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Abstract 

Surface reactions of [(n-C,H5)Ru(C0)2]2 adsorbed on partly dehydroxylated alumina and silica surfaces 
at room temperature and thermal stability of surface species in the temperature range of 303-723 K 
have been followed by FT-IR spectroscopy. Model reactions of [(n-C,H,)Ru(CO),], and, for comparison, 
those of [(?I-C,H,)Fe(CO)& in liquid xenon solutions have also been performed. As main surface 
species 1:l and 1:2 hydrogen bonded complexes, 1:l and 1:2 adducts with surface Lewis acid sites, 
(&,H,)(CO),Ru-H+-Ru(CO),(n-C,H,) protonated molecules, [(n-C,H,)(CO),Ru-O-1, Ru(~~“)(CO)~ 
(on alumina, only) monomeric surface anchored species were detected. The possibility of the existence 
of the (q-C~HS)(C0)2Ru-Hf-Ru(C0)2(r$sHs) molecule stabilized on the surface by coordination to 
surface O- has been discussed on the base of results gained from model measurements in liquid 
xenon solutions. 

Introduction 

Recently we reported FT-IR studies of the in- 
teraction of the [(~-C5H,)Fe(CO),]2 molecule with 
hydroxylated alumina and silica surfaces [l, 21. As 
main products of surface reactions the very stable 
tetrameric [(n-C,H5)Fe(~-CO)]4 and the less stable 
monomeric [(r$,H,)(CO)zFe-O-] species were de- 
tected on both supports. In addition, at room tem- 
perature in the very first steps of the cluster - 
support interaction, we simultaneously identified a 
whole series of different surface complexes of the 
[(q-C5H5)Fe(C0)& molecule, like hydrogen bonded 
species of one or both bridging carbonyls with surface 
hydroxyls, adduct type complexes with surface Lewis 
acidic sites, and monomer cyclopentadienyl carbonyls, 
together with the original, unperturbed [(n- 
C5H5)Fe(C0)&. Protonation of the metal-metal 
bond was also supposed, although not confirmed. 

In the case of [(n-C5H5)Fe(CO)z]z the high number 
and the considerable stability of the surface complexes 
are in contrast to the surface behaviour of pure 
carbonyl iron clusters, which, on hydroxylated oxide 
surfaces, very quickly lose all carbonyls while the 

iron atoms oxidize j3, 41. The stabilizing effect of 
the cyclopentadienyl ligands is quite dramatic. 

The present paper deals with analogous studies 
of the surface reactions of [(T&H~)Ru(CO),],. Pure 
ruthenium clusters, like Ru3(CO)rZ or bimetallic clus- 
ters of the type Ru,Fe3_,(CO)r, (n=l-2) do not 
completely decompose as easily as Fe3(C0)r2 even 
on hydroxylated oxides: on hydroxylated alumina the 
surface reactions lead to the rather stable anchored 
surface ruthenium dicarbonyls of the type 
Ru(~~*~*~‘~)(CO)~ [4], while on hydroxylated silica, be- 
side the above dicarbonyl-type end-products, a whole 
series of molecular ruthenium cluster intermediates 
occurs [S, 61. On the other hand, ruthenium cluster 
frameworks are less favorable for CO ligands in 
bridging positions. CO-bridged [( r&Hs)Ru(CO)& 
in solutions at room temperature has been found 
to occur in much lower concentrations than [(q- 
CsH,)Fe(CO),], [7], and thus ruthenium carbonyl 
clusters containing only P-CO carbonyls as in the 
case of iron (($Z5H5),Fez(~-CO)3, [(+Z,Hs)Fe(p- 
CO)W are not known. However, -OH groups of 
hydroxylic solvents form hydrogen bonds with the 
oxygen atoms of bridging carbonyls of [(v- 
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CsHs)Fe(CO& and so the proportion of the bridged 
isomers species in these solvents increases [S]. A 
driving force for the isomerization is the formation 
of 1:l and 1:2 adducts by coordination of aluminium 
(aluminium alkyl) to the oxygen of the bridging 
carbonyl groups, which have a considerable Lewis 
base character [9, lo]. Similar interactions are ex- 
pected with acidic surface sites of oxide supports. 

