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The chemisorptions of O, and NO were investigated at —78°C and at room temperature using
pulse-flow and volumetric techniques. The oxygen chemisorption was fast and irreversible while
the NO chemisorption, after a fast initial process, increased slowly with time. This latter portion
could be removed by evacuation and readsorbed or replaced with O,. The strong NO chemisorp-
tion was approximately four times larger than that of O, . Infrared spectra showed that the strongly
chemisorbed NO was present in pairs, suggesting that the oxygen chemisorption was as atoms. The
interference of one chemisorption by the other was studied. The introduction of O, did not affect
the strongly chemisorbed NO whereas approximately one NO molecule was chemisorbed per
oxygen atom on the oxygen saturated surface. This process was also observable in the infrared
spectra. A characteristic pair of bands at 1817 and 1713 cm™' which appeared on chemisorption of
NO on the reduced catalyst (and at 1795 and 1704 cm~' on the sulfided catalyst) have been assigned
to a dinitrosyl species or NO dimer. These bands were unaffected when O, was admitted to the
system. On the other hand, when the NO was admitted to an oxygen-covered surface the same
bands appeared but with much lower intensities. As previously reported, both chemisorptions were
correlatable with the anion vacancy concentration. The results could be rationalized by assuming
that these chemisorptions took place on Mo?* centers (two anion vacancies on the same Mo).
Sulfided catalysts produced nearly identical results.

INTRODUCTION

Interest in the selective chemisorption of
0, (I1-28) and of NO (26-35) on promoted
and unpromoted molybdena—-alumina cata-
lysts (reduced or sulfided) as well as on
MoS, has quickened in recent years. This
interest has been stimulated by several fac-
tors. First, correlations have been estab-
lished between the extent of chemisorption
and catalytic activity for hydrogenation
(17, 21, 26), dehydrogenation (6), and for
HDS (9-20, 28); similar correlations have
been made (7, 21, 26, 31) with the degree
of coordinative unsaturation of the molyb-
denum ions (CUS). That they are selective
to the catalytically active sites has been es-
tablished by poisoning experiments (26, 27)
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and is supported by the relatively small
fraction of the total molybdenum ions
which are involved. Additional evidence
has been furnished by studies of the effect
of these chemisorptions on the subsequent
adsorption of H, (22, 27, 36). Finally, they
yield spectroscopically observable species:
NO by ir (29-33, 35, 37) and O, by EPR
(23-25).

Catalytic intermediates can seldom be
studied directly because of their facile na-
ture, low concentration, and because of in-
terfering bands from other adsorbed materi-
als. The study of strongly chemisorbed
poison molecules held selectively on the
catalytic centers affords the possibility of
gaining insight into their chemical and
physical nature. Both O, and NO fulfill this
role, but difficulties in interpretation re-
main. For example, the chemisorption of
NO is several times larger than for O, (27)
yet both correlate with catalytic activity
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and act as poisons for reactions at low tem-
perature (where the poison is stable in Hj).
The possible interaction of one chemisorp-
tion with the other has so far not been
tested. It is the subject of this report.

Parekh and Weller () considered a re-
duced molybdena-alumina catalyst as a
supported microcrystalline MoO, (I-6).
They adopted a technique devised by Bru-
nauer and Emmett (38, 39) to measure the
‘‘equivalent molybdena surface’’ by the se-
lective chemisorption of O,. This model
was at variance with current ideas concern-
ing the formation of an epitaxial monolayer
of molybdena on alumina by replacement of
the alumina hydroxyl groups. Based on this
model our studies of the reduction process
(50, 51) with its concommitant develop-
ment of coordinative unsaturation of the
transition metal ions led us to suggest that
the chemisorptions were site selective (21).
Correlations were demonstrated between
oxygen chemisorption and the extent of re-
duction and with the anion vacancy con-
centration, (1, as measured by the oxygen
atoms removed as H,O on reduction. The
latter was linear, but had an intercept on
the abscissa which suggested that the first
20% of the O removed did not produce sites
for chemisorption. Finally, a linear correla-
tion was demonstrated between the rate of
propylene hydrogenation at room tempera-
ture and the oxygen chemisorption (26). A
similar correlation between the catalytic ac-
tivity for HDS and oxygen chemisorption
was first reported by Tauster et al. (10);
significantly, their data did not correlate
with the surface areas of their MoS, prepa-
rations.

