adducts
acts as oxidizer being reduced to N2O. It should be noticed that NO
sorbed in CoZSM-5 without preadsorbed basic molecules acts as
reducer: Co3+ is reduced to Co2+ and NO is oxidized to NO+. This
was evidenced in by IR studies of Hadjiivanov et al. [9] as well as in
our earlier investigation [21].

3.2. Sorption of NO in zeolite CoZSM-5 with preadsorbed
ammonia

In this series of experiments NO was sorbed in CoZSM-5 with
various amounts of ammonia preadsorbed. Fig. 2 shows the spectra
of ammonia adsorbed species in the region 1700–1300 cm−1. They
exhibit the bands of ammonia interacting with Co2+ (1620 cm−1)
and of ammonium ions (1450 cm−1).

Spectrum c was recorded upon the saturation with ammonia of
all protonic sites and all Co2+ sites, whereas spectra a and b were
recorded upon the sorption of smaller amounts of ammonia. The
average number of ammonia molecules interacting with one Co ion
was roughly estimated from the intensity of 1620 cm−1 band and its
extinction coefficient. It was assumed that the values of extinction
coefficients of IR bands of ammonia interacting with Al- and Co-

Lewis sites are comparable, so more, that the band frequencies are
the same. The value of extinction coefficient of 1620 cm−1 band
of ammonia interacting with Al-Lewis acid sites determined in our
previous study [22]. The average number of NH3 molecules engaged
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ig. 2. The spectra of various amounts of ammonia sorbed in zeolite CoZSM-5. Spec-
ra a, b and c correspond an average number of NH3 molecules per Co2+: 2.5, 4, and
, respectively.

nto interaction with Co2+ estimated from the spectra a, b, and c in
ig. 2 was 2.5, 4 and 6 NH3/Co, respectively.

.2.1. NO sorption in CoZSM-5 containing 2.5 NH3/Co
The spectra recorded upon the sorption of increasing amounts

f NO in zeolite CoZSM-5 containing in average 2.5 NH3/Co are
resented in Fig. 3. The presented spectra are difference spectra:
he spectrum of zeolite with NH3 but before NO sorption was sub-
racted from the spectra recorded upon NO sorption.

In the consideration presented below the number of NH3
olecules coordinated to Co2+ is denoted as a symbol n. Even

hough the average number of NH3 molecules interacting with
o2+ ions was estimated as 2.5 NH3 per 1 Co2+, there are Co2+

ations which coordinate bigger number NH3 molecules and some
thers Co2+ cations engaged into interaction with smaller num-
er NH3 molecules. Moreover, some NO molecules replace NH3
hen forming [Co(NH3)n(NO)2]2+ adducts, hence the number of
H3 molecules interacting with Co2+ cannot be given exactly.

The sorption of first doses of NO (bottom spectra) resulted
n appearing of the band of NO interacting with Co3+ and also
Co(NO)2]2+ dinitrosyls bands (1815 and 1895 cm−1). The frequen-
ies of these bands are the same as if NO is sorbed in zeolite

ithout ammonia, indicating that the first NO molecules react with
o2+ which do not coordinate ammonia. Subsequent NO doses
Fig. 3, top spectra) interact with [Co(NH3)n]2+ adducts forming
Co(NH3)n(NO)2]2+ dinitrosyls. Both NO bands in such dinitro-
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ig. 3. The spectra recorded upon the sorption of increasing amounts of NO in zeolite CoZ
pon the evacuation at room temperature. The presented spectra are difference spectra:
pectra recorded upon NO sorption.
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syls are red shifted by 5–10 cm−1 from the positions typical of
dinitrosyls without NH3. This red shift similar (though smaller in
comparison with preadsorbed pyridine) can be explained by � back
donation of electrons from basic ammonia molecules via Co2+ to
antibonding �* orbitals of NO molecules.

The results presented in Fig. 3 evidenced also that NO is more
weakly bonded to Co2+ which coordinate NH3 than to free Co2+:
NO reacts with [Co(NH3)n]2+ in the next order upon reaction with
free Co2+. The same conclusion was also obtained in desorption
experiment (Fig. 3, spectrum marked with an asterisk). The evac-
uation at room temperature removed the bands of dinitrosyls
in [Co(NH3)n(NO)2]2+ complexes (1805 and 1892 cm−1) without
affecting the bands of dinitrosyls [Co(NO)2]2+ (1815, 1895 cm−1).

