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Rus(CO),; adsorbed on hydrated Al,Oj is transformed under the action of atomspheric oxygen
into an anchored mononuclear dicarbonylic species (Rug). In the absence of O,, OH groups of the
surface act as oxidizing agents at T > 373 K leading to a variety of oxidized species, whose
structure and relative concentration depend upon the treatment conditions. In vacuo and in the
temperature range 673-423 K, dicarbonylic Ru,, Rug, and Ru anchored species characterized by
well-defined ir bands at 2138-2075, 2072-2005, 2054—1977 cm™!, respectively, are prevalently
formed. At higher temperature the decarbonylation is complete but the ruthenium is prevalently in
an oxidized form. Decarbonylation in a flow of hydrogen favours the formation of Ruc species at
intermediate temperatures and of metallic ruthenium at the highest temperatures.

INTRODUCTION

The interaction of carbonylic complexes
with oxidic surfaces is a topic of growing
interest (/ —I14). The studies have revealed
that complex reactions take place over hy-
droxyl-covered surfaces leading to new
surface carbonylic complexes and to oxi-
dized low-valency ions. Due to the exten-
sive interaction with the surface ligands,
the integrity of the carbonylic compounds
is often lost with formation of a variety of
interaction products. If metal-cluster car-
bonyls are used, the important question
arises as to whether the metallic skeleton
resists the surface attack or whether
fragmentation occurs leading to products of
different nuclearity. In order to investigate
this point the trimetallic Rug(CO),, cluster
has been chosen because of its simple
structure and well-known chemical be-
haviour. Moreover the interaction of
Ruy(CO),, with Al,O; has been already
studied by Kuznetsov et al. (I14), so provid-

ing a good starting point for a further and
more detailed investigation.

Following the previous considerations, a
full spectroscopic investigation has been
carried out on the Rug(CO),,/Al,O5 system
in order to define the following matters:

(i) the nature of the interaction with the
surface OH groups, with particular atten-
tion to the rupture or the preservation of
the metallic skeleton;

(ii) the effect of the progressive vacuum
removal of the CO ligands on the dispersion
and valence state of the decarbonylated ru-
thenium;

(iii) the effect of the initial carbonyl con-
centration on the aggregation state of the
partly or totally decarbonylated ruthenium.
The results are reported and discussed in
this paper.

EXPERIMENTAL

Sample preparation. The support was
D<?gussa P110 (Alon C), a nonporous alu-
mina (SA 100 m?/g), and was usually
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used without any pretreatment. Rug(CO)y,
was dissolved in chloroform or n-heptane
and then 'mixed with ;the appropriate
amount of alumina to form a slurry. The
slurry was freed from the solvent by room-
temperature (RT) outgassing. As an ageing
process takes place, three different samples
were studied, namely, P—used immedi-
ately after the solvent evaporation; Q—af-
ter 2 hr standing in air; R—after 1-month
storage in air. In one case samples were
prepared by impregnating RT and 423 K
outgassed Alon C with Rug(CO),; in an ar-
gon stream in order to avoid contact with
the oxygen of the atmosphere (sample E).
Two Ru concentrations have been used
(0.33 and 1.57 wt%).

Infrared spectra. Disks for ir spectra
were obtained by pressing 20 mg/cm? pow-
der under 100 kg/cm? pressure. The disks
were then inserted in a silica cell equipped
with NaCl windows connected to a vacuum
manifold where decarbonylation in vacuo
(104-107% Torr) at any given temperature
was carried out. A double-beam Beckman
IR 12 spectrometer and a Perkin—Elmer 180
spectrometer have been used.

Reflectance spectra. For reflectance
spectra the powder was inserted into a sil-
ica cell equipped with a Suprasil window
where the thermal treatments in vacuo
were carried out. The spectrometer was a
Beckman DK2 equipped with the re-
flectance accessory.

Mass spectra. Mass spectra have been
obtained with a Quadrupole Residual Gas
Analyzer Centronic model Q 806 perma-
nently connected to the vacuum manifold
where the decarbonylations were carried
out.

Volumetric measurements. The volumet-
ric measurements have been carried out in
a conventional apparatus equipped with ca-
pacitive manometers (MKS Baratron with
310 BHS head gauge and digital readout
Unit 170 M-27B).

RESULTS
Figure 1a shows the effect on the ir spec-
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tra of a 0.33% sample of ageing the powder
under normal atmosphere. With respect to
the Ruz(CO),, spectrum in heptane solution
(spectrum S) it can be noted that:

(i) the spectrum of sample P shows the
characteristic peaks of the unreacted com-
plex (15) only slightly broadened by the
interaction with the surface;

(ii) the spectrum of sample R shows only
a pair of bands (hereafter denoted the B
pair) at 2072 and 2005 cm™, with an inten-
sity ratio ~1, due to new surface species;

(iii) the spectrum of sample Q shows an
intermediate situation which can be inter-
preted as the superposition of bands of the
unreacted Ruz(CO)y, and of the new spe-
cies.