More recent attempts to correlate O, che-
misorption with catalytic activity have met
with diverse results. It has been reported
(9), for example, that on one series of cata-
lysts a linear correlation was obtained for
olefin hydrogenation, but not for HDS
where nevertheless a monotonic increase
was obtained. Another study (20) revealed
no correlation at all for a variety of sup-
ported molybdena catalysts of varying

composition, promoter concentration,
preparation procedures, and supports. It is
evident, for example, that cobalt molyb-
dena-alumina catalysts and unpromoted
molybdena—-alumina have similar oxygen
chemisorptions (7, 9) whereas they differ
by nearly an order of magnitude in catalytic
activity for HDS. It is suspected, therefore,
that the chemisorption may measure a num-
ber of sites but not the specific activity per
site.

Millman and Hall (29) and Peri (37) inde-
pendently reported that NO adsorbed on
reduced molybdena—alumina catalysts in
pairs, i.e., as a dinitrosyl species or an NO
dimer. A similar earlier discovery was
made for chromia—alumina catalysts by
Kugler et al. (40, 41) who attributed their
results to a somewhat different dimeric spe-
cies than envisioned by Peri. Whatever the
exact nature of the species Millman and
Hall (21) concluded that oxygen and NO
chemisorbed on the same sites, viz., multi-
ply coordinatively unsaturated Mo ions of
low valence state. Interestingly, the chemi-
sorption of NO and CO both correlated lin-
early with the anion vacancy concentration
and both yielded the same intercept on the
abscissa in the chemisorption of O, (26).
Moreove , all three gases acted as poisons
for olefin hydrogenation at room tempera-
ture. The chemisorptions were small but se-
lective; they involved only a few percent of
the total Mo present. It was established
(31) that the NO adsorbed on the molyb-
dena portion of the surface, but not on the
alumina.

The chemisorption of either NO or oxy-
gen on reduced molybdena-alumina cata-
lysts in amounts equivalent to the lethal
dose for low temperature hydrogenation
were found to have profound effects (22,
27) on the adsorption of H, at a temperature
of liquid nitrogen. The ‘‘chemisorbed”
amount was greatly reduced. The effect on
the NMR signal was even more dramatic
(27). Its properties were changed from
those corresponding to hydrogen adsorbed
on the reduced catalyst to those of the unre-
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duced catalyst by an amount of oxygen
equivalent to only a trivial change in the
extent of reduction. Further evidence (22)
suggested that the dissociative chemisorp-
tion of H, was eliminated by the poison.
Studies involving unsupported MoS,
have provided new perspectives. This ma-
terial crystallizes in the chalcogenide struc-
ture consisting of broad basal planes of sul-
fur atoms with layers of Mo atoms in
between. Coordinatively unsaturated cen-
ters can occur naturally at the edges. By
variation of the ratio of the edge area to the
basal plane area, Tanaka and Okuhara (42)
related olefin isomerization and hydrogen
exchange to the edge sites and acidic prop-
erties to sites on the basal planes. Stevens
and Edmonds (13) reported that the hydro-
desulfurization of thiophene did not corre-
late with a high density of edge planes al-
though hydrogenation did. Moreover, their
ESCA data, when correlated with measure-
ments of the chemisorption of butanol, indi-
cated that O, probably was chemisorbed at
the edge planes. Chianelli and Tauster (12)
expressed reservations concerning the va-
lidity of the former conclusion and rebuttal
was offered by Stevens and Edmonds (/4).
Chadwick and Breysse (/1) presented a
compromise picture in which it was sup-
posed that H, is dissociated at edge sites,
but that this is followed by spillover of H
atoms onto the basal planes where hydroge-
nation of thiophene takes place. Interest-
ingly all parties agree that both O, and H,
are chemisorbed (presumably disso-
ciatively) at the edge sites where olefins
may be hydrogenated at low temperatures.
Given the chalcogenide structure it is im-
portant to understand how the edge sites
may be terminated. Tanaka and Okuhara
(42) have advanced the picture that multi-
ple coordinative unsaturation is present at
the edges in different degrees depending
upon pretreatment, etc. Evidently local
electrical neutrality is maintained by pro-
ducing molybdenum ions of valence state
lower than Mo**. Thus, Mo** or Mo?**
would correspond to sites having one, two,
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or three coordinatively unsaturated cen-
ters, vide infra. Similar mixed low valence
states have been considered as catalytic
centers for supported chromia catalysts
(43-46).