The effect of NO sorption on the status and properties of
preadsorbed ammonia will be now discussed. According the data
presented in Fig. 3, the first doses of NO (bottom spectra) react
with Co2+free of NH3, the spectrum of NH3 bonded to Co2+ and of
ammonium ions practically does not change (the difference spectra
do not show any changes). On the other hand, when NO inter-
acts with [Co(NH3)n]2+ (Fig. 3, top spectra) the band of ammonia
interacting with Co2+ at 1620 cm−1 decreases (this is seen as min-
imum in difference spectra), which is accompanied by the band of
ammonium ions at 1450 cm−1 grow and a new band at 1645 cm−1

appearance. These effects can be explained as follows: some NO
molecules react with [Co(NH3)n]2+ complexes which have two free
coordination positions and are able to coordinate two NO molecules
forming [Co(NH3)n(NO)2]2+. Both NH3 and NO bands are shifted
from the positions typical if they are sorbed “solo”: NH3 band
is blue shifted (from 1620 to 1645 cm−1) and the bands of NO
are red shifted (by 5–10 cm−1). Other NO molecules interact with
[Co(NH3)n]2+ complexes which have less than two coordination
positions accessible. In this case, ammonia is substituted for NO-
removed ammonia molecules reacts with acidic hydroxyls still not
neutralized by ammonia forming new ammonium ions: the band
at 1450 cm−1 grows.

3.2.2. NO sorption in CoZSM-5 containing 4 NH3/Co

The spectra recorded upon the sorption of increasing amounts

of NO in zeolite CoZSM-5 containing in average 4 NH3/Co are
presented in Fig. 4. At low NO loadings (Fig. 4, spectrum a)
the 1750 cm−1 band is the only NO band. It can be assigned

14001600
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SM-5 containing 2.5 NH3/Co. The spectrum marked with asterisk (*) was recorded
the spectrum of zeolite with NH3 but before NO sorption was subtracted from the
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Fig. 4. The spectra recorded upon the sorption of increasing amounts of NO in zeo-
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Fig. 5. a–e – spectra recorded immediately upon the sorption of increasing amounts
of NO in zeolite CoZSM-5 containing 6 NH3/Co (Co2+ coordinates maximum possible
number of NH3 molecules). The presented spectra are difference spectra: the spec-
trum of zeolite with NH3 but before NO sorption was subtracted from the spectra
ite CoZSM-5 containing 4 NH3/Co. The presented spectra are difference spectra:
he spectrum of zeolite with NH3 but before NO sorption was subtracted from the
pectra recorded upon NO sorption.

o [Co(NH3)4(NO)]2+ mononitrosyls. As mentioned, mononitrosyls
ave not been observed if NO was sorbed in CoZSM-5 at room tem-
erature without ammonia. When NO is sorbed in CoZSM-5 with (in
verage) 4NH3/Co only [Co(NH3)4]2+ complexes with one coordina-
ion position unoccupied able to bond one NO molecule, therefore

ononitrosyls are formed.
The NO band in such mononitrosyls is red shifted by 110 cm−1

n comparison with CoZSM-5 without ammonia [9,21]. This signif-
cant frequency shift may be attributed to the electron transfer of
lectrons from electron donor ammonia molecules via Co2+ to anti-
onding �* orbitals of NO. This effect was found to be more impor-
ant than that observed for pyridine preadsorbed (�� = 60 cm−1) for
he reason that Co2+ can bond only one bulky pyridine molecule but
onds several smaller ammonia molecules, therefore for ammonia
he electron donation effect is multiplied. At higher NO loadings
he mononitrosyl 1750 cm−1 band diminished, whereas two dini-
rosyls bands (at 1810 and 1887 cm−1) grew up. Likewise, as for
ower ammonia loadings (see previous chapter) and for pyridine
he bands of dinitrosyls are red shifted by 5–10 cm−1 in comparison
ith the spectrum of NO sorbed in zeolite without ammonia.

Similarly as for lower ammonia loadings (see previous chap-
er) NO molecules replaced some ammonia molecules from
Co(NH3)4]2+. Removed ammonia molecules react with protonic
ites forming new ammonium ions (the band at 1450 cm−1). The
620 cm−1 band of ammonia bonded to Co2+ shifts also to higher
requency due to the interaction of Co2+ with NO.

.2.3. NO sorption in CoZSM-5 containing 6 NH3/Co
In this series of experiments NO was sorbed in CoZSM-5 in which

ll the protonic sites were neutralized and all the Co ions coordi-
ated maximum number of NH3 molecules. As mentioned above,
his maximum number was estimated to be equal to 6. It should be
oted that in water solutions cobalt forms hexamine complexes in
hich coordination number is also equal to 6.