Exposure to air for several months leads
to the total disappearance of the B pair,
leaving a very weak component at 1890
cm™!. A schematic description of the be-
haviour of the bands is shown in the inset to
Fig. 1a. On R samples strong bands at 1570
and 1465 cm™ are detected (the spectra are
not reported for the sake of brevity) which
on the contrary are very weak on freshly
prepared P samples and are absent on pure
A1203.

Figure 1b shows the ageing effect on the
reflectance spectra in the visible and near
infrared. With respect to the Ruy(CO),,
spectrum in n-heptane solution (spectrum
S) the relevant features are:

(i) spectrum P (freshly prepared sample)
shows a band at 25,000 cm™! which is char-
acteristic of the unreacted Rus(CO),, (15)
physically adsorbed on the surface;

(ii) in spectra Q and R, the band of the
unreacted complex decreases in intensity
while a new, very broad, band of lower
intensity centered at 20,000 cm™! becomes
clearly visible (for a schematic description
see inset).

This band at 20,000 cm™! is probably due
to transformation products of the original
carbonylic complex. These products are
not necessarily the same as those responsi-
ble for the bands of the B pair (Fig. 1a) as ir-
inactive, completely decarbonylated, spe-
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Fi1G. 1. (a) Infrared spectra of Rusg(CO),, (0.33%) on Al,Os. Spectrum S: Rug(CO),, in heptane;
spectrum P: Rug(CO),, on Al,O3 immediately after impregnation; spectrum Q: Ruz(CO),; on Al,Oj after
2 hr; spectrum R: after 1 month. (b) Reflectance spectra of Rug(CO),; (0.33%) on Al,O4. Spectrum S:
Ruy(CO),, in heptane; spectrum P: Rug(CO)y; on Al,O3 immediately after impregnation; spectrum Q:

after 2 hr; spectrum R: after 1 month.

cies can contribute. In all spectra a sharp
edge is observed at ~30,000-32,000 cm™
which is apparently unaffected by the
chemical transformations occurring on the
sample. It must be mentioned at this point
that if the impregnation is carried out in
total absence of oxygen (sample E) the typi-
cal spectrum of the Rug(CO);, complex
(both in the ir and in the visible) is main-
tained much longer so showing that, once
deposited on the hydroxylated Al,O,; sur-
face, the carbonyl becomes oxygen sensi-
tive.

In Fig. 2a is illustrated the effect on the ir
spectrum of a P (0.33%) sample of decar-
bonylation in vacuo at increasing tempera-
tures, while Fig. 2b shows the effect of sub-
sequent exposure to CO at the beam

temperature (~323 K). It can be seen that
by decarbonylation at the beam tempera-
ture (side a: dashed curve) the overall in-
tensity of the bands decreases and a new
spectrum arises, characterized by bands at
2100 (very weak), 2065 (medium), and 2030
cm™! (medium) and shoulders at 2090, 2005,
and 2000 cm™!, Moreover, the relative in-
tensity of the 2065- and 2030-cm™! bands is
influenced by the evacuation time. By sub-
sequent exposure to CO at the same tem-
perature (side b: dashed curve) a spectrum
similar in shape (but with lower intensity)
to that of the Ruyg(CO),, is restored. This
shows that by degassing at the beam tem-
perature the adsorbed carbonyl loses CO
ligands; however, the metallic skeleton of a
large fraction of the original clusters is
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F1G. 2. (a) —— (lower): Rug(CO)y; (0.33%) on Al,Os immediately after impregnation; -——: after
decarbonylation in vacuo at 323 K; ---: at 423 K; --—: at 523 K; —— (upper): at 623 K. (b) —
(lower): Rug(CO)y; (0.33%) on Al,O, immediately after impregnation; all other spectra obtained after
exposure to CO (P = 5.3 kPa) of the samples outgassed as illustrated in side a.

probably preserved, as is suggested by the
immediate formation of the Ruy(CO),,
bands upon subsequent CO contact. Decar-
bonylation at 423 K in vacuo is described
by the dotted curve of Fig. 2a. A new pair
of bands at 2054 and 1977 cm™! (hereafter
denoted the C pair) with intensity ratio ~1
is now observed, together with two shoul-
ders at ~2072 and ~2005 cm™!. The overall
intensity, however, is largely decreased so
suggesting that further loss of CO ligands
has occurred. Subsequent exposure to CO
at the beam temperature (~323 K) leads to
the dotted curve of side b. The band pair at
2054 and 1977 cm™ is apparently un-
changed, while a new weak band is formed
at 2138 cm™! together with an intensity en-

