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Homogeneous catalysis by transition-metal cluster
carbonyls has been extensively investigated both for
its mechanistic and synthetic value [1—4]. It has been
demonstrated [S—14] that catalytically-active species
are formed thermally or photochemically from the
original metal cluster carbonyls viz dissociation of
carbon monoxide or metal-metal bond cleavage.
In fluid solution such coordinatively unsaturated
species react with each other to form inactive large
clusters. An approach to this problem seems to be the
preparation of surface-stabilized active species by
pyrolysis or photolysis of metal cluster carbonyls
supported on inorganic oxides. Immobilization of
the species on a support may prevent intermolec-
ular reaction resulting in aggregation. Platinum
cluster carbonyls adsorbed on a silica surface have
been shown to be decarbonylated by pyrolysis under
vacuum at 250 °C while keeping the original plati-
num cluster framework [15]. However, thermal
decarbonylation of ruthenium cluster carbonyls
on silica at high temperature of 400 °C results in
aggregation to yield ruthenium microcrystallites
[16]. In this communication we report the photo-
chemical behavior of Ru;(CO);; and Hs Ru, (CO)y,
adsorbed on a silica surface, and discuss the nature
of surface species formed by photolysis at the low
temperature of 25 C.

Experimental

The ruthenium cluster carbonyls, Rus(CO),;
and H; Ru4(CO),,, were adsorbed from heptane solu-
tion onto a non-porous spherical silica (Cabosil)
with a specific surface area of 320 m? per gram in
high dispersion (0.24-048 Ru wt.%). The SiO,
support had been partially dehydroxylated by treat-
ment under vacuum at 300 °C for 4 h. Photolysis
of the silica-supported ruthenium cluster carbonyls
was carried out at 25 °C under hydrogen or nitrogen
in a pyrex infrared cell as follows. A small portion
(40 mg) of the supported cluster was pressed into
wafer and fitted to a pyrex support, which was placed
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Fig. 1. Infrared spectra of products formed by photolysis
of Ruz (CO); /SiO, at 25 °C under hydrogen (A) and nitro-
gen (B). @) Ru3(CO)y, supported by adsorption from hep-
tane solution (0.48 wt.% Ru); (b) after irradiation with near-
UV light in 200 Torr H, for 5 h; (¢) after irradiation in H,
for 20 h; (d) Ru3(CO)12 supported by adsorption from hep-
tane solution (0.24 wt.% Ru); (e) after irradiation with near-
UV light in N, atmosphere for 5 h; (f) after irradiation in
N, for 20 h.
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inside the infrared cell (of 30 mm outside diameter).
The infrared cell has two NaCl windows for the
measurement of infrared spectra of sample wafers and
can work under any controlled atmosphere and
temperature. Irradiation of sample wafers was
conducted at 25 C in the infrared cell using a 450-W
medium-pressure Hg lamp equipped with pyrex and
water filters (A 2 310 nm). Infrared spectra of sample
wafers were recorded on a Hitachi 295 spectrometer
with an optically equivalent silica wafer in the refer-
ence beam. Electronic absorption spectra were
recorded on a Shimazu MPS-5000 spectrophoto-
meter.

Results and Discussion
Figure 1 shows changes of infrared spectra in the
carbonyl stretching region of the silica-supported

Ru3(CO);, during irradiation (A > 310 nm) at 25 C
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TABLE 1. Spectroscopic Data for Various Ruthenium Compounds.
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Compound IR UV-vis Ref.
vco cm™! Amax, M
Ru3(CO) 12 in heptane 2060(vs), 2030(s), 2010(m) 390 this work
Ru3(CO) 1»/8i0 3 2075(sh), 2063(s), 2031(s), 2000(sh) 330 this work
Ru(CO0)4/Si0, 2060(s), 1990(m), 1945(m) — this work
Ru(CO)4(PPh3) 2061(s), 1986(m), 1954(vs) n.d. 21)
Ru(CO)4(PPh;y Me) 2060(s), 1984(m), 1946(vs) 254 22)
HaRus(CO)y3 in heptane 2080(m), 2066(s), 2030(sh), 2025 (m), 2005(sh) 366 this work
HaRus(CO)12/Si02 2081(m), 2067(s), 2030(sh), 2021(m), 2000(sh) 360 this work

under hydrogen (A) or nitrogen (B). As can be seen
in Fig. 1 and Table I, the infrared spectrum (a and d)
of Ru3(CO),, on silica before irradiation is appar-
ently different in peak location from the spectrum
of Ru3(CO),; in heptane solution. A heptane solu-
tion of Ru3(CO),, exhibits an intense maximum at
390 nm (e, 6500) in the near-UV region attributable
to ¢ = o* transition of Ru—Ru bonds in the Ru;
framework [17]. The lowest energy transition was
blue shifted toward 330 nm upon adsorbing Ruj-
(CO),, on the surface of silica (see Table I). Such a
shift clearly indicates the existence of strong inter-
action between Ru3(CO),, and silica surface. How-
ever, the position and intensity of the band at 3740
cm !, associated with hydroxyl groups on the silica
surface, was unaffected by the presence of the
cluster and remained unchanged during irradiation
with UV-visible light. These observations exclude the
possibility of the chemical reaction between ruthe-
nium complexes and surface hydroxyl groups.