As already mentioned, on oxide surfaces reactions 
with acidic hydroxyls leading to the insertion of H’ 
into the metal-metal bond could not be excluded, 
either [l, 21. Reactions of this type have been detected 
for [(r&,H,)Fe(CO),]2 with anhydrous acids [ll]. 
In order to better model this reaction of surface 
hydroxyls, we performed some FT-IR measurements 
of the reactions of both [(q-CsHs)Fe(CO)& and 
[($Z5H5)Ru(C0)& with (CF&COH as proton do- 
nor in liquid xenon solutions. 

Experimental 

Measurements on oxide &aces 
[(n-CsH5)Ru(CO)z], prepared by the method given 

in ref. 12 was deposited from pentane solution to 
an extent of 1 wt.% on alumina (Degussa, Alon C) 
and silica (Cabot Corporation, Cab-0-Sil HS5), re- 
spectively. Prior to impregnation both supports were 
partially dehydroxylated (573 K, 16 h). 

Two types of experiments were performed. 
(i) After impregnation, the supported cluster was 

dried in vacuum, then wetted with paraffin oil (Nujol 
Mull) and the IR spectrum of the suspension was 
recorded between two KBr windows. As described 
elsewhere [l], the presence of paraffin oil slowed 
down the surface reactions and, therefore, we were 
able to get information about the very first steps of 
cluster-support interaction, and to detect surface 
intermediates of very short lifetime. Infrared spectra 
were recorded at room temperature. 

(ii) In the second method the supported complexes 
were dried under vacuum and pressed into wafers 
(10 mg/cm’) which were then placed in a heatable 
vacuum IR cell. Infrared spectra, under vacuum, 
were recorded at temperatures ranging from 303-723 
K. 

All IR measurements were performed using a 
Digilab FTS-20C spectrometer. For all spectra re- 
ported a 200-scan data accumulation was carried 
out at a resolution of 2 cm-‘. As references we 
used spectra of partially dehydroxylated alumina and 
silica in a Nujol mull or spectra recorded at different 
temperatures of pure oxide wafers, respectively. 

In order to detect smaller spectral changes, dif- 
ference spectra were also computed, and in some 

cases numerical integration and spectrum analysis 
by fitting Gaussians to experimental data were carried 
out. 

Measurements in liquid xenon 
The measurements of [(T&H~)Ru(CO)& and 

[(n-C,H,)Fe(CO),], in solutions of liquid xenon were 
performed using a Bruker IFS/113v spectrometer at 
a resolution of 2 cm-‘, with a cooled 7.5 cm pathway 
cell, as described before [13, 141. 

Results 

All spectral frequency data used in assignment of 
the different surface structures, reference frequencies 
and all structures (molecules and surface bonded 
species) considered are collected in Table 1. In the 
text we will refer to these structures by using their 
numbers (I-X) given in the first column of Table 
1. 

((q-C5Hs)Ru(CO),],IA12031Nujol Jystem 
The spectra of the [(n-C5H-JRu(C0)&/Alzo,l 

Nujol system, recorded at room temperature at dif- 
ferent times after impregnation, are seen in Fig. 
l(a), and they represent, as mentioned above, the 
first steps of surface-cluster interaction. Figure l(a) 
also includes a spectrum recorded in n-hexane so- 
lution of [(T&H~)Ru(CO)~]~; the ‘0’ and ‘+’ signs 
indicate the non-bridged (open form, structure I) 
and the bridged isomers (II), respectively. In Fig. 
l(b) the respective difference spectra are shown. 
Comparing the spectra of the surface species we 
find that a remarkable quantity of non-bridged, un- 
perturbed open form molecules (I) occur on the 
surface after impregnation, as indicated by the sharp 
bands at 1972 and 1942 cm-‘. The unperturbed (not 
surface-bonded, only weakly physisorbed) bridged 
isomer (II) clearly indicated by the sharp band at 
1792 cm-’ also occurs and its relative concentration 
in comparison to that of open form is about the 
same as in solution. The relative intensity of the 
terminal CO band of the cti bridged form around 
2008 cm-‘, however, is much higher than in solution. 
Taking into account that not only the peak of the 
terminal CO band is higher but the band is also 
considerably broader, we believe it originates from 
strongly perturbed bridged type molecules bonded 
to the surface, through oxygen atoms of the bridging 
carbonyls. Therefore the CO stretching mode of 
these bridging carbonyls should be shifted to lower 
frequencies and, in the case of the 1:l complexes, 
the symmetric band around 1820 cm-’ should also 
be active [l, 2, 8, 91. The broad and intense band 
system between 1760-1740 cm-’ confirms the pres- 
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TABLE 1. Spectral data of [(q-C5H5)R~(C0)2]2 complexes 