hancement at ~2075 cm™ and in the range
2040-2000 cm™!. The absence, after CO ad- -
sorption, of the characteristic bands of the
Rus(CO),, cluster, shows that, after decar-
bonylation at 423 K, the original cluster is
not appreciably restored. The spectrum af-
ter CO adsorption is much weaker than that
of the freshly impregnated sample: this fact
suggests that even on the CO-covered sam-
ple, the CO/Ru ratio is far from 4. Decar-
bonylation at 523 K is illustrated by the dot-
dashed curve (side a). The band pair C has
disappeared (only two weak shoulders are
now visible in the same position) while a
weak band pair at 2072 and 2005 cm™ (B
pair: intensity ratio ~1) represents the only
clearly detectable feature of the spectrum.
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In contrast with the lower decarbonylation
temperatures (where evolution of CO was
mainly observed) a mass spectrometric
analysis of the evolved gases showed that
H,, CO,, and H,O are the main products.
Exposure to CO at this stage (side b) (5.3
kPa) generates a band at 2138 cm™; an in-
tensity enhancement at 2075 cm™! is also
observed. Also in this case the Rus(CO)y,
bands are not appreciably reformed. Fi-
nally, heating in vacuo at 623 K (side a:
bold solid curve) causes the disappearance
of all bands (with the exception of a very
weak residual component at 2000 cm™,
i.e., full decarbonylation). As in the pre-
vious stage, H,, H,O, and CO, are evolved
from the surface. Exposure to CO after this
stage gives rise to a pair of bands (A pair:
intensity ratio ~2.5) at 2138 and 2075 cm™
and a very weak and complex absorption at
lower frequencies with shoulders at ~2054
and ~1977 cm™1. No band due to Rus(CO),,
is detected.

Volumetric measurements of the CO ad-
sorbed after this decarbonylation stage
showed that only ~0.9 CO molecule per Ru
atom is present at the surface, in agreement
with the low intensity of the spectrum. The
A pair is mainly observed in the presence of
a CO pressure: this is due to its weak resis-
tance to outgassing at 323 K (the experi-
ments are not described for the sake of
brevity). We anticipate that A, B, and C
band pairs are associated with three well-
defined surface carbonylic species: evi-
dence for this will be found in the following
paragraphs and in the succeeding papers
(Parts II and III). On this basis the spectra
observed before and after exposure to CO
on P (0.33%) samples decarbonylated at T
> 423 K can be interpreted as mainly due to
the contemporary presence of the three
complexes in variable proportions (see in-
sets). A-type complexes are the predomi-
nant species on CO-covered samples acti-
vated at 623 K; B complexes are abundant
on samples treated at 523 K, while C com-
plexes are found only on samples outgassed
at 423 K. A, B, and C species show no
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appreciable tendency to add CO at RT to
form the original cluster. As to the samples
outgassed at the beam temperature, more
than one surface species is likely to be
present because the spectrum is very com-
plex and the relative intensity of some of
the components changes with the outgas-
sing time. However, these species add CO
to form the original cluster. Finally, the very
weak component at ~2000 cm™ observed
on samples outgassed at 623 K is due to
very resistant CO ligands.

In Fig. 3a the effect of the decarbonyl-
ation procedure on the reflectance spectra
of a P (0.33%) sample is illustrated, while in
Fig. 3b the spectra obtained after subse-
quent exposure to CO are reported. With
respect to the freshly impregnated sample
(side a: upper solid curve) the sample out-
gassed at 323 K (side a: dashed curve)
(which is the temperature of the sample
under the ir beam) shows a strong decre-
ment of the unreacted Ruy(CO),, bands at
25,000 cm™ and the presence of two new
absorptions at 31,000 and 20,000 cm™!, to-
gether with a shoulder at 16,000 cm™. Ex-
posure to CO (side b: dashed curve) causes
a strong increase of the 25,000-cm™! band
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FiG. 3. (a) (upper): Reflectance spectra of
Ruy(CO),4 (0.33%) on Al,O, immediately after impreg-
nation; ——-: after decarbonylation in vacuo at 323 K;
---rat 423 K; - - - at 523 K; —— (lower): 623 K. (b)
—— (upper): Reflectance spectrum of Ruy(CO),,
(0.33%) on Al,O3 immediately after impregnation; all
other spectra obtained after successive exposure to
CO (P = 5.3 kPa) of the samples outgassed as in side
a.
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and a contemporary decrement of the
20,000- and 31,000-cm™! bands, while the
shoulder at 16,000 cm™! is unaffected. The
31,000- and 20,000-cm™! bands are thus as-
sociated with those species which can add
CO to regenerate the original cluster, al-
ready observed in ir measurements. Decar-
bonylation at 423 K causes the nearly com-
plete disappearance of the 25,000-cm™
band (side a: dotted curve) so showing
that a very small amount of unreacted
Ruy(CO),, is left on the surface. Also the
bands at 31,000 and 20,000 cm™ are less
prominent, i.e., the species formed in the
initial decarbonylation step at 323 K tend to
disappear under more severe conditions.
The products of this further decarbonyl-
ation probably absorb in the whole range
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16,000-31,000 cm~'. Exposure to CO (side
b: dotted curve) causes a small increment
of the 25,000-cm™! absorption and the dis-
appearance of the residual 20,000-cm™!
band, while the other parts of the spectrum
are practically unaffected. These facts indi-
cate that if a very moderate carbonylation
still occurs leading to small amounts of the
original cluster, the broad absorption ex-
tending from 33,000 to 16,000 cm™ is
largely unaffected, so showing that it is as-
sociated with irreversibly decarbonylated
species. The effects of the decarbonylation
at 523 and 623 K and of the subsequent
exposure to CO are illustrated in Fig. 3 by
the dot-dashed and lower solid curves, re-
spectively. It can be seen that upon decar-
bonylation at 523-623 K, the spectrum be-
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Fi1G. 4. (a) — (lower): Rus(CO);: (0.33%) on Al,O, after 1 month; ———: after decarbonylation in
vacuo at 323 K: ---: at 423 K: -.-: at 523 K: (upper): at 623 K. (b) —— (lower): Rug(CO),,

