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Room temperature adsorption of nitrous oxide on a-chromia has been studied by
means of IR spectroscopy. Two different processes occur: (i) A rapid decomposi-
tion leading to a selective coverage of surface chromium sites with oxygen
adsorbed through a quasi-double bond. (ii) A nondissociative adsorption on surface
sites that are not covered with oxygen. Two types of N:O.as species are observed

and discussed.

The heterogencous deecomposition of
nitrous oxide has long been employed as
a test reaction of reactivity of oxides (1-3).
In our research program to characterize
chromium oxide surface properties, we also
have studied the N.O/Cr,0; system. As far
as we know, there is no evidence of the
existence of complexes with N.,O as a
ligand, except as highly unstable reaction
intermediates (4). Hence our interest in
trying to characterize spectroscopically the
adsorbed state of nitrous oxide. Already in
the case of complexes containing molecular
nitrogen and carbon monoxide coordinated
through a basically ¢ bond, IR spectra of
adsorbed species preceded the preparation
of complexes (4, 6). We also recall that
Burwell et al. (7) recently indicated that
a surface on whieh coordinatively unsatur-
ated sites have been created 1s particularly
suitable for this kind of study. So far, the
only infrared work on adsorbed N,O was
by Kozirovski and Folman (8}, who stud-
ied physical adszorption on alkali halides at
low temperatures. A reversible N.O adsorp-
tion on Co™ ions in dehydrated Co'A
zeolite has been observed by Klier (9) by
reflectance spectroscopy.

ExpERIMENTAL METHODS

Chromium oxide has been produced by
thermal decomposition of ammonium di-
chromate, as deseribed by Harbard and
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King (10). The bulky powder so obtained
consists of amorphous chromia with an ex-
cess of oxygen. It was compressed at 100
kg/em? into pellets that were 0.15-0.20
mm thick and contained 10 mg/cm?®. The
preparation of a “reproducible” miecro-
crystalline material, suitable for adsorp-
tion studies, consists of three phases.

Phase I. Samples are degassed for 16
hr at 400°C in a conventional vacuum line
equipped with liquid nitrogen cold traps
(p < 107 Torr). After this treatment, the
material is still amorphous and brown in
color.

Phase II. Samples are kept 5-6 hr at
400°C under a static oxygen pressure of
1072 Torr. Water is produced and is frozen
in the cold trap. The sample turns green.

Phase IIL. Samples are now reduced with
CO (40 Torr) at 400°C for 2 hr, and
finally degassed at the same temperature
for 2 hr.

The resulting material is stable to
thermal and to redox treatments. During
phase II, an exhaustive crystallization is
promoted, as the characteristic X-ray pat-
tern of e-chromia indieates. (Diffraction
lines are just a little broader than usual
due to small crystal size.) The color is
green, the surface area is 60-70 m?*/g, and
the t-plot (711) indicates that no micro-
pores are present. Electron micrographs
show crystals of linear dimension in the
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300600 A range, shaped as very thin
laminae of hexagonal or octagonal con-
tour, The (001) face is definitely predomi-
nant (12).

Infrared spectra have been recorded on
a Beckman IR 12 double beam spectro-
photometer. Slit widths were 4-5 em™ at
1200 cm™ and 12-14 em™ at 2200 em™. A
heavy scattering loss in the 850-2300 em™
interval was balanced by screening the
reference beam. An arbitrary 90% trans-
mission has been fixed at 1200 em™ for
the 900-1400 cm™ range and at 2100 cm™
for the 2100-2250 cm™ range by attenuat-
ing the reference beam with metal sereens.

“Room temperature” operations actually
refer to 36-38°C, for they have always
been performed with the sample in the IR
beam path. As far as the in situ cell is con-
cerned, we recall our previous descriptions
(13).

Ammonium dichromate was reagent
grade (C. Erba, Milan). Carbon monoxide,
used for reduction purposes, contained im-
purities amounting to 100 ppm (SIO,
Milan) and has always been further
purified by passing it through a liquid
nitrogen cold trap to eliminate traces of Ni-

(CO) 4. Oxygen and N,O contained impuri-
ties amounting to 100 ppm (Rivoira, T'urin)
and were not further purified.