EXPERIMENTAL

Catalysts and pretreatment. The same
catalyst (8% Mo on Ketjen CK-300 y-alu-
mina) was used as in much of our previous
work. To minimize ambiguity in the spec-
troscopic measurements, however, model
catalysts made by our equilibrium adsorp-
tion method (48, 49) were also employed.
Before reduction or sulfiding, the catalysts
were treated in flowing oxygen overnight at
the selected temperature (400 to 700°C).
The catalysts were then reduced with H, at
a flow rate of about 70 cm? (NTP)/min for
from 0.5 to 2.0 h at this temperature. These
variations allowed the extent of reduction
to be controlled over the desired range. The
latter was not determined exactly; instead
the anion vacancy concentration, [1/Mo,
was determined from the amount of H,O
produced in the reduction. This parameter
increased monotonically with the extent of
reduction, e/Mo, but differed from it by the
hydroxyl groups produced and retained by
the catalyst on reduction with H,. Hall
and Lo Jacono (50) reported that when
e/Mo = 1, (/Mo = 0.25, but when e/Mo = 2,
(/Mo = 1. On the basis of the epitaxial
monolayer model (50, 51) (0/Mo was read-
ily interpretable as the oxygens missing
from the capping layer of the surface bound
molybdena. For reasons summarized in a
recent review (52), this model has been
found to provide an unacceptable descrip-
tion of the surface chemistry. It is now
thought that the raw catalyst consists of
small patches of the surface-bound polymo-
lybdate ions which on reduction reorganize
into submicroscopic crystallites of surface-
bound MoO, (or MoS,) containing seven or
so Mo ions. Because of the structural rear-
rangement which must take place, the inter-
pretation of [1/Mo is nebulous. We use it
here as a rough measure of the CUS around
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the molybdenum ions because it is easily
measurable and because many earlier cor-
relations have been made with this parame-
ter.

Catalysts which had already been re-
duced as described above were sulfided in a
mixture of 10% H,S in H, at 350°C for 4 h.
The catalyst was then purged in helium at
500°C for an additional hour. A description
of the changes occurring during this pro-
cess and the method of calculation of /Mo
for these catalysts will be given elsewhere
(53).

Static adsorption measurements. Studies
were made at room or dry-ice temperature
using a standard BET system. The two iso-
therm method of Weller was adopted for
measurements of O, chemisorption. For
NO, equilibrium isotherms could not be ob-
tained; after a fast initial uptake a slow,
zero-order process was observed; the
amount adsorbed thus increased very
slowly for at least several days (31). The
initial chemisorption at room temperature
was derived by the method of Segawa and
Hall (31), vide infra.

Because of the possibility of a slow oxi-
dation process at higher temperatures, the
oxygen chemisorption values were ob-
tained at —78°C. Several indications of this
reaction exist in the EPR (24) and chemi-
sorption (1) literature. Sulfided catalysts af-
ford additional opportunities for oxidation
(8, 9, 17-20). At —78°C, after a fast initial
uptake, the amount adsorbed did not in-
crease further with time.

Gases. The O, and NO were research
grade gases obtained from Linde; the speci-
fied purities were 99.5 and 98.5%, respec-
tively. The chief impurities in the O, and in

the NO were N, and CO,. They were fur- .

ther purified by repeated freeze—pump-
thaw evaporation cycles at 78 K. Flowing
0O,, when required, was passed through a
series of columns filled with activated 13X
molecular sieves, CaCl,, Mg(ClO,),, and
ascarite. The - H, and He were passed
through commercial diffusers; the impurity
of these was estimated to be about 1 ppb.

The 10% H,S/H, mixture was a Matheson
premixed gas.

