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Infrared Study of the Adsorption of Nitrous Oxide on n-Alumina

The major interest of N,O as a probe
molecule in the study of heterogeneous
catalysts containing transition metals and
transition metal ions consists in its easy
decomposition, yielding information on the
nature of active sites (/-3). N,O can also
coordinate without decomposition onto
coordinatively unsaturated (cus) transition
metal cations (3, and references therein),
producing heterogeneous complexes that
are almost unknown in homogeneous coor-
dination chemistry.

Parkyns (4) reported that N,O does not
adsorb on Al,O,, but we have now found by
ir spectroscopy that a little N,O does ad-
sorb at ambient temperature on activated
transition aluminas and that it does so with-
out appreciable decomposition. We suspect
that the spectral features of adsorbed N,O
were not observed previously cn account of
the strong absorption of the gaseous phase.

For the present work we have mainly
used an n-AlL,O; whose preparation and
characteristics are thoroughly described in
previous papers (6-8), but all transition
aluminas were found to behave similarly.
The spectra were run on a Beckman IR 12
double-beam spectrophotometer. The in
situ cell was of conventional design, with a
very small optical path (~2 mm) to reduce
the absorption due to the N,O gaseous
phase.

Gaseous N,O absorbs at 2224 (v,), 1286
(v3), and 589 cm™! (»,), whereas in the solid
state all modes are ‘‘blue-shifted’” to 2238,
1293, and 591 cm™!, respectively (5).! When
adsorbed on n-Al,O; (Fig. 1), N,O exhibits
bands due to the v, and v; modes, but the v,

! Herzberg uses a reversed numbering for the two
3* modes (v, and »;), but the two notations are
perfectly equivalent, in view of the non-centrosym-
metric structure of N,0. We adopted Nakamoto’s
notation, as his book is mostly used by inorganic and
coordination chemists.

mode is not observed as it falls below the
alumina cutoff. The asymmetric stretching
(v,) is weak and is superimposed at 2236
cm~! on the R branch of the gas phase in the
case of n-Al,O, dehydrated at ambient tem-
perature, but it strongly intensifies and
moves up to 2244 cm™! on more and more
dehydrated samples. The band becomes
broader after a 573 K dehydration, and
definitely doubles (shoulder at ~2250 cm™)
on the sample almost completely dehy-
drated at 973 K (6). A short evacuation at
ambient temperature removes the v, band
entirely from samples dehydrated at tem-
peratures as high as 573 K, whereas a sharp
component remains at 2255 ¢cm™! in the case
of samples dehydrated at 7 = 573 K. It
increases with activation temperature, and
is quickly eliminated at 7 = 373 K. In the v,
mode region the absorption due to the
adsorbed phase is lower in frequency and
almost not overlapped with that of the gas,
but the actual spectral position is uncertain
due to weakness and broadness of the
band. There is a continuous downward shift
of the peak from 1240 to 1225 cm™' on
increasing the activation temperature, and
a component resistant to evacuation is
clearly observed at a lower frequency (1195
cm™!) on the 973 K activated sample.

The interaction of N,O with other adsor-
bates, whose behavior is known from pre-
vious work, has been studied in order to
identify the nature of the adsorbing sites.
CO would normally be a favorite choice,
but CO is not useful here as it interacts with
adsorbed N,O (and N,O interacts with ad-
sorbed CO as well) leading to CO oxidation
and to the production of surface carbonates,
typical of CO, chemisorption (7). We there-
fore examined interaction with pyridine.
When N,O is contacted with a highly dehy-
drated alumina sample on which pread-
sorbed pyridine (Py) is present, almost no
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N,O bands are formed in the spectrum. If
the preadsorbed Py is evacuated at 473 K, a
further contact with N,O produces in the v,
mode region a weak band at 2232 cm™! in
which only the low ¥ component is present;
its intensity and position are quite similar to
those of the band produced on a bare
alumina activated at ambient temperature
(curve 1 of Fig. 1).