REesuvLrs

Highly oxidized chromia (i.e., chromia
that chemisorbed oxygen at 400°C) does
not adsorb N,O at room temperature and
there are no differences in the IR spectrum
before and after admission of N,O.

Oxygen-free chromia (samples after
phase III) when contacted with N,O (54
Torr), exhibits absorption bands in three
spectral regions (Fig. 1, solid line). In the
950-1050 cm™ range, there are two bands
of medium intensity: the first is rather
broad and centered at 975 cm™ and the
second is sharper and centered at 1016 cm™.
In the 1200-1400 em™* range, there are two
bands: a medium one at 1237 em™ and a
weak one at 1339 cm™. Between them,
two wings with central minimum at 1285
em™ are due to the rotational contour of
the v, mode (14), the gaseous pressure be-
ing high enough for this mode to appear in
spite of the small cell path (4-5 mm). In
the 2100-2350 em™ range, basically two
bands are present: a very strong one at
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Fic. 1. IR speetrum of N0 on o~Cr,Q;: (— -) background spectrum; (—) after admitting N ;O (54 Torr);

(— —) spectral contribution of the gas phase.
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2238 em™ with a broad tailing in the low
frequency side, due to the gaseous phase,
and a strong one at 2305 cm™, Curves of
Fig. 2 correspond to different equilibrium
pressure, as reported in the legend. With
decreasing coverage, all the observed
bands reveal a more and more asymmetric
and complex nature. Meanwhile, the two
hands at 2238 and 2305 em™ change their
absorbance ratio (the contribution of the
gas phase 1s obviously not included) from
1.5 to approximately 1. A similar behavior
seems to be exhibited by the bands at 1237
and 1339 em™, though the weakness of the
latter makes the ohservations rather doubt-
ful. When the residual N,O pressure is
lower than 5 X 10~ Torr, absorption bands
are no longer detectable in the high fre-
quency range. Bands at 1016 and 975 em™
behave quite differently in that a prolonged
evacuation at room temperature intensifies
the former and shifts the latter to 995 cm

(sec Iig. 3a, curve 2). Species responsible
for these bands are not eliminated upon
degassing, even at 400°C.

When molecular oxygen contacts at room
temperature a bare surface (samples after
phase III}, scveral absorptions appcar in
the 1050-750 em ™ range. Figure 3a, curve
3 shows the 1050-950 cm™ range, where
five peaks are visible at 1024, 1016, 995,
986, 980 cm'. A complete description and
discussion of the whole 1050-750 em™ re-
gion is being published elscwhere (75). So
a short discussion will suffice here. As in the
case of bands produced in this region by
N.O adsorption, the above five bands can-
not be eliminated upon degassing at tem-
peratures up to 400°C but only by repeat-
ing the operations of phase III. A sample
whose situation is as deseribed by Fig. 3a,
curve 2, when contacted with N,O, give:
back a spectrum like that of Fig. 3a, curve
1 and in the high wavenumber region, the
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Fie. 2. IR spectrum of N0 on «-Cry0s: (— -) background spectrum; Curves 1-7 correspond to various
N0 desorption stages, pressures (Torr): (1) 54; (2) 11; (3) 1; (4) 0.20; (5) 0.13; (6) 6 X 1072%; (7)3.3 X 102,
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Fic. 3. IR spectrum of surface oxygen on a-CryOs: (— -) background spectrum; (a) (1) a-Cr.O3 in equi-
librium with 54 Torr of N:O; (2) after evacuation of the gas phase; (3) IR spectrum of a bare a-Cr,Os sample
in equilibrium with oxygen (10 Torr) at room temperature. (b) (1} a rehydrated a-Cr;0; sample has been
dehydrated at 260°C, contacted with N,O (562 Torr), and evacuated at room temperature; (c) (1) a re-
hydrated o-Cr,O; sample has been dehydrated at 410°C, contacted with N,O (54 Torr), and evacuated at

room temperature.

peaks at 1237, 1339, 2238, 2305 cm™. Such
adsorption-desorption cycles can be re-
peated indefinitely. No spectral modifica-
tions are observed even after a 48 hr con-
tact with an excess of nitrous oxide.