(0.33%) on Al,Ojy after 1 month; all other spectra taken after exposure to CO (P = 5.3 kPa) of the

samples decarbonylated as in side a.
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comes broader and extends to even lower
frequencies. Broad features at ~31,000,
27,000, 20,000, 19,000, and 16,000 cm™! are
probably still present on the 523 K out-
gassed sample: however, because they are
not destroyed by exposure to CO, they are
also due to irreversibly decarbonylated spe-
cies. Exposure to CO causes an increment
of the optical density in the whole range
33,000-16,000 cm™* with a maximum in-
crease at ~25,000 cm™.

In Fig. 4 are reported the ir spectra con-
cerning the decarbonylation—carbonylation
sequence for an R sample, i.e., a sample
which contains mainly B species. The effect
of outgassing at the beam temperature is
shown by the dashed curve (side a): no
significant change of the B pair intensity is
observed; however, the weak bands at
2138, 2054, and 1977 cm™! indicate the pres-
ence of A species and small amounts of C
species. Exposure to CO (side b) only
causes an intensity enhancement of the A
pair. By outgassing at 423 K the A and C
pairs disappear (side a: dotted curve) while
by subsequent CO adsorption only A pairs
are formed with greater intensity. Decar-
bonylation at 523 K is described by the dot-
dashed curve (side a) where only B species
are observed, although with lower inten-
sity. After subsequent CO adsorption (side
b) only A species are formed, while B spe-
cies are left practically unaltered. Finally
the effect of the nearly total decarbonyl-
ation at 623 K is illustrated by the upper
solid curve (side a): as in the previous case
(P samples) only a weak residue at 2000
cm™! is observed. CO adsorption (side b)
causes the usual formation of the A species
as a major product; however, due to the
presence of a weak and broad adsorption at
lower frequencies the presence of small
amounts of the others is not excluded. Also
in this case independent volumetric mea-
surements showed that the amount of CO
adsorbed per Ru atom was ~0.8—1. The
constant value of the adsorptive capacity
towards CO of P, Q, and R samples (0.8-
1.0) apparently suggests that the final state
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of the active Ru after total decarbonylation
is fairly independent of the preparation con-
ditions. This observation agrees with the ir
evidence that, on totally decarbonylated
samples, CO adsorption mainly gives rise
to the same bands (A pair) with comparable
intensity.

In Figs. 5a and b a parallel desorption—
adsorption experiment carried out in a
reflectance cell is described. It can be noted
that the weak band at 25,000 cm™! associ-
ated with residual unreacted Rug(CO)y,
gradually disappears upon decarbonylation
in the temperature interval 323-623 K (side
a) leaving a broad maximum centered at
~20,000 cm™ and an absorption edge at
~31,000 cm™. A shoulder at ~16,000 cm™!
is also observed. Both these features were
found also on freshly prepared P samples
(Fig. 3a); however, a comparison between
the two series of spectra reveals that an
apparent reflectance maximum at 27,000
cm™ is present on R samples. An interme-
diate situation was observed on Q samples.
Exposure to CO after each outgassing stage
(side b) induces an absorption increase in
the range 30,000-10,000 cm™, the maxi-
mum change being observed in all cases at
~25,000 cm™!. The shapes of the spectra,
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FiG. 5. (a) (upper): Reflectance spectrum of
Rug(CO),; (0.33%) on ALO; after 1 month; ———: after
decarbonylation in vacuo at 323 K; ---: at 423 K;

—-—tat 523 K; —— (lower): at 623 K. (b) (upper):
Reflectance spectrum of Ruy(CO)y, (0.33%) on ALO,
after 1 month; all other spectra taken after exposure to
CO (P = 5.3 kPa) of the samples decarbonylated as in
side a.
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however, are not greatly altered and so
they remain different with respect to the
analogous ones observed on P samples.
This observation implies that totally decar-
bonylated P and R samples, although very
similar from the adsorptive point of view
(similar CO coverages and identical CO ad-
sorbed species), contain a different distri-
bution of Ru species. In particular, un-
known Ru species absorbing at ~27,000
cm™! are definitely more abundant on P
samples.