Pulse adsorption experiments. Repeated
pulses containing about 10 wmol of O, or
NO were introduced from a 0.25-cm?® sam-
ple loop into a purified He stream flowing at
~60 cm’/min over ~1 g of catalyst at
—78°C. The unadsorbed effluent gas was
collected in a silica-gel trap downstream at
—195°C. Pulses were repeated at about 2-
min intervals and after every 2 or 3 pulses
the amount collected was determined by
flashing through a thermal conductivity de-
tector. The adsorbed amount was calcu-
lated as the difference between gas input
and that recovered. After several pulses the
peak areas became constant, but neverthe-
less indicated that a small fraction of each
pulse was being adsorbed. This process
may be regarded as similar to the slow iso-
thermal uptake of NO, but was much
smaller and less important, vide infra.

In pulse experiments no O, desorption
was detectable in 30 min in contrast with
the NO adsorption.

Infrared measurements. Spectra were re-
corded at room temperature using a Nicolet
MX-1, FT-IR spectrometer. Data were col-
lected for 5 min at 32 scans/min before re-
cording. The cell assembly has been de-
scribed previously (31); in situ treatments
of the catalyst wafers were made in various
gases, or in vacuum, at elevated tempera-
tures before moving the wafer into the opti-
cal cell. For the present experiments, a mi-
nor modification made possible adsorption
of gases and evacuation at —78°C before
recording the spectra. The wafers had a
“thickness’’ of about 10 mg/cm? (face); a
catalyst made by our equilibrium adsorp-
tion method (48, 49) and having about the
same loading (8% Mo) as that used in the
adsorption experiments was employed for
the spectroscopic studies. Measurements
were made in the absorbance mode and the
spectrum taken before NO adsorption was
recorded and subtracted from that after
chemisorption using the spectrometer’s
self-contained computer. For these experi-
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Fi1G. 1. Adsorption of NO in 100 Torr and 25°C on a sulfided catalyst in a BET system. Reduction
was carried out with flowing H, at 500°C for 1 h followed by 1-h purging with He at 500°C. (C0/Mo =
0.5). This reduction was followed by sulfiding for 4 h at 350°C and for purging 1 h with He at 500°C. (A)
Adsorption as a function of time. (B) Adsorption after 1 h evacuation of the NO adsorbed in

Experiment A.

ments the catalysts were exposed to about
8 Torr NO for 2 h before a 1-h evacuation to
107¢ Torr.

RESULTS
Adsorption Experiments

The typical time dependence of the NO
chemisorption at constant pressure over re-
duced and/or sulfided catalysts is depicted
in Fig. 1. Similar results were obtained at
room temperature and at —78°C. After the
rapid initial uptake, a slow linear zero-order
process set in which continued for days
(31). Initially it was thought that this pro-
cess might correspond to a slow reoxida-
tion of the catalyst, but in the present ex-
periments no oxidation products (N, or
N,O) were detected in the residual gas after
4 h. Moreover, when at this point the sys-
tem was evacuated for 1 h and the adsorp-
tion repeated with a new sample of gas the
data in Fig. 1B were obtained. As shown by
the dotted lines, the amount of gas pumped

off matched exactly the amount adsorbed in
the second slow process. Thus, the extrap-
olated intercepts on the ordinate were used
to measure the NO chemisorptions. Values
obtained in this way are plotted as Curve 1
in Fig. 2 for the catalyst reduced to differ-
ent extents.

Curve 2 of Fig. 2 was derived from pulse
experiments at —78°C, i.e., the irreversible
adsorption. The dashed Curve 3 is replotted
data (37) taken at 20 Torr in a flow micro-
balance. In all three cases a linear increase
in the NO chemisorption was observed up
to about O/Mo = 0.5 (e/Mo ~ 1.3). At
higher extents of reduction these curves
leveled indicating a maximum adsorption of
about 0.45 NO/Mo. The oxygen chemisorp-
tion (Curve 4) behaved in a similar fashion;
it showed a maximum chemisorption of
about 0.1 O,/Mo. The ratio of these maxima
is 4.5. The O, chemisorption shown as the
dashed Curve 5 was determined by the
pulse technique and is replotted from Ref.
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F1G. 2. NO and O, adsorption on the reduced catalysts as a function of the vacancy number ((/Mo).
Note that 300 pmol/g = 0.4 molecules/Mo. (1) NO = x, 25°C, 100 Torr, volumetric measurement. (2)
NO = @, —78°C, pulse technique. (3) NO = O, 25°C, gravimetric measurement at 20 Torr from Ref.
(31). (4) O, = A, —-78°C, pulse technique. A, —78°C, pulse technique from Ref. (27).