In order to characterize the active sites
and to correlate the bands at 2305 and
2238 cm™! with those at 1339 and 1237
emt, N,O decomposition has been studied
on variously hydrated samples. A sample
after phase III is contacted with some 10
Torr of H,O at 400°C for 1 hr. The overall
result is a surface rehydration brought
about by a dissociative chemisorption and

by the adsorption of molecular water that
is either coordinative to cationic sites or
hydrogen bonded to surface hydroxyls. The
rehydrated sample is dehydrated at a con-
trolled temperature, by degassing for 1 hr,
and the N,O activity checked as described
above. A phase III treatment followed by
the rehydration process at 400° makes the
sample ready for a further dehydration at
a different temperature and for the cataly-
tic activity test. Dehydration temperatures
that have been used are: 25, 160, 260, 310,
360, 410°C.

No nitrous oxide is chemisorbed onto a
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sample dehydrated at 25°C. A 160°C de-
hydration first promotes an N,O activity:
no bands are developed about 1000 cm-?,
and the other two regions only exhibit one
band each, at 1245 and 2238 em™, respec-
tively (Fig. 4). The latter has an optical
density of 0.1 (gas phase contribution is
not included). At pressures below 2 Torr
also the band at 2238 cm™ is hardly de-
tectable.

Dehydration at 260°C leads to rather
different results: two complexes of bands
are produced upon N,O adsorption at 2305,
1339 em™ and at 2238, 1242 em respec-
tively (Fig. 5a and b, curves 1), the in-
tensities being lower than those of Fig.
1. In the 950-1050 cm™ region, only one
band is produced, whose maximum, after
a room temperature evacuation, is at 986
em™ (Fig. 3b, curve 1).

Dehydration temperatures between 260

90

and 410°C do not cause the two pairs of
bands due to reversible adsorbed species
to vary appreciably, either in frequency or
intensity. A higher intensity, reaching the
situation of Fig. 3¢, curve 1, is only ob-
served in the 1000 em™ region when de-
hydration occurs at 410°C. In particular, a
medium intensity absorption is visible at
995 em™ with a nonresolved shoulder at
1015 em™.

Discussion

Both for sake of clarity and to illustrate
the dual nature of the information that can
be derived from the above experiments,
this discussion is divided into two parts.
In the first one, whose aim is the character-
ization of surface complexes, we are mainly
moving on a spectroscopic ground. In the
second one, the N,O-surface interaction is
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Fic. 4. IR spectrum of N;O on rehydrated o-Cr,0s, dehydrated at 160°C: (1-3) N,O equilibrium pres-

sures (Torr): (1) 60; (2) 17; (3) 2.
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Fie. 5. IR spectrum of N,O on rehydrated a-Cr;0s, dehydrated at 260°C: (1-4) N,O equilibrium pres-

sures (Torr): (1) 52; (2) 11; (3) 2; (4) 0.3.

described and the nature of sites that
adsorb and decompose N,O is investigated.

I. Characterization of Surface Complexes

a. Bands at 1016 and 995 cm™. The
species responsible for these bands are
definitely different from those absorbing at
higher wavenumbers in that the former
are nonreversible. They are only elimin-
ated by reduction with CO at 400°C. In
the same spectral region, bands are formed
upon adsorption of O, which, though more
complex, behave similarly. Bands at 1016
and 995 cm™ are therefore assigned to
chemisorbed oxygen that is probably re-
leased upon N.O decomposition. The high
frequency suggests surface Cr=O0O struc-
tures with bond index fairly close to two,
as spectroscopic data of oxygenated chrom-
ium compounds tend to confirm (16a-g).
Figure 3 shows that the two bands can
have rather different absolute and relative

intensities, the controlling factor being sur-
face hydration. In particular, surface hy-
dration plays a strong limiting role on
the decomposing activity. A prolonged de-
hydration at temperature as high as 400°C
does not restore the decomposing activity
of «-Cr,Q; to the level that existed after
phase III treatment, the sites responsible
for the band at 1016 em™ being particularly
sensitive.