In Fig. 6 the decarbonylation of an R
(0.33%) sample in H, flow is illustrated. At
the beam temperature no difference exists
between this experiment and the analogous
one carried outin vacuo (Fig. 5a). At higher
temperatures; however, dramatic differ-
ences are observed. In fact in the presence
of H;, C species (practically absent on R
samples in vacuo) become predominant on
the 523 K-treated samples and disappear
only at higher temperatures. This suggests
that C species can be formed from the B
species by the effect of H, reductionat T =
423 K.

In another series of experiments, more
concentrated (1.57%) samples have been
investigated. For the sake of brevity, we
shall report only the main results. In partic-
ular:

(i) as to the ageing effect in air, the be-
haviour of 1.57% samples is essentially
identical to that illustrated in Fig. 1;

(ii) the decarbonylation patterns are also
similar and identical species (A,B,C) can be
identified;

(iii)) CO adsorption on partially or totally
decarbonylated samples reveals different
features.

In order to illustrate this point, the decar-
bonylation—carbonylation sequence of an R
(1.57%) sample is described in Figs. 7a and
b. The original sample shows two ex-
tremely strong peaks at 2075 and 2005 cm™?
(side a: lower solid curve) due to B species
formed from Ruy(CO),; under the action of
the oxygen of the atmosphere. Moreover,
an evident shoulder at 1990-1980 cm™! is
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present which was not so pronounced on
more diluted samples. As this additional
feature is present only on aged samples, it
is probably due to a transformation product
of the original cluster. OQutgassing at the
beam temperature (side a: dashed curve)
causes the appearance of an absorption at
2132 cm™ which can be considered as the
highest mode of A-type species. The inten-
sity of this absorption slightly increases
upon CO exposure (side b) while its maxi-
mum moves to 2135 cm™.

By 423 K decarbonylation the B peaks
and the shoulder at 1990—1980 cm™ (side a:
dotted curve) are definitely weakened;
moreover, also the 2135-cm™ band is elimi-
nated. Subsequent exposure to CO (side b)
not only restores the 2135-cm™! band (with
enhanced intensity) but also causes an ab-
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F1G. 6. Decarbonylation in flowing H, of an aged

Rug(CO)y2/Al,O3 sample. —— (lower): Rug(CO)y.
(0.33%) on Al,O; after 1 month; ———: decarbonylated
at323 K; ---:at423 K; — . —: at 523 K; —— (upper): at
623 K.
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FiG. 7. (a) — (lower): Rug(CO),5 (1.57%) on Al Os after 1 month; ———: after decarbonylation in
vacuo at 323 K; ---:at 423 K; - . —: at 523 K; (upper): at 623 K. (b) —— (lower): Rug(CO),,

(1.57%) on AlLQOj after 1 month; all other spectra taken after exposure to CO (P = 5.3 kPa) of the

samples decarbonylated as in side a.

sorption increment at 2075 cm™ (where the
low-frequency component of the A pair is
expected) and at 2070-2000 cm™. In partic-
ular it can be observed that the absorption
minimum at 2040 cm™! (side a: dotted
curve) is strongly attenuated due to the for-
mation of species absorbing in this region.
Decarbonylation at 523 K is illustrated by
the dot-dashed curve (side a): the B bands
at 2075 and 2005 cm™! together with the
shoulder at 1990-1980 c¢cm™ are severely
weakened. Subsequent CO adsorption (side
b) causes the formation of a peak at 2140
cm™! (highest component of an A-type

pair), and a parallel optical density increase
at 2075 cm™! (where the second component
of the A pair is expected) and in the range
2070-2000 cm™* (as in the previous case).
Finally the effect of the decarbonylation at
623 K is illustrated by the last curve (upper
solid curve). All bands are completely elim-
inated and only a weak residue is observed
at ~1980 cm™ which is particularly strong
on this sample because of the high Ru con-
centration. This isolated band is due to re-
sidual monocarbonylic species which are
very resistant to outgassing. Comparison
with the initial intensity of the Rug(CO)ys
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carbonylic bands and with the intensity of
the bands due to CO adsorbed on decar-
bonylated samples (see below) indicated
that this species involves a very small frac-
tion of sites. For this reason no attempts of
detailed assignment will be made in the fol-
lowing. CO adsorption on this decarbonyl-
ated sample gives rise to the corresponding
spectrum of side b which is characterized
by a peak at 2140 cm™! (highest mode of an
A-type pair) and by a broad absorption
(Av,;s = 150 cm™) with an apparent maxi-
mum at ~2070 cm™ and a shoulder at
~1990 cm™. In conclusion, the comparison
between the spectra of CO adsorbed on
0.33 and 1.5% fully decarbonylated R sam-
ples demonstrates that Ru concentration is
-an important factor which strongly in-
fluences the properties of dispersed ruthe-
nium.