(21). The initial slopes of Curves 1, 2, 3 are
0.71, 0.64, and 0.5 NO/OJ, respectively. The
initial slope of Curve 4 was 0.16 O,/0]. Thus
the ratio NO/O, as derived from the initial
slopes was again around 4, suggesting that
an adsorbed dinitrosyl species was approxi-
mately equivalent to an adsorbed oxygen
atom. For sulfided catalysts the NO/O, ra-
tio was also about 4 as with the reduced
catalysts. Consistent results were obtained
at —78°C (last two entries of Column 5 of
Table 1).

Note the intercepts on the abscissa on
Fig. 2 which nearly disappeared at high NO
pressures. It was first thought that this in-
tercept should be attributed to the absence
of sufficient coordinative unsaturation for
the formation of dinitrosyl species. How-
ever, in the view of the possibility of addi-
tional sites being made available by oxygen
diffusion (Scheme 1), the smaller intercepts
at higher pressures may simply reflect an
enhancement of the ease of trapping of
CUS, vide infra.

Results obtained from pulse experiments
over reduced molybdena—alumina catalysts
are summarized in Fig. 3, where the resid-
ual, irreversible adsorption is plotted
against the total adsorbate passed in the se-
ries of pulses. In all cases the curves could
be divided into two portions: an initial por-
tion of unit slope where all of the gas con-
tained in the pulse was irreversibly chemi-
sorbed and a second portion where part of
the pulse desorbed extremely slowly during
the time between pulses. The intercept ob-
tained by extrapolation of these two por-
tions shown in Fig. 3A is plotted as a point
on Curve 2 of Fig. 2, together with related
data for catalysts reduced to varying ex-
tents. As is shown in Curves B and C of Fig.
3, similar unit slopes were obtained for O,
chemisorption, albeit in much smaller
amounts. Where comparison could be
made, the intercept values were in good
agreement with data obtained by the differ-
ence between two isotherms at —78°C.

Curves B and C of Fig. 3 record results of
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TABLE 1

Volumetric Adsorption Measurements on Reduced
and Sulfided Molybdena—y-Alumina (8% Mo)

Catalysts
Adsor- Adsorption [/Mo? NO/Mo° NO/Mo?
bate? Temper-
ature
O
NO 25 0 0.07 0.27
NO 25 0.35 0.26 0.32
NO 25 0.51 0.37 0.39
NO 25 0.87 0.45 0.35
NO -78 0 — 0.44
0, -78 0 — 0.10

« The NO adsorption was time dependent and made
at 100 Torr. The adsorbed amount was obtained by
extrapolation of the linear region to zero time (see Fig.
1). The O, adsorption was determined by the double
isotherm method (Ref. (6)).

¢ The anion vacancy concentration was determined
before sulfiding. It corresponds to the H,O produced
during reduction.

¢ This ratio was determined before sulfiding from the
measurements described in footnote a; see Fig. 2,
Curve 1.

4 NO adsorbed on the sulfided catalysts. Line 6,
Column 5 gives O,/Mo ratio.

experiments where following oxygen che-
misorption, pulses of NO were passed over
the catalyst. No O, was desorbed. The NO
chemisorption on the oxygen-saturated sur-
face resembled closely that on the fresh
surface: it had a portion where pulses were
totally adsorbed followed by a semi-revers-
ible portion, but a significant new relation-
ship became apparent. The ratio of the new
NO adsorption to the saturation O, chemi-
sorption, c¢/b, was 2.1 in both of the cases.
Other determinations gave similar results
regardless of variations in [J/Mo. Restated,
it has been found that an additional two
molecules of NO per adsorbed oxygen mol-
ecule can be chemisorbed on a surface al-
ready presaturated by oxygen chemisorp-
tion. In the reverse experiment much
smaller amounts of O, could be chemi-
sorbed on a surface saturated with NO.
However, this could be understood in
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ScHeME 1. The species depicted above are not in-
tended to imply a function for the alumina-bound
monomeric tetrahedral species frequently used in epi-
taxyl monolayer models (50, 52). Rather, they are in-
tended to represent pairs of exposed Mo ions at the
edges of small clusters of partially reduced, surface-
bound, molybdena.

terms of the reversible nature of a portion
of the latter as shown in Fig. 1.
Chemisorption data for sulfided catalysts
are given in Table 1. In the first four experi-
ments the catalyst was prereduced to vary-
ing extents, as indicated in Column 3, be-
fore sulfiding. Values corresponding to the
NO/Mo values for the reduced catalysts
were picked off Fig. 2 and are listed in
Column 4 where they may be compared
with the experimental values obtained after
sulfiding (Column 35). It is apparent that the
latter were reasonably constant and did not
depend significantly upon whether the cata-
lyst was prereduced before sulfiding or not.