Structure” Frequencies (cn-‘) Conditions Refer- Stability Remarks 

ence (K) 

IX Ru”(CO)~ 

X Ru”(C0)2 

2020 1973 1944 in heptane ref.7 cb + rram 

2024 1976 1946 in liquid xenon this work cis+tmn3 

1972 1942 Alz03iNujol, rmm T this work medium concentration 

1943 SiO-JNujol, room T this work low concentration 

1970 1945 AlzO,hacuum, T this work <353 traces 

1973 1940 SiO+acuum, T this work <523 low concentration 

2010 1965 1794 in heptane ref. 7 cis + Imm 

2013 1968 1797 in liquid xenon this work ci.9 + lrans 

1792 Al~OJNujol, room T this work low concentration 

1986 lS23 1731 in liquid xenon + (CF,),COH this work 

1997 1963 1808 1754 in methanol ref. 8 
2008 1963 1818 1740 AlzOJNujol, room T this work 
2008 1970 1817 1740 SiOJNujol, room T this work 
2005 1960 1817 1760 A1203/vacuum, T this work <413 

2005 1960 1834 1745 AlzO&acuum, T this work <523 

1812 1740 Si02/vacuum, T this work <413 

1834 1740 SiOz/vacuum, T this work <443 

1:l H-bonded complex 

1:l H-bonded complex 

medium concentration 
low concentration 

low concentration 

high concentration 

traces 

traces 

2000 1965 1729 in m/Cresol ref. 8 

1986 1731 in liquid xenon + (CF,)&OH this work 

2008 1963 1740 Al,OBiNujol, room T this work 
2008 1970 1740 SiO,/Nujol, room T this work 

1770, 1760 A1203/vacuum, T this work <453 

2015 1972 1740-50 Si02/vacuum, T this work <483 

1770 SiOl/vacuum, T this work <443 

1735 Si02/vacuum, T this work <393 

1:2 Hibonded complex 
1:2 H-bonded complex 

medium concentration 
high concentration 

high concentration 

high concentration 

traces 

traces 

2006 1988 1831 1680 AIR, ref. 9 1:l adducts with Lewis acids 

2020 1975 1846 1675 AllOl/vacuum, T this work <483 low concentration 

2045 2006 

2035 1990 

2020 

1680 2AlR, ref. 9 1:2 adducts with Lewis acids 

1695 .&O,/Nujol, room T this work medium concentration 

1700 SiO#ujol, room T this work low concentration 

1700 Si02Pacuum, T this work <393 low concentration 

2065 2020 in liquid xenon + (CF&COH this work 2 rotational 

2071 2026 in liquid xenon + (CF&COH this work isomers observed 

2060 2012 AilO,/Nujol, room T this work see text 

2062 2015 SiO-JNujol, room T this work see text 

2062 2015 AlzOJvacuum, T this work <443 see text 

2070 2030 SiOz/vacuum, T this work <393 see text 

2057 2009 CCL, uv ref. 15 

2060 2012 ALzOJNu~ol, room T this work 

2062 2015 SiOJNujol, room T this work 

2062 2015 AIZO&acuum, T this work 1443 

2070 2030 SiO+acuum, T this work <393 

medium concentration 

medium concentration 

medium concentration 

medium concentration 

2076 2000 

2073 2000 
R~,(C~),&W’I 
AIZO,/vacuum, T 

RMWIA‘G~~ 
AllOl/vacuum, T 

ref. 3 < 623 surface anchored species 

this work <573 medium concentration 

2062 1989 
2050 1980 

ref. 3 <623 surface anchored species 

this work <573 medium concentration 

‘X stands for strong Lewis acid. 
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Fig. 1. IT-IR spectra (a) and difference spectra (b) of 
the [(r)-C5H,)Ru(C0)2]2/Alz0,/Nujol system. 