Figure 2 summarizes the interaction be-
tween N,O and preadsorbed CO,. In the
high-frequency range N,O adsorption
yields the 2244-cm~! band, whereas the band

NOTES

due to linearly held CO, (7) is almost en-
tirely eliminated, a small band either re-
maining at or shifting to 2354 cm™!. Mean-
while, organic carbonate species (7)
absorbing in the 1750- to 1900-cm~' range
are intensified. Upon a short evacuation of
the CO,-N,O-containing system, organic
carbonate bands recover their original
shape, some of the 2370 c¢cm™! band is
reformed, and a part of the vacuum-resist-
ant N,O species remains at 2254 cm™'. If
the reversed experiment is carried out (CO,
onto preadsorbed N,O), a similar ligand
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FiG. 1. Spectra due to the adsorption and desorption of N;O on %-AlLO;. Dotted line: background;
broken line: the spectral contribution of the gaseous phase to 'spectra 1-4. Curves 1-4: spectra after the
contact of N,O (P = 5.3 X 10® N m™?) with 9-ALO; dehydrated at 298, 573, 773, 973 K, respectively.
Curves 5-6: as for curves 3 and 4, after N,O evacuation at 298 K for 1 min.
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F1G. 2. The interaction of N,O with adsorbed CO,. Dotted line: background (n-Al,O; dehydrated at
973 K). Curve I: spectrum due to CO, adsorption at 298 K (P = 267 N m~2). Curve 2: spectrum after
the admission of N,O (P = 3 x 10® N m~2) to preadsorbed CO,. Curve 3: spectrum after evacuation at

298 K for 30 sec.

displacement occurs, but desorbed N,O
does not produce any alternative structure
so that, upon further evacuation, no N,O
bands whatever are reformed.

The bands produced on N,O contact with
alumina cannot be ascribed to a plain physi-
cal adsorption on a BET-type model, as the
N,O vapor pressure is higher than 60 atm at
beam temperature and P/P, is therefore
extremely small. We think that the depen-
dence of the intensity of the adsorbed N,O
bands on sample activation temperature
clearly indicates that N,O is weakly chemi-
sorbed at sites produced by surface dehy-
dration. These sites turn out to be of at least
two types, those produced at higher dehy-
dration stages being stronger and character-
ized by a larger splitting of the two stretch-
ing modes.

The fact that the regions in which the two
observable modes absorb are the same as

those of gaseous N,O demonstrates that,
upon adsorption, N,O retains its linear
shape. The frequency increase of the v,
mode and the frequency decrease of the v
mode, observed for the chemisorption at
both sites, indicate an enhanced impor-
tance of the canonical form A of Scheme I

-+ -+
O—N=N N=N=0 (D
A B

in which the triple-bond character of v, and
the single-bond character of v, are higher
(8). Structure A is thought to be compatible
with a molecular species strongly polarized
by a lone-pair o donation from the oxygen
to a coordinatively unsaturated surface cat-
ion, i.e., to a Lewis acid center. The inhibi-
tion of N,O adsorption by pyridine pread-
sorption confirms the hypothesis of a Lewis
coordination (9).
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It is suggested that the most resistant
N,O species (bands at ~2250 and ~1190
cm™!) is adsorbed at the sites that also
chemisorb the most resistant Py species (8a
mode at 1623-1629 cm™'). In fact an evacu-
ation of pyridine at 473 K eliminates Py
species almost entirely, save for the most
resistant one, whose concentration remains
almost unaffected (9). Moreover, the strong
N,O species starts to be formed after alu-
mina dehydration at 573-673 K, i.e., in the
same temperature range in which the sites
that chemisorb the strongest Py species
start to be formed as well. It is thus de-
duced that the sites responsible for the
strongest N,O chemisorption belong to the
family of tetrahedral Al ions carrying a
coordinative vacancy (ALY,), i.e., to the
sites that were previously shown to chemi-
sorb CO (/0).

As for the weaker N,O species (bands
at ~2238 and ~1230 cm™!), this is formed
again, though not completely, after the
evacuation of preadsorbed Py at 473 K;
thus adsorption at the sites which also
adsorb the Py species whose 8a mode is at
1613-1622 cm™! is strongly suggested (9).

The interaction with CO, indicates a
strict correspondence between the sites
which chemisorb N,O and those which
linearly adsorb CO,, so that the assignment
is consequently the same (7). In particular
the sites responsible for the strong N,O
species are confirmed as belonging to the
family of ALY ions, as the ligand-displace-
ment experiment of Fig. 2 is strictly analo-
gous to one previously reported (7) in which
CO was shown to chemisorb at the same
sites which coordinate the strongest CO,
species in the linear form. Also the revers-
ible transformation of the strong linear CO,
species into organic carbonates was ob-
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served to occur in that experiment as in the
present one.

This work confirms that Al' ions, either
carrying a coordinative vacancy or sharing
it with an AI'! ion, possess a field strong
enough to coordinate N,O through a o
donation, N,O being a molecule that is
known to be a “‘soft’” Lewis base and not to
yield homogeneous complexes very easily.
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