Infrared Spectroscopic Measurements

The spectrum obtained from a wafer re-
duced for 1 h in flowing H, at 500°C is re-
corded in Fig. 4A. The two bands which
have been attributed to either dinitrosyl
species (29) or an NO dimer (37) appeared
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FiG. 3. Adsorbed amount (umol/g) as a function of the amount of adsorbate pulsed through the
reduced catalysts (umol/g) at —78°C. (A) NO adsorption on reduced catalyst, /Mo = 0.62 (x). (B) O,
adsorption on reduced catalyst, /Mo = 0.50 (O), followed by NO adsorption (). (C) O, adsorption
on reduced catalyst, (/Mo = 0.29, followed by NO adsorption.

TABLE 2
Infrared Data for NO Adsorption on Reduced and/or Sulfided Mo/Al,O;. Catalysts®

Expt. O/Mo® Dsym Danmtisym f - [ NO/Mo*
No. (cm™) (cm™) Ly
1 0.3 1815 1710 0.608 104 0.26
2 0.5 1817 1713 0.626 103 0.37
3 0.9 1820 1715 0.700 100 0.45
4 0 1796 1704 0.539 107 0.27
5 0.3 1795 1704 0.552 106 0.32
6 0.5 1795 1704 0.639 107 0.39
7 0.9 1798 1710 0.611 104 0.35

¢ Catalyst loading was 5 x 10%® Mo/g. It was prepared by the equilibrium adsorption method (48, 49, 52). The
first three experiments were made with reduced catalysts and the remainder with sulfided preparations.

b The catalysts were treated as follows. In Experiments 1, 2, and 3, the platelets were reduced in flowing H, at
450, 500, and 600°C for 30 min to 1 h and then purged with He for 1 h at the reduction temperature. The catalyst
used in Experiment 4 was sulfided without prereduction and purged with He for 1 h at 500°C. Those of 5, 6, and 7
were reduced as in 1, 2, and 3, respectively, before sulfiding at 350°C for 4 h, followed by a 1-h purging at the
reduction temperature with He. The approximate vacancy number of the wafer after reduction (or prereduction)
was determined in separate experiments as the water produced in reduction under similar conditions.

¢ The ratio of the intensities of the symmetric and antisymmetric NO stretching vibrations.

4 The angle, 9, was calculated from Lyyy/Ioyisym = cOt3(8/2), where @ is the angle between the two NO oscillators.

¢ Volumetrically determined NO adsorption in separate experiments after reduction (1, 2, 3) or prereduction
and sulfiding (5§, 6, 7) [from Table 1].
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F1G. 4. Spectra of adsorbed NO after 1 h contact followed by 1 h evacuation at room temperature.
(A) Catalyst reduced in flowing H, at 500°C for 1 h followed by 1 h purging with He at 500°C. (B)
Reduced and sulfided catalyst. Reduction as in (A); sulfidation at 350°C for 4 h in 10% H,S/H, mixture,
followed by a 1-h purge with He at 500°C. (C) Sulfided as (B) without prereduction.

at 1713 and 1817 cm™!, respectively. Similar
spectra were obtained from catalysts sul-
fided at 350°C after reduction (Fig. 4B) or
without prereduction (Fig. 4C), but with
lower band frequencies, viz., 1704 and 1795
cm™!, respectively. Parameters derived
from the ir spectroscopic data are summa-
rized in Table 2.