An assignment of the various Cr=0
surface groups has been proposed in an-
other paper (15) so the diseussion will not
be reported again here. Some of these con-
clusions can be understood from Fig. 6,
where two models for (001) face of a-Cr,0,
are drawn. Fig. 6a shows one of the many
possible structures of an ideal, fully de-
hydrated face on which half the amount
of oxide ions in a close-packed structure are
left so as to maintain both overall and local
electric neutrality. Chromium ions with



IR OF N;O ADSORPTION ON a-CrO;

i~ .
T Y %)\

17 AT AT 77
) Y U] Y 00 Y 0

NG N&

’.l/// )

N

() ) Y
0

d
L)+ .. . 3 Wy N7/
N~ N

7 m;

R (%4 & ,//_" ‘ A

il
W,

/A A

)

7 - Alllllé

Nl A A

7 7 % e 7 5% o ‘z{»,

X y AT K 7%

Y y//'//" 7 ,"'///

Fia. 6. (a) A possible model for a completely de-
hydrated (001) face: (O) 02~ ions of the underlying
fayver; (@) Cr¥* ions; (@) O ions of the uppetr
luyer. (b) A possible model of a partially hydrated
(001) face: (@) surface hydroxyls.

coordination number (CN) 4 and 5 are
present in equal concentration. Such a
model for a (001) face is fairly similar to
that proposed by Stone (17) for faces per-
pendicular to (001}. Real samples are
never completely dehydrated and Cr* ions
with CN 6 are also present. A possible situ-
ation 18 illustrated in Fig. 6b and has been
obtained from the structure of Fig. 6a by
supposing the dissociative chemisorption of
few water molecules. As shown chromium
ions with CN 4 and 5 can be arranged as
in the scheme below:

2. _ 2-
OH - - . OH 0
QOH or OH & 0 OZ ) )
VT Vv

{iypel.

CN S CN 4
We might observe: (a) a coordination
heterogeneity that accounts for the differ-
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ence between cations with coordination
number 5 (distorted square pyramids) and
cat.ons with coordination number 4 (dts-
torted tetrahedra). Ions with one coordina-
tive un:aturation will be predominant at
medium dehydration temperatures and
1ons with two vacancies will be appreciably
formed upon degassing at higher tempera-
tures; (b) a ligand heterogeneity account-
ing for the existence of three sites with
CN 5 and of two sites with CN 4.

In our paper dealing with O, adsorption,
the assignment was of the two bands above
1000 em™ (Fig. 3a, curve 3) to sites with
CN 5. The present results seem to confirin
the above assignment; in fact, the band
at 1016 em™ is strong and clearly detect-
able only at high dehydration stages. Its
intensity is lower when undissociated N,
is preseut on the surface (Fig. 3, curve 1)
and increases when N,O is evacuated (Fig.
3, curve 2). This phenomenon can be in-
definitely reproduced on admitting and
evacuating the gas phase. The decrease in
intensity of the 1016 em™ band is accom-
panied by the appearance of a large bhand
at 982 em'. We think that, in the presence
of undissociated N,O, a fraction of the
Cr=0 groups adsorbing at 1016 em™ is
perturbed and their frequency shifted by
34 em™. Thus N,O might be thought to
chemisorb on the second vacancy of the
site influencing the bond order of the ad-
joining, Cr=0 group. Different coordina-
tive situations have heen observed to affect
the frequency of the V=0 group (18).
The changes brought about by the pres-
ence of undissociated N,O can be also
caused bv adsorbed pyridine (19). The
band at 995 em™ is influenced by adsorbed
N.O ax well and is shifted to 975 cm.
Such a smaller shift ean be aseribed to
lateral interactions or to collective elec-
tronie effects.