The spectra of NO sorbed in the zeolite saturated with ammonia
re presented in Fig. 5 (spectra a–e). Similarly as for lower ammo-
ia loadings, the NO sorption resulted in the appearance of the
500 cm−1 band (in the region of ammonium ions deformation).
ccording to our earlier study [23], this band is typical of dim-
ers: NH4

+· · ·NH3, which are formed by the reaction of ammonia
ith ammonium ions. This result suggests that NO replaced NH3

2+ 2+
rom [Co(NH3)6] complexes forming [Co(NH3)5(NO)] while the
H3 molecule released reacts with NH4

+ ion (all the protonic sites
re already neutralized by the ammonia) forming NH4

+· · ·NH3 dim-
ers.
recorded upon NO sorption. f – spectrum recorded upon 30 min contact time with
NO. g – spectrum recorded upon 60 min contact time with NO.

[Co(NH3)5(NO)]2+ complexes are widely known in the cobalt
coordination chemistry [24–26]. They are formed in the reaction of
hexamine complexes [Co(NH)6]2+ with NO at water solution even at
0 ◦C. The [Co(NH3)5(NO)]2+ compounds are now known be formally
NO− complexes of Co(III). In such [Co(III)(NH3)5(NO−)]2+ complexes
the electron transfer from Co2+ to NO took place: Co2+ is oxidized
to Co3+ and NO is reduced to NO−. It is well-known that the Co(III)
oxidation state is stabilized by NH3 and other electrondonor amine
ligands, as well as by CN− in [Co(CN)5(NO)]3− complexes [22–24].
The [Co(NH3)5(NO)]2+ complexes are able to dimerize forming the
hyponitrite dimmers [(NH3)5Co–(O)N N–O–Co(NH3)5]4+ [24–26].
Both complexes, i.e. monomers and dimmers, are diamagnetic
which is an evidence that NO got negative charge forming nitro-
side anion NO−. The fact that full electron transfer to NO occurred
stands for a very important N O bond activation by the donation
of electron to �* antibonding orbital.

As mentioned, it is known in coordination chemistry of cobalt,
that [(NH3)5Co–(O)N N–O–Co(NH3)5]4+ dimmers are formed from
[Co(NH3)5(NO)]2+ monomers [24–26]. However, it seems that in
our ZSM-5 zeolite there is not enough space to form such bulky
species. Nevertheless, it is not excluded that in ZSM-5 hyponi-
trite fragments [O–N N–O]2− can be formed by the addition of
NO molecule from the gas phase to [(NH3)5CoIII(NO−)]2+ species
according to the nitroside ion pathway proposed for the reaction of
NO in zeolite CuZSM-5 [30]. In Cu+–NO unit some electron density
is transferred from zeolite framework via Cu+ toward NO which
gathers negative charge. This negative charge is accumulated on N
atom which leads to the change of hybridization to sp2. Cu+-NO unit
is prone to electrophilic attack of NO from gas phase leading to N–N
bond formation. Finally N2O as intermediate product of NO reduc-
tion to N2 is produced. We suppose that similar situation may take
place in our CoZSM-5. [(NH3)5CoIII(NO−)]2+ complexes in which N
atom which did also gather electron density from NH3 ligands via
Co2+ may react with others NO molecule from gas phase forming
[(NH3)5CoIII(O–N N–O)−]2+ dimeric forms.

The results of presented above consideration will be now con-
fronted with the IR data. According to the data presented in Fig. 5,
the sorption of NO in CoZSM-5 saturated with ammonia results in
appearing of two bands at 1330 and 1660 cm−1. It is not excluded
that these bands may be assigned to a hyponitrite species formed

in our CoZSM-5. The frequency of the band at 1330 cm−1 is in the
region of NO− vibration [27,28]. Moreover, the 1660 cm−1 band is
in the region of double bond vibration (1700–1600 cm−1). The 1330
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nd 1660 cm−1 bands may be assigned to N–O single bond and N N
ouble bond in the hyponitrite structure.

The fact that electron transfer from Co2+ enriched in electrons
y five ammonia ligands to NO ligand took place denotes that in
his case (similarly as for CoZSM-5 with preadsorbed pyridine) NO
cted as oxidant.