The interaction between chemisorbed O,
and NO (and vice versa) was tested. Figure
SA (solid line) is a spectrum from NO ad-
sorbed on a reduced catalyst. Oxygen was

then added and Fig. SA (dotted line) was
recorded. These two spectra when super-
imposed were found almost identical. The
reverse experiment, however, was quite
different. When O, was chemisorbed before
NO was added to the system (Fig. 5B) the
spectrum was only about half as intense as
without the presorbed O,. This result is in
nearly perfect agreement with the adsorp-
tion data of Fig. 3. Significantly, the NO
molecules still adsorbed in pairs or not at
all.
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FiG. 5. Spectra from NO adsorbed on reduced cata-
lysts. Reduction was carried out with flowing H, for 1
h at 500°C, followed by purging with He for 1 h at
500°C. (A) Adsorption of NO (10 Torr, 30 min, room
temperature, 30 min evacuation). The spectrum indi-
cated by the dotted line was recorded after O, was
introduced in the cell (20 Torr for 2 min, followed by
30 min evacuation). (B) Adsorption of NO (10 Torr for
30 min at room temperature followed by a 30-min
evacuation) after preadsorption of O, (20 Torr, 2 min,
30 min evacuation; the same results were obtained
when the exposure time was increased to 30 min.).

DISCUSSION

A salient feature of the NO chemisorp-
tion was that the molecules adsorbed in
pairs or not at all. Moreover, the chemi-
sorbed amount was dependent on the ex-
tent of reduction and on the presence or
absence of prechemisorbed oxygen. Ad-
sorption and spectroscopic properties were
almost identical on sulfided and on unsul-
fided but reduced catalysts. The literature
is in overall agreement on all of these points
although a few discrepancies are found
which may be attributed to differences in
catalysts, treatment procedures, etc. The
two bands reported in this work at 1715 and
1820 cm™! have been attributed to the anti-
symmetric and symmetric stretching vibra-
tions of an adsorbed dinitrosyl complex
(29) or to a NO dimer (37). For the reduced

catalysts both the intensities and relative
intensities varied with extent of reduction,
but these frequencies hardly changed. On
sulfiding a significant shift to lower frequen-
cies was observed (to 1700 and 1795 cm™")
but otherwise the behavior was in all ways
similar to that of the reduced catalysts. In-
terestingly, still lower frequencies (1680
and 1780 cm™!) have been reported (33) for
another catalyst sulfided at 400°C. The
lower wavenumbers on sulfiding were sug-
gested to result from an effect of sulfur pro-
ducing more negatively charged dinitrosyls.
Peri (46) reported that a sulfided catalyst
after evacuation did not chemisorb NO. In
this case, reduction of the sulfided catalyst
at temperatures between 500 and 600°C
were required before the dinitrosyl bands
appeared. This is at variance with the
present work.

The chief new findings reported herein
could be explained by two (or more) differ-
ent kinds of sites; practically anything can
be explained in this way. In the present in-
stance, however, the relative amounts of
such sites would need to remain constant
with varying extents of reduction and it
would be further necessary to assume that
one kind could adsorb O, while both kinds
adsorbed NO. The low probability that all
these constraints could be satisfied simulta-
neously led us to seek another explanation.

The possible and likely valence state of
the Mo centers on which the chemisorbed
species are bound should be first consid-
ered. It must be lower than Mo%* because
the chemisorption is first observed only af-
ter a specific minimum amount of reduction
(Fig. 2). Moreover, the coordinative unsat-
uration must be sufficient to permit the for-
mation of dinitrosyl species. The evidence
that the chemisorption takes place along
the edges of the chalcogenide wafers of
MoS; (42) suggests that the chemisorption
is likely to occur where two adjacent anions
are missing. Finally, all inorganic dinitrosyl
compounds contain an even number of d-
electrons and the only known Mo-dinitro-
syl complex is Mo(ID(NO), (54). In the



226

past, it has been generally supposed that
the active catalytic center measured by
these chemisorptions is Mo**, which is the
majority species. We have noted (21), how-
ever, that the relatively small portion of the
total molybdenum present at the active cen-
ters, together with the high extent of coor-
dinative unsaturation required to form the
dinitrosyl species, suggested a lower va-
lence state, ‘‘possibly Mo**.”” We now sug-
gest that it may be Mo?* (Scheme 1).