ence of a large amount of the 1:2 hydrogen bonded 
complex with surface hydroxyls (IV), while the less 
intense band at 1818 cm-’ must belong to 1:l 
complexes (III) of lower concentration. Considering 
the very high intensity of the terminal CO band of 
the bridged cis isomer at 2008 cm-‘, in contrast to 
that at 1963 cm-’ which belongs to both cis and 
tram isomers, we suppose that on the surface mainly 
cis bridged isomers have formed. Adduct type com- 
plexes coordinated to strong Lewis acid sites of the 
surface are also detectable, though in lower con- 
centration only, as indicated by the medium intensity 
broad band at 1695 cm-‘. A pair of weak shoulders 
at 2035 and 1990 cm-’ supposedly also belongs to 
this 1:2 type adduct (VI). 

All spectral frequencies with their assignment are 
shown in Table 1, along with reference frequencies 
taken from infrared studies of analogous systems. 
The experiments in liquid xenon solutions will be 
discussed later. 

In the spectra for the system [(n-C5H5)Ru(C0)&/ 
Al,OJNujol two bands at 2060 and 2012 cm-’ (see 
also the difference spectra in Fig. 2(b)!) slowly 
increase with time. For this pair of bands two as- 
signments are possible: structure VII protonated form 
and/or VIII surface bonded monomer. Both possi- 
bilities will also be discussed later in connection with 
the liquid xenon experiments. 

[(rpCH,)Ru(CO)2]21Si02/Nujol qvstem 
On silica (Fig. 2(a) and (b)), during the initial 

steps of surface-cluster interaction we find only 
slightly different results. The unperturbed open form 
of the [(n-C,H,)Ru(CO)& molecules is only seen 
in traces (see the very weak band at 1943 cm-‘). 
No unperturbed bridged molecules have been de- 
tected (no band around 1790 cm-‘). Most of the 
molecules are in the cis bridged form and they are 
mostly bonded to the surface by hydrogen bonds of 
the 1:2 type (because the band indicating 1:l com- 
plexes is very weak). Relatively quickly a pair of 
bands develops at 2062 and 2015 cm-‘, which belongs 
to the protonated molecule (VII) or to the surface 
bonded monomer dicarbonyl (VIII). A 1:2 adduct 
(VI) is indicated by the strongly perturbed band of 
the bridging carbonyls at 1700 cm-‘. 

The very low intensity band at 1625 cm-’ should 
also be assigned to bridging carbonyls, which because 
of the very low frequency should have an unusually 
high basic&y. It is not excluded, either, that a tetramer 
as in the case of iron in [(n-C5H5)Fe(~-CO)]4, might 
be stabilized on the surface. This possibility, however, 
does not seem to be confirmed by the present knowl- 
edge about ruthenium clusters with bridging car- 
bonyls. 
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Fig. 2. IT-IR spectra (a) and difference spectra (b) of 
the [(q-C5H5)Ru(C0)2]2/SiO?/NUjol system. 

[(~-C~HsRu(CO)2]21AlZ031vacuum, T system 
In this and in the next part we examine the thermal 

behaviour of the surface species developed on the 
oxide surfaces. 