The intensity of the two bands produced
by N,O decomposition is much lower than
that produced upon O, chemisorption on
a bare surface, suggesting that not all of
the surface sites that chemisorb oxygen can
decompose nitrous oxide.

b. Pairs of bands at 2305, 1339, and at
2238, 1237 cm™, The species responsible for
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these bands are easily evacuated at room
temperature, while some modifications are
produced in the spectrum of adsorbed oxy-
gen. Such changes are compensated if N,O
is admitted again to the surface. Our as-
signment is to molecular nitrous oxide re-
versibly chemisorbed.

On a merely spectroscopic basis, neither
species could possibly be the N,O,;, that
has been suggested by several authors (20)
as the intermediate of N,O decomposition.
Twenty-two electrons is a limiting number
in triatomic systems above which both
bonding character and geometry tend to
vary (21). In particular, the lowest unocecu-
pied orbital of N,O (3=) is strongly N-N
antibonding and weakly N-O antibonding
(22) so that no active modes around 2200~
2300 cm™ would be expected for N,O-. A
close parallelism is offered by nitrogen per-
oxide: NO,* (linear and isoelectronic with
N,O) has two modes at 2375 and 1400 cm™
and NO, (bent, 23 electrons) absorbs at
1621 and 1320 cm™ (23a, 14). On the other
hand the IR spectrum of CO,~ (isoelectronic
with N,O-) (23b) completely supports our
considerations. Nitrous oxide has been only
studied in the gaseous and condensed
phases, no data being available on N,O
complexes nor chemisorbed N,O. Our dis-
cussion is limited to the stretching modes,
the bending one falling in a spectral region
where our «-Cr.0; samples are completely
opaque (<700 em™). Gaseous N,O has
two strong bands centered at 2224 and 1286
em™' that are assigned to asymmetric (vy)
and symmetric (v,) stretch, respectively.
Solid N.O has v; at 2235 and v, at 1293
cm™ (24). Physically adsorbed N,O on
NaCl (8) shows one mode at 2240 cm™
and a doublet at 1252-1265 cm™: the as-
signment was to N,O held through the
oxygen, normal to the surface, by Na*
ions in two different coordinative situations.

Our N,O species are readily adsorbed at
p/Ps == 107, suggesting that they might in-
volve the reversible chemisorption already
observed on Cr.,0; and other oxides (2, 9,
25). Also, in this case, the similar behavior
with the isoelectronic CO, adsorbed on
various oxides might be mentioned (26).

The two species exhibit a similar resist-

ance to desorption, while the spectral char-
acteristics are rather different. One of the
two has both v; and v, at frequencies con-
siderably higher than the gas; but for the
second species, v; is above and v, is below
the corresponding modes of the gas. Our
assignment is to highly polarized molecular
structures, one being bonded through the
oxygen and the other through the terminal
nitrogen:
o) S3NG)
A: Cr---N=N=O0 B: Cr--O—N=N

bands at 2305 1339 cm™*! bands at 2238 1237 cm™*

Such a strong polarization would be in-
duced by the coordinating cation and the
resulting structures are fairly close to the
canonical structures. N,O is a molecule
whose structure cannot be explained in
terms of a single valence bond structure
and Peyerimhoff and Buenker (22) indi-
cated that one electronic configuration is
not fully representative in the MO theory
either. In particular, the canonical strue-
ture N-=N+*=0 has been supposed (27,
28) to have quite a remarkable importance.

The above assignment can be justified
as follows: species A is rather similar to
CO, whose v; 1s IR active at 2349 em-?
and v, is Raman active at 1388 em™ (74).
The weak intensity of the 1339 em* band
seems to confirm this assignment in that it
would correspond to the IR forbidden mode
of CO,. In struecture B the N-N and N-O
bonds might be compared to N=N* found
by Eischens and Jacknow (&) at 2202 em™
and to N-O groups in N-oxides of nitriles,
respectively. In fact the latter have a vyo
in a rather long range about our frequency
(29).