Photolysis of the silica-supported Ru3(CO)y,
under hydrogen caused gradual changes in the
infrared spectra, as shown in Fig. 1-A. Spectra b and
c were recorded after irradiation for 5 and 20 h
respectively, and show a reduction in intensity
of the dominant Ru3(CO);, bands and the appear-
ance of new bands. The original Ru3(CO);» bands
are completely removed after irradiation for 20 h.
The final spectrum c shows three bands at 1945,
1990 and 2060 cm™. The electronic spectrum of
the irradiated sample ¢ showed the disappearance
of the absorption at 330 nm, suggesting the occur-
rence of complete Ru—Ru bond scission leading
to formation of mononuclear complexes on the sur-
face of silica. As shown in Fig. 1-B, the infrared
spectral changes under nitrogen are essentially con-
sistent with those observed under hydrogen, though
the rate of spectral changes is slower. It may then be
concluded that the same ruthenium species are
formed photochemically on the silica surface under
hydrogen and nitrogen.
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Fig. 2. Infrared spectra of HqRu4(C0)12/Si0,. (a) follow-
ing adsorption of H4Ru4(CO)y; from heptane solution (0.24
wt.% Ru); (b) after irradiation with near-UV light in Nj
atmosphere at 25 °C for 20 h; (c) after exposure of 200 Torr
CO at 70 °C for 2 hr.

The photochemistry of Ru3(CO),; in hydrocar-
bon solvents has been investigated by Johnson er
al. [18] and Grevels et al. [19]. Irradiation of Ru;-
(CO);; in solution with near-UV light induces cleav-
age of Ru-Ru bonds resulting in quantitative forma-
tion of monometric Ru(CO)4L complexes in the
presence of appropriate ligand L-like phosphines and
olefins. In contrast, prolonged photolysis of Ruj-
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(CO)y; in solution under hydrogen or nitrogen atmo-
sphere leads to formation of larger ruthenium cluster
carbonyls [20], because of the absence of any
appropriate ligands. The surface of silica must stabi-
lize the photogenerated and coordinatively unsatu-
rated species [Ru(CO)s], which is the principal
reactive intermediate in the photochemical and
thermal solution substitution reactions, as illustrated

by |
N

Si
| 0"« Ru(co),
. hy Sl\
Ru3(C0),,/Si0, P |0 «Ru(CO), 6}
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The infrared spectrum of the photogenerated Ru
species (Fig. 1 and Table I) is nearly identical to those
of Ru(CO),L (L = PPh; or PPh,Me), which again
supports the formation of surface-bound Ru(CO),4
species.

Figure 2 shows infrared spectral changes of silica-
supported H,; Ruy (CO), during irradiation with
near-UV light at 25 °C under nitrogen. The infrared
and electronic spectra (Fig. 2 a, and Table I) of
H4Ru,(CO);, on silica are almost identical to those
of HyRu, (CO)y, in heptane solution, indicating that
HsRu,(CO),, adsorbs very weakly on the silica
surface. The difference in the adsorption strength
of Ru;3{C0O),, and HyRu, (CO)y, on the silica surface
may be due to a difference in the molecular structure
of both clusters. Photolysis of silica-supported
HsRu,(CO),, under nitrogen caused a reduction
in intensity of the original H;Rus(CO); bands.
However, no new bands appeared during the course
of irradiation, as can be seen in Fig. 2b. Exposure
of the irradiated cluster sample b to carbon monoxide
(200 Torr) at 70 °C for 2 h caused an increase in
intensity of the original HsRu,(CO)y; bands (see
Fig. 2¢), though the regeneration of carbonyl bands
was not completely reversible in the intensity. The
observed results suggest that photolysis of Hs Rus-
(CO),, adsorbed on the silica surface induces the
dissociation of carbonyl ligands while keeping the
Ru, cluster framework, leading to the formation of
coordinatively unsaturated tetraruthenium cluster
as

hv, —CO

HsRu,4 (CO),12 /SiO; ﬁ H. Ru,/SiO, )
We could not detect the intermediate species as
Hs Rus (CO),,_ present in the photochemical decar-
bonylation process on the infrared spectra.

In solution photochemistry of larger clusters
where one metal is bonded to more than three other
metal atoms, it has been demonstrated [10, 23, 24]
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that cluster photofragmentation is inhibited to
reform the metal—-metal bond and ligand photosubsti-
tution is a common reaction pathway. For example,
H4Rus(CO)y2 in solution has been shown to yield
H;Rus(CO)y; L upon photolysis of 366 nm light in
the presence of ligand L as P(OMe); or PPh;y [10].
Then, it is reasonable to assume that photodissocia-
tion of CO from H,Ru,;(CO),, takes place on the
surface of silica without breaking up the tetraruthe-
nium cluster framework.

The results obtained indicate that silica surface is
capable of isolating reduced coordination number
species as the intermediate in the photochemical
solution reactions.
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