On hydroxylated alumina, as seen in Fig. 3(a), 
the spectra are dominated by the strong triad of 
bands at 2005, 1960 (terminal stretchings) and 
1740-60 (asymmetrical bridging CO stretching) cm-‘, 
which apparently is to be assigned to hydrogen bonded 

2.59 

complexes of both 1:l (III) and 1:2 (IV) types. The 
medium intensity band around 1810-1850 cm- ’ (sym- 
metrical CO stretching) indicates that the 1:l hy- 
drogen bonded complex (III) also occurs (in medium 
concentration). Both bands of the bridging carbonyls, 
however, are quite complex; they contain several 
components, each of them representing more or less 
differing structures. In order to separate the different 
components, we performed a band analysis by fitting 
Gaussians to the experimental data between 
1850-1800 cm-‘. Unfortunately, our attempt to an- 
alyse in the same way the complex band between 
1800-1700 cm- ’ failed. We also performed numerical 
integration in the range of terminal CO stretching 
modes (2100-1860 cm-‘), and in the regions of 
1860-1800 and 1800-1700 cm-‘. For the band at 
1675 cm-’ we estimated the intensity data by an 
approximative (non-iterative) simple fitting proce- 
dure. The results are collected in Table 2. 

As seen in Table 2, the 1846 cm-’ component of 
the symmetrical stretching modes of bridging car- 
bonyls clearly parallels the asymmetrical stretching 
at 1675 cm- ‘. So, this pair of bands both increase 
with temperature up to 443 K and then disappear 
between 443 and 483 IL They are assigned to the 
1:l adduct (V). The stretching frequencies of the 
terminal carbonyls of this adduct can be located in 
the difference spectra (Fig. 3(b)) at 2020 and 1975 
cm-‘. 

The other two components at 1834 and 1817 cm-’ 
must have their pairs in the complex band system 
between 1800-1700 cm-’ and, as already mentioned, 
they could not be resolved. They belong to a minimum 
of two somewhat differing 1:l hydrogen bonded 
complexes (III), both complexes first increasing then 
decreasing with temperature. The integrated inten- 
sities of the asymmetric bands between 1800-1700 
cm-’ do not follow this type of temperature de- 
pendence: they monotonically decrease, which means 
this band system contains not only the bands of the 
1:l complexes, but those belonging to 1:2 hydrogen 
bonded complex(es) (IV), as well. The first two 
difference spectra in Fig. 3(b) give some additional 
information about the nature of structure IV: the 
negative doublet with 1770 and 1760 cm-’ frequencies 
can be assigned to a complex of type IV, bonded 
to the surface hydroxyls with very weak hydrogen 
bondings: the frequency of 1770 cm-’ is very close 
to that of unperturbed molecules (1780-1800 cm-‘). 

The origin of the band at 1630 cm-‘, which quickly 
decreases with temperature, is not clear. It might 
belong to a complex containing bridging carbonyls 
only, as already suggested for the SiOz/Nujol system. 

The medium intensity pair of bands at 2062 and 
c. 2015 cm-’ (the last band overlapping with the 
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Fig. 3. FT-IR spectra (a) and difference spectra (b) of the [(T&H,)R~(CO),]~/A~~O~ system during thermal treatment 
in vacuum. 

TABLE 2. Intensity data (in arbitrary units) calculated from the spectra of Fig. 3(a) by numerical integrationa or by 
curve fitting procedureb 

Spectrum 

(K) 

Frequency range” or band center frequencyb (cm-‘) 

2100-1860’ 1846b 1834b 1817b 1860-1800” 180&1700” 1675b 1630b 

303 6158 =O 215 231 456 1997 =O 760 

313 6345 =o 333 204 532 1730 220 

333 6371 24 285 277 57.5 1479 31 40 

353 6452 44 300 240 586 1241 =O 

373 6256 84 321 162 590 928 109 

393 5792 101 291 153 542 921 

413 140 233 112 485 201 

443 3728 160 113 220 283 402 298 

483 2436 =O =O =O =O 320 =O 

strong band of structure III at 2005 cm-‘) should In the temperature range of 443-583 K new bands 

be assigned to the carbonyls of structures VII and at 2073,2050,2000 and c. 1980 cm-’ develop, which 
VIII (for detailed discussion see the part dealing are stable up to 573 K (Fig. 3(a) and (b)). These 

with the liquid xenon experiments), which disappear four bands are well known from studies dealing with 

in the temperature range of 373-443 K (see difference the interaction of RQ(CO)~Z and hydroxylated oxide 
spectra in Fig. 3(b)). supports: the bands around 2073 and 2000 cm-’ 



belong to Ru”(CO)~ (IX), while those around 2050 
and 1980 cm-’ belong to Ru’(CO)~ (X) surface 
dicarbonyls both strongly anchored to the surface 
[3, 4, 161. The formation of these types of surface 
carbonyls is always preceded by the cleavage of 
metal-metal bonds [3, 41 and, in the present case, 
it should also be preceded by the loss of the cy- 
clopentadienyl ligand. 