II. The N,O/a-Cr,0; Interaction at Room
Temperature

As no nitrous oxide is adsorbed on a sur-
face that carries either preadsorbed H,O
or pyridine, Cr? ions (7) are the most
likely sites for N,O adsorption. As far as
polarizability is coneerned N,O is a highly
anisotropic molecule: polarizability is
53.2 % 1072° em?® in the bond direction and
18.3 % 10"%% em® in the normal one (30).
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It is therefore expected to be a very soft
base (31) and its interaction with Cr*
ions (hard acid) to lead to fairly weak
complexes. Also, nitrous oxide is very sen-
sitive to any surrounding variation, as con-
firmed by the unexpected raising of v; in
N.O-CO, mixed crystals (24). A wide
variability of the stretching modes is there-
fore expected owing to several coordinative
situations probably existing on the (001)
face of a-Cr,0,. On the other hand, surface
heterogeneity of o-Cr,0; cannot be studied
too far by means of N,O complexes in that
a partial decomposition takes place. While
O.4s coming from N,O decomposition will
give us some more information on the
nature of active Cr** sites, it will also irre-
versibly modify the overall situation be-
cause coordinative and electronic prop-
erties have probably been changed.

Let us consider the experiment dealing
with N,O interaction with variously hy-
drated surfaces. Results in Fig. 4 indicate
that a 160°C activation first induces a
capacity of chemisorbing N,O (only species
B are formed), but not yet of decomposing
it. In this case chromium ions with CN 5
(type 1) are the only surface species and
have been produced by elimination of co-
ordinated water (32). A 260°C activation
leads to a surface with a few sites capable
of decomposing N,O (chromium ions with
CN 5) and of adsorbing it in both forms
A and B. After this activation tempera-
ture, the amount of reversibly adsorbed
N.O does not vary, though more and more
sites are likely to be created upon dehy-
dration. This is due to the increasing
amount of adsorbed oxygen with activation
temperature which occupies more and more
surface sites or possibly promotes more
complex electronic phenomena that would
inhibit a more abundant N,O chemisorp-
tion. This situation cannot be varied just
by increasing the dchydration temperature
but only when «-Cr.0; undergoes the treat-
ments of phase IT and phase III. In this
wav, the spectra go back to the situation
of Fie. 1, confirming Burwell’s hypothesis
(7} that redox cycles promote a much
more drastic dehydration than mere acti-
vation. The strong band at 1016 em~ due

to Oaqs also indicates that a high number
of chromium ions with CN 4 and able to
decompose N,O are created.

N,O decomposition at room temperature
seems to be more selective than O. dis-
sociation: the latter brings about the chemi-
sorption onto all the five sites while the
former only oceurs on two, one with CN 4
and one with CN 5. This higher selectivity
would also account for the lower O.g
coverage that is obtained by N,O de-
composition.

In the above discussion, two phenomena
have not been dealt with that might be of
some interest. (i) Bands due to adsorbed
N.O are quite complex, especially at low
coverage. (ii) With decreasing coverage,
band positions diverge more and more
from the position they have in the N,O-
gas spectrum. The first observation might
reveal a sensitivity of N,O to surface
heterogeneity. The second one might ac-
count for a lower importance of lateral in-
teraction with decreasing coverage and for
a diminishing contribution of molecules in
different local situation to the overall ab-
sorption.

At present, a more detailed assignment
of the various speetral components to dif-
ferent local structures is impossible. Ex-
periments at temperatures where N,O is
not decomposed are now being carried out.
In such a condition a more stable surface
situation is obtained and more information
on the band complexity will hopefully be
derived.

In conclusion, IR spectroscopy has re-
vealed for the first time that:

1. N,O is readily decomposed at room
temperature on the (001) face of «-Cr.0O,,
resulting in a partial, selective coverage of
surface sites with O,4, through quasi-double
bonds;

2. N,O is reversibly adsorbed onto sur-
face sites that have not been saturated by
the decomposition process; the N,O sur-
face complexes so formed have no corre-
spondence with complexes in the homoge-
neous phase;

3. spectral behavior and characteristies
of adsorbed N0 rule out the existence of
N,O species.
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