DISCUSSION
The Ageing Effect

As shown in Fig. 1a, Rug(CO),, on Al,Os
under the influence of atmospheric oxygen
undergoes an ‘‘oxidative’’ transformation
leading to the total disappearance of the
bands characteristic of the original cluster
and to the formation of the characteristic B
pair. Parallel uv-visible reflectance experi-
ments show the simultaneous disappear-
ance of the 25,000-cm™~! band of the starting
carbonyl. As this transition is due to a o —
o* transition in the trimetallic skeleton (/6)
it is inferred that the Me—Me bands are
broken. The resulting product, however, is
still carbonylated and must have a well-
defined structure because of the constancy
of the frequencies and intensity ratio of the
carbonylic bands. By anticipating a conclu-
sion which will be fully demonstrated in
Part II, we will hereafter assume that the
new carbonylic species (Rug complexes)
contain a pair of coupled linear CO oscilla-
tors bonded to an oxidized ruthenium atom.
Due to the mild oxidizing conditions, it can
be inferred that the Ru ions derived from
oxidative rupture of the original trimetallic
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skeleton will not be so very distant from
the starting complex; for instance, they
may be disposed in a chain where the ruthe-
nium ions are bonded via oxygen or hy-
droxyl bridges. The presence of strong
bands at 1570 and 1465 cm™! on aged sam-
ples (which are due to carbonate or carbox-
ylate species) suggests the following reac-
tion scheme:

1
1 Ru,{COk, @ /CO

A
.%.02 /Ru\
N ¢ Q * Hasy*Rats
TFITITITTITT 4

(1

where the adsorbed CQO, is in carbonate or
carboxylate form on Ru-free portions of the
Al,O,4 surface and the Ru is in the divalent
state. The problem of the structure of such
species will be discussed in more detail in
Part II.

Decarbonylation in Vacuo

(1) P (freshly prepared) samples. It has
been shown that adsorbed Rus(CO),, loses
CO ligands by simple outgassing at RT. As
the complex is very stable at RT, both in a
crystalline form or in solution, it is inferred
that this process is not a simple decomposi-
tion. The surface of virgin alumina is very
rich in OH groups which represent poten-
tial ligands; as a consequence the most
likely reaction is a ligand displacement as in
scheme (2):

Ruy(CO)y, + x(OH) =
Ru3(CO)y2--(OH), + xCO, (2)

where the skeleton is preserved and the
number of OH surface ligands can vary de-
pending upon the residual CO pressure. In
favour of this hypothesis the following ar-
guments can be mentioned:

(i) Similar ligand displacement reactions
between CO and nucleophilic ligands are
known to occur for Rug(CO),, in homoge-
neous solution (/7).

(ii) The reflectance data obtained after
RT desorption (new bands at 30,000 and
20,000 cm™! in Fig. 3), are also in favour of
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this because Rug(CO)oL; (. = PEtPh,,
PPhy) complexes show a pair of transitions
in a very similar position.

(iii) A simple decarbonylation with for-
mation of unsaturated subcarbonylic spe-
cies is absolutely unlikely on hydrated alu-
mina where a monolayer of OH ligands is
present. Moreover, it has been shown (I/8)
that in CO-deficient subcarbonylic clusters
adsorbed on surfaces, edge or face bridged
CO groups (ir bands at ¥ < 1900 cm™)
should be present after partial decarbonyl-
ation, in contrast with the experimental
data. .

(iv) The hypothesized scheme easily ex-
plains the infrared data characterized by
band intensity strongly influenced by the
outgassing time.

(v) Reaction (1) can be reversed by in-
creasing the CO pressure, in agreement
with the above results.

The presence of the weak band at 2100
cm™! also suggests the formation of other
surface compounds. On the basis of the
similarity of the ir spectra they could be
similar to those found for Oss(CO),, ad-
sorbed on m-AlLO; and which are formed
upon oxidative addition of surface OH
groups to the trimetallic skeleton with re-
lease of two CO per each added OH group
(19, 20) following the scheme:

N1/

/ H\/f 2co
OH + Ru(CO)y — %0\ PN
7 K

~1N

3)

The previous considerations are valid only
for extremely dilute samples (0.33%). On
the more concentrated ones agglomeration
must also be taken into account as a possi-
ble effect of the removal of CO ligands.
Further loss of CO (achieved by increas-
ing the temperature in vacuo) leads to the
formation of two new band pairs (B and C).
The weak B pair which is the same preva-
lently found on an aged sample, reveals that
during this decarbonylation stage some oxi-
dation has occurred. Also the completely
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new C pair belongs to surface carbonylic
complexes formed during the thermal treat-
ment in vacuo. By anticipating information
contained in Parts II and III, we will hereaf-
ter assume that the C pair belongs to a new
Ru. complex containing two coupled linear
CO oscillators. The frequency of the bands
(lowered with respect to those of the Rug
complexes) suggests that the ruthenium
centre is in a more reduced form. As
Ruy(CO),, not only undergoes ligand dis-
placement reactions with preservation of
the metallic skeleton, but also, under more
severe conditions, with skeleton fragmenta-
tion (/7), we hypothesize that Ru. com-
plexes (formed at 423 K in vacuo) do not
contain the original triangular skeleton.