((rpC5H5)Ru(CO)2]21SiOZIvacuum, T system 
At first sight the spectra in Fig. 4(a) seem to be 

less complex than those of the system of AlzO,/ 
vacuum, T (Fig. 3(a)). Certainly, the dominant surface 
species on silica support is the 1:2 hydrogen bonded 
complex (IV) in accordance with the very strong 
bands at 2015, 1973 (shoulder) and 1740 cm-‘. It 
decomposes between 413-523 K (see the respective 
difference spectra in Fig. 4(b)). 

Structures VII or VIII also occur in medium con- 
centration producing the CO stretching frequencies 
at 2070 and 2030 cm-‘. The lower frequency band 
can be separated by the difference spectra of the 
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, 
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temperature range 333-413 K (from second to sixth 
difference spectra in Fig. 4(b)). Notice that these 
frequencies are somewhat higher than the respective 
frequencies recorded in the case of the alumina 
support. 

One of the most pronounced differences between 
the surface species occurring on silica and alumina 
is that on silica 1:l complexes are only detectable 
in very low concentrations (see the spectral region 
of 1850-1800 cm-‘). On the other hand, like on 
alumina, on silica a minimum of two different 1:l 
complex structures can be separated according to 
the two maxima at 1840 and 1812 cm-‘. 

The band system between 1800-1700 cm-’ also 

contains several components. The main, most intense 
component, belonging to the 1:2 hydrogen bonded 
complex (IV) is that at 1740-50 cm-‘, which, together 
with the terminal CO bands at 2015 and 1972 cm-‘, 
are clearly seen on the spectrum recorded at 483 
K in Fig. 4(a) and on the difference spectra 483-343 

and 523483 K in Fig. 4(b). On silica the most stable 
surface species is structure IV; it decomposes between 

t-----l*- 

2100 2000 1900 1800 1700 

@I FREQUENCY (CM-') 

Fig. 4. FT-IR spectra (a) and difference spectra (b) of the [(q-~H,)Ru(CO),],/Si02 system during thermal treatment 
in vacuum. 
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Fig. 6. FT-IR transmission spectra of [(T&H~)Ru(CO)~]~ + (CF&COH (a) and [(q-C5Hs)Fe(CO)z]z+(CF3)3COH (b) 
at 165 and 200 K. Spectra A’ and B’ were recorded in the liquid xenon solution of pure [(TJ-C,H,)Ru(CO),], and [(q- 
C,H,)Fe(CO),],, respectively. 

preserve the entity of the molecule on partially 
hydroxylated (the hydroxylization of the surface is 
not complete, both Bronsted and Lewis acid sites 
are expected, however, Lewis acid sites are in lower 
concentration) oxide supports. 

The main surface species are different types of 

hydrogen bonded complexes formed between the 
oxygen atoms of p-CO groups of [(T&H~)Ru(CO)~]~ 

and the hydrogen of the surface hydroxyls. These 
complexes are stable up to relatively high temper- 
atures: > 443 K on alumina and > 523 K on silica. 
On alumina both 1:l and 1:2 type hydrogen bonded 
complexes occur, while on silica mainly those of the 

1:2 type occur, the 1:l type is found only in low 
concentration. 

Adduct type complexes with Lewis acidic sites 
only occur in low concentration, in accordance with 
the lower concentration of Lewis acid sites on the 
surface. As in the case of hydrogen bonded complexes, 
for alumina 1:l tYpe adducts are characteristic while 
for silica they are 1:2 type adducts. 

Monomeric cyclopentadienyh-uthenium anchored 
to the surface through oxygen atoms ([(q- 
C5H5)(CO)ZR~-O-]) is also characteristic for both 
alumina and silica supported systems. The initial 
step leading to this surface species is the insertion 
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