A similar situation has existed for the
past 25 years concerning the valence states
of active chromia-silica or chromia-alu-
mina catalysts (43, 44). Though direct evi-
dence has long existed that the major sur-
face species produced on reduction is Cr?*
(47), nearly every valence state between
Cr?* and Cr®* has been proposed as the ac-
tive centers for polymerization. Such pro-
posals were based on correlations between
characterization parameters and catalytic
activity (43). Recently, Merryfield et al.
(44) clearly demonstrated that in commer-
cial catalysts Cr2* is the active site or is its
precursor for ethylene polymerization,

The NO adsorption on reduced chromia-—
silica and chromia—alumina catalysts has
been found more complex than on molyb-
dena—-alumina (30, 45, 46). The spectra
have been interpreted in terms of dinitrosyl
or dimeric species formed on Cr?* or on
Cr’* ions and monomeric NO may exist.
Dimeric species have also been reported to
be formed on reduced chromia (40, 41).

In some quarters lower valence states of
Mo have been regarded as unlikely for NO
adsorption sites because the spectra appear
when the average valence state is still close
to Mo%*. Interestingly, Peri (46) presented
evidence for Cr?* formation after high tem-
perature (500-600°C) evacuation of chro-
mia—alumina preparations whereas only
Cr3* was detected after reduction in hydro-
gen. These observations offer an explana-
tion for the fact that the adsorbed NO spe-
cies gives the same spectrum on
molybdena—-alumina regardless of the de-
gree of reduction, i.e., the same low va-
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lence state adsorption centers may form in
small amounts at special locations on these
complex catalysts under fairly mild condi-
tions. Chromia-alumina and molybdena-
alumina differ in one other aspect. The
former in its reduced state is completely
poisoned for NO chemisorption by pread-
sorption of O, whereas the latter is not.

The findings of the present work are con-
sistent with the chemistry outlined in
Scheme 1 where it is suggested that pairs of
Mo?* are present along the crystallite
edges, each necessarily having two missing
anions. As shown, such a pair of adjacent
Mo?* (A) could form two dinitrosyl species
(B). Alternatively, the same pair could ad-
sorb one O, molecule as two atoms (C). The
latter might be expected to disproportion-
ate to the fully coordinated Mo®* (E) and an
Mo?* (A) by a self-diffusion of the oxygen
(sulfur) anion via the bridged transition
state (D). This equilibrium could then be
shifted by the chemisorption of further NO,
as observed, and the ratio, NO/O, = 2
(rather than 4) would then be expected. Not
only does this model explain all of the ob-
servations, it affords a simple explanation
for the fact that the chemisorption of NO
occurs only in pairs, or not at all.

Scheme | must be regarded with some
skepticism at present, although ancillary
data tend to add some support. First of all,
when the average valence state is known to
be less than Mo?*, one or more lower va-
lence states must be present. This situation
has been documented several times (34,
50, 52, 53). Certainly then Mo?* is a possi-
bility. Interestingly, if Mo?* is the active
site for H, dissociation, one of the chief ob-
jections to a homolytic oxidative adsorp-
tion of H, on transition metal ion centers
will have been relaxed. As pointed out by
Burwell and Stec (55), known oxidative ad-
sorptions of H, in inorganic chemistry in-
variably involve ions in low valence states.
It has been argued that Mo** (d?) is unsuit-
able for this purpose, but Mo?* could fulfill
this role.

0O, has been observed in EPR studies
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(24) of chemisorption of O, at —180°C. As
the temperature was raised to room temper-
ature, however, O~ appeared together with
0,~. On evacuating the gas phase oxygen
and slowly raising the temperature to 150°C
the O, signal disappeared and the O~ was
alone observable. When 70, was used in
hopes of learning more about the paramag-
netic species, all of the tracer was lost by
exchange with the ordinary oxygen of the
solid. Although the spin-density of the
paramagnetic species was an order of mag-
nitude lower than the oxygen chemisorp-
tions reported here, the data nevertheless
demonstrate the rapid mixing of the oxygen
atoms present on the surface. Interestingly,
the EPR signal from Mo** was not changed
by the low temperature chemisorption of
either O, or NO demonstrating a lack of
interaction with this species.

To the best of our knowledge no physical
evidence has been advanced suggesting the
presence of Mo** in either reduced or sul-
fided catalysts. By nature, the catalytic
centers are a minority species never ex-
ceeding about 20% of the total molybde-
num. It seems possible, therefore, that
these special edge sites have escaped detec-
tion by ESCA or other spectroscopic
means. Whether Scheme 1 is ultimately
found to be correct or not, the authors hope
that the present evidence will stimulate fur-
ther research.
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