According to the data presented in Figs. 3 and 4, the hyponi-
rite species were not formed if NO interacted with [Co(NH3)2.5]2+

nd [Co(NH3)4]2+, nitric oxide (II) took the form of mononitrosyls
r dinitrosyls. It can be supposed that the hyponitrite species are
ormed only if Co2+ ions coordinating the maximum number of
H3 ligands interact with NO. Only in this case Co2+ is so enriched

n electrons that the electron transfer to NO may take place and
yponitrite species can be formed.

At longer contact time (Fig. 5, spectra f and g) the band of
2O (2224 cm−1) develops being evidence that, similarly as for
readsorbed pyridine, N2O was produced from adsorbed NO forms.
arallel with the formation of N2O, the bands of the hyponi-
rite species 1330 and 1660 cm−1 decrease suggesting that N2O
as formed from the hyponitrite species. What is more, N2O was
ot formed in CoZSM-5 with smaller amount of ammonia pread-
orbed, i.e. containing [Co(NH3)2.5]2+ and [Co(NH3)4]2+, in which
he hyponitrite species were not formed (Figs. 3 and 4) supporting
ypothesis that hyponitrite species (in which N–N bond already
xists) may be precursor of N2O formation in CoZSM-5 with pread-
orbed ammonia.

The formation of N2O from the hyponitrite Co species was
lso observed for cobalt complexes with various ligands e.g. CN−

24,26,29]. The decomposition of the hyponitrite species was
elated to their instability and their tendency to lose nitrous oxide.

According to data presented in Fig. 1, N2O was also formed if NO
nteracted with PyCo2+ adducts in spite of the absence of hyponi-
rite bands (1330 and 1660 cm−1). It is possible that in this case
f pyridine, which transmitted less of electron density to NO lig-
nd (via Co2+) than six ammonia ligands the mechanism of N2O
ormation was different.

. Conclusions

1) The interaction of NO with Co2+ in CoZSM-5 with preadsorbed
pyridine and ammonia was followed. We studied CoZSM-5 with
various amounts of ammonia preadsorbed: NH3/Co = 2.5, 4 and
6.

2) Without preadsorbed ammonia and pyridine molecules, NO
sorbed at room temperature in CoZSM-5 formed dinitrosyls
[Co(NO)2]2+, mononitrosyls [Co(NO)]2+ were formed only at
high temperatures (above 600 K). When NO was sorbed in
CoZSM-5 with preadsorbed pyridine and ammonia, mononi-
trosyls [Co(py)(NO)]2+, and [Co(NH3)4(NO)]2+ were formed.

3) The molecules NO interacting with Co2+ which bonds pyridine
or ammonia molecules are strongly activated: the NO band
shifts to lower frequencies by 60 and 110 cm−1, respectively.
This activation is realized by the transfer of electrons from basic
molecules via Co2+ to antibonding �* orbitals of NO. The acti-
vation is more important for ammonia than for pyridine. Co2+

is able coordinate only one bulky pyridine molecule but it can
coordinate several small ammonia molecules, so for ammonia

the electron donation multiplies.

4) If NH3 and NO molecules are coordinated to the same Co2+ ion,
apart from NO molecule, the NH3 molecule is also affected: the
NH3 bending band shifts to higher frequency by 25 cm−1.

[
[
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(5) The interaction of NO with Co2+, which coordinates maxi-
mum possible number of NH3 molecules (NH3/Co = 6), results
in substitution of one NH3 for NO and the formation of
[Co(NH3)5(NO)]2+. In these complexes the electron transfer
from Co2+ to NO takes place. The transfer of full electrons to
antibonding �* orbitals of NO results in very important NO
activation. High likely [Co(NH3)5(NO)]2+ complexes in our zeo-
lite (similarly as in solutions) can form hyponitrite species:
[(NH3)CoIII(O–N N–O)−]2+. It is possible that the bands at 1330
and 1660 cm−1 observed in our IR spectra can be assigned to a
hyponitrite species (the band at 1330 cm−1 may be due to N–O
bond, and 1660 cm−1 to double N N bond).

(6) It is possible that the hyponitrite species [(NH3)CoIII(O–
N N–O)−]2+, as well as [Co(py)(NO)]2+ are precursors of of N2O
formation.

(7) The fact that NO accepts electron forming NO− and finally N2O
indicates that NO acts as oxidant in the presence of [Co(py)]2+ or
[Co(NH3)6]2+. However, when NO interacts with Co2+ without
preadsorbed basic molecules, it acts as reducer: Co3+ is reduced
to Co2+ and NO is oxidized to NO+.
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