After decarbonylation at 423 K also CO-
free unsaturated Ru species are formed
which are revealed by successive exposure
to CO. In fact under these conditions an-
other pair of absorption bands is quickly
formed (A pair) at higher frequencies (2138
and 2075 cm™). These or very similar
bands have already been reported on
Ru/Al,O3 (21) and Ru/SiO; (22) and as-
cribed by Davydov and Bell (22) to com-
plexes containing two coupled linear CO
groups and the ruthenium atom in an oxi-
dized state. This tentative assignment has
been confirmed in Part IT by means of 3CO
isotopic substitution, so the A pair will
hereafter be ascribed to a Ru, complex. In
conclusion, the structure of the complexes
Ru,, Rug, and Ru is very similar and can
be schematically represented by the for-
mula

(L),Ru(CO),,

where L is a surface ligand and ruthenium
is in different oxidation states. Due to this
structural similarity (which implies a simi-
lar molecular orbital picture) the frequency
of the ir bands can be considered as a quali-
tative measure of the extent of electronic
back-donation from the metal to the anti-
bonding #* orbital of the CO molecule. The
following back-donation sequence can thus
be established:
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Ru: > Rug > Ru,

which implies an identical sequence as far
as the electron density on the central atom
is concerned. The oxidation state of ruthe-
nium is then in the sequence

Ru, > Rug > Rug.

In conclusion, by decarbonylation at 423 K
of Ruyg(CO),; a distribution of dicarbonylic
complexes of ruthenium in different oxida-
tion states is formed. Due to the absence of
O., the oxidation agents are undoubtedly
the OH groups of the surface as docu-
mented by the evolution of hydrogen and
carbon dioxide. A similar reaction has
been observed also in similar systems
[Mo(CO)e—Al05] (23).

By further decarbonylation at 523 K the
C pair disappears. As in the previous case
the reaction is not a simple decarbonylation
leading to unsaturated intermediates. In
fact reexposure to CO does not restore the
original bands and, as before, hydrogen,
CO,, and small amounts of CH, are evolved
from the surface. Finally outgassing at 623
K eliminates also the residual B pair. In
both cases oxidized ruthenium is formed as
proved by the successive exposure to CO
where mainly Ru, complexes are formed. It
must be noted that after total decarbonyl-
ation some ruthenium must be present also
in an even higher oxidation state (probably
in tetravalent form). This is supported by
the observation that, after an initially rapid
growth, the bands of the A pair continue to
increase with the contemporary formation
of surface carbonates (bands at 1600—1300
cm™!) which undoubtedly monitor the re-
duction of ruthenium to an oxidation state
characteristic of Ru, complexes. Tempera-
ture-programmed reduction (TPR) experi-
ments confirm this observation (Part III).
The presence of small amounts of metallic
aggregates formed upon destruction of Rug
complexes is not excluded. In fact the ir
spectra of CO adsorbed on fully decarbon-
ylated P samples show, together with the
bands of the Ru, species, a weaker and
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broad absorption at lower frequencies
probably associated with CO adsorbed on
metallic ruthenium (21, 22).

The reflectance spectrum of fully decar-
bonylated samples (P and R) is very similar
to the spectra of complexes of Rul
(24, 25). In particular all spectra, often
characterized by the lack of well-resolved
bands in the whole range 35,000-10,000
cm™!, show transitions at 15,000—16,000,
20,000-24,000, and 33,000 cm™!, This result
strongly suggests the oxidation state III for
Ru, species. All the conclusions previously
described are summarized in Table 1.

(2)Q and R (aged) samples. On the basis
of the previous discussion, the results ob-
tained for Q and R samples can be inter-
preted as follows:

(i) On both samples a decarbonylation
occurs accompanied by oxidation, as docu-
mented by the appearance, after CO ad-
sorption, of the Ru, bands at all decarbon-
ylation stages.

(ii) Ru; complexes are absent on R oxi-
dized samples, in agreement with the low
Ru oxidation number (as shown in the pre-
vious paragraph).

(iif) By comparison of the spectra in Figs.
6 and 3, it can be seen that the most impor-
tant difference is represented by the pres-
ence of a relative reflectance maximum at
~27,000 cm™! on aged samples. From the
previous discussion we have seen that P, Q,
and R samples differ in the relative propor-
tion of ruthenium in different states; the
amount of ruthenium in low or zero oxida-
tion number is in the order:

P>Q>R.

Thus it can be hypothesized that the ab-
sorption at ~27,000 cm™ is associated with
zero oxidation states of Ru in Ru; com-
plexes and/or very small aggregates. Clus-
ters of small dimensions can show o — o*
transitions localized in Me—Me bonds at
such low frequency (16, 25). This consider-
ation suggests that in Ru, complexes Me-
Me bonds are still present. Examination of
Fig. 4 also shows that Ru, species are al-
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TABLE 1

Ru Species Formed during the Decarbonylation Process

Outgassing P samples R samples

323 K Ligand displacement and insertion
reactions; skeleton totally or Oxidized Rug species only; skeleton
partially preserved not preserved

423 K Intermediate oxidized (Ru,, Rug) and
reduced (Rug) dicarbonylic species Evidence of further oxidation by OH
formed; skeleton not preserved groups (Ru, and Rug)

523 K} Extensive oxidation of the intermedi- Extensive oxidation leading mainly to

623 K ate dicarbonylic species; H, and Ru, species and to Ru'Y

CO, evolved; metallic particles not
excluded on the most concentrated

samples

Note. In hydrogen flow, reduced dicarbonylic Ru; species are predominant at intermediate temperatures.
From their decarbonylation at higher 7, metallic ruthenium mainly is formed.

ready present on the initial sample out-
gassed at RT (both in vacuo or in CO), so
suggesting that both Ru, and Rug com-
plexes are simultaneously formed upon oxi-
dation of Ruy(CO),, deposited on the sur-
face. All these considerations are sum-
marized in Table 1.

Decarbonylation in Hydrogen

As shown in Fig. 6 the decarbonylation in
hydrogen of an R sample follows a different
path. In fact, unlike the vacuum case (Fig.
4) the predominant species at intermediate
decarbonylation stages are the Ru. dicar-
bonylic entities. This result definitely con-
firms that ruthenium in the Ru. species
is in a low oxidation state. Moreover, the
total absence of Rug complexes at the high-
est decarbonylation temperatures strongly
suggests that the samples fully decarbonyl-
ated in hydrogen are in the lowest valency
state. This fact implies that in the presence
of hydrogen the oxidation products of the
reaction with the surface OH groups are
immediately reduced or the reaction itself is
strongly inhibited. At this stage of the dis-
cussion it is not possible to state the value
of the oxidation state of all dicarbonylic
complexes.

The Behaviour of the More Concentrated
Samples

As shown in Fig. 7a there is no basic
difference between the decarbonylation
patterns of 0.33 and 1.57% R samples. Sim-
ilarly equivalent patterns where obtained
on the P and Q samples. Important differ-
ences on the other hand are observed in the
ir spectra of CO adsorbed after partial or
total decarbonylation. For the sake of brev-
ity in the following we shall discuss the
spectra of CO adsorbed only on fully decar-
bonylated R 1.57% samples. The essential
difference between this spectrum and the
equivalent one obtained on a 0.33% R sam-
ple is represented by the extremely large
width (Ab,;, = 150 cm™) and intensity of
the component at ~2070 cm™. As the peak
at 2140 cm™! (highest mode of the Ru, com-
plexes) has the usual width, this implies
that, besides the second component of the
Ru, doublet, in the range 2100-2000 cm™
there is a broad absorption which is much
less visible in more dilute samples and
whose presence is favoured by the high
loadings. This observation is of great help
for a plausible assignment. In fact when
Ruy(CO),, is decarbonylated in vacuo the
following phenomena can in principle oc-
cur:
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(i) CO is lost and the so-formed unsatu-
rated entities saturate their ligand vacan-
cies by inserting surface ligands (OH) or by
forming new metal-metal bonds in a clus-
tering process;

(ii) CO is lost because of an oxidation
reaction favoured by the temperature in-
crease with suitable surface OH and subse-
quent formation of surface compounds of
oxidized ruthenium.

The experimental data obtained on
0.33% samples suggest that both reactions
occur in proportions which are strongly
influenced by the initial state of the ruthe-
nium catalyst. The extent of the oxidative
decarbonylation is limited by the concen-
tration of active OH groups (which is prob-
ably a limited fraction of the total) present
on the surface. Once this fraction has been
consumed, the decarbonylation will follow
preferentially path (i), which is conse-
quently the favoured one at the highest
loadings. Hence the higher the Ru concen-
tration the easier the clustering between un-
saturated entities: as a consequence on
concentrated samples metallic agglomer-
ates will become definitely favoured. On
this basis the broad adsorption in the range
2100-2000 cm™! can be assigned to linear
CO species adsorbed on metallic particles.
This assignment entirely agrees with the
data reported in the literature (21, 22).

CONCLUSIONS

Ru3(CO),,, which is a stable compound,
becomes oxygen sensitive once deposited
on the Al,O; hydrated surface. The new
dicarbonylic surface species so formed
(Rug) probably contain ruthenium atoms in
oxidation state II. Freshly prepared sam-
ples decarbonylated in vacuo at 323-423 K
lose CO following two different paths which
lead to both oxidized (Ru, and Rug) and
zero-valent (Ru.) dicarbonylic compounds.
The formation of oxidized compounds is
due to a chemical reaction with active OH
groups of the surface. Me—Me bonds are
likely to be present in Ru; and absent in
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Ru, and Rug complexes. By further decar-
bonylation of dilute samples at higher
temperature, an oxidized surface phase
is mainly formed together with minor
amounts of metallic aggregates. On more
concentrated samples the fraction of ruthe-
nium in the metallic state becomes predom-
inant. Decarbonylation in flowing hydrogen
mainly gives rise to dicarbonylic Ru; com-
plexes at intermediate temperatures and
metallic ruthenium at the highest tempera-
tures.
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