
Notes 

Table Ill.  Infrareda and Opticalb Data (cm-’) for (1) 
[(C,H,),NIMoO(C,H,CS~~, and (2) [(C,H,),Nl,Mo(CSH4CS,), 

Ir 
(1) 1188 m, 1178 s, 1080 s, 1015 sh, 1004 m, 942 s, br, 

897 m,  808 s, 787 w, 756 m,  728 m, 640 m, 382 m,  br 
(2) 1380 m,  1345 m, 1170 br ,  1063 m, 1022 m ,  1000 sh, 

947 m,  816 s, 790 sh, 744 m ,  643 w, 342 m, 336 sh 

Optical 
(1) 23,256, 26,316,27,248, 31,446 ( E  7) 
(2) 22,727,26,455,29,851, 35,714, 37,453,40,816 

a Obtained in Nujol mulls. * Obtained in CH,CN solution. 

the one-electron spin-orbit coupling constants for chlorine and 
bromine [587 and 2460 cm-1, respectively (XF is only 272 cm-1 

For the dithiolate system studied here, gi is greater than 
811 as for most other MoO3+ systems. However, gi is larger 
than gil by a much smaller margin for the dithiolate than for 
the fluoride complex. Employing Manoharan and Rogers’ 
argument, then a reasonable spin-orbit coupling constant for 
the sulfur in this dithiolate system would be that for the 
sulfhydryl sulfur (382 cm-1). 

Infrared and uv-visible spectral data for MoO(CjH4CS2)2- 
and Mo(CjH4CS2)32- are given in Table 111. All the 
electronic transitions for the molybdenyl complex are of 
sufficient intensity to be charge transfer in origin. The 
low-energy 2B2 - 2E transition, normally found near 14,000 
cm-1 in MOO systems, is not observed here apparently because 
of its low intensity. The intense bands found above 26,000 
cm-1 for MoOCk2- have all been accounted for by Gray and 
Hare26 in terms of excitation of an electron from filled r 
orbitals on oxygen to empty d orbitals on the metal. This 
scheme however, fails fully to account for the spectrum of the 
somewhat more covalent MoOBrs2- system where it is probable 
that ir interactions of the bromine atoms contribute to the 
charge-transfer bands.27 

On the basis of the electron spin resonance spectrum of 
bis(cyclopentadienedithiocarboxylato)oxomolybdate(V), it is 
obvious that the in-plane ir-donor ability of the dithiolate ligand 
plays an important part in the electronic character of the 
system. Certainly, some of the charge-transfer peaks must 
arise from dithiolate ligand to metal transitions. 
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The adsorption of carbon monoxide on supported metal 
particles has been an area of interest in the chemistry and 
physics of surfaces for some time. Such factors as metal 
particle size, methods of reduction and sintering, and the type 
of support used often appear to affect the details of CO 
adsorption on the surface of these particles. The interest in 
CO adsorption on metals and obvious parallels with metal 
carbonyl compounds suggest that surface-supported metal 
carbonyls, especially polynuclear carbonyls, might have in- 
teresting and important properties as catalysts and as models 
of metal particles. 

The interactions of nickel carbonyl with alumina and silica 
have been reported by Parkyns;’ on the silica surface the 
carbonyl appears simply to physisorb while the alumina surface 
catalyzes a reaction yielding materials which have an ir 
spectrum typical of CO adsorbed on nickel metal. Studies of 
catalyst systems formed from molybdenum hexacarbonyl 
supported on a variety of oxide supports have also been re- 
ported.24 In addition, there have been recent studies in which 
metal carbonyls, including polynuclear carbonyls, were bonded 
to modified polymer supports such as chemically modified 
polystyrene.7-9 However, we are not aware of any studies 
reporting the interaction of polynuclear cluster carbonyls with 
simple oxide surfaces. 

Because of our interest in metal cluster carbonyls and the 
belief that, under appropriate conditions, such metal cluster 
species should exhibit unique catalytic properties and perhaps 
model the behavior of very small metal particles, we have begun 
an investigation of oxide-supported metal cluster carbonyls. 
We report here the reactions which occur when the rhodium 
carbonyls Rhs(CO)i6, Rh4(CO)i2, and Rh2(CO)4C12 are 
adsorbed on alumina. 

Experimental Section 
Materials. The three rhodium carbonyls were prepared by literature 

methodslSl2 starting from R h C l ~ n H z 0  purchased from Engelhard 
Industries. Aluminas and silicas were from a variety of sources and 
of purity varying from chromatographic grade to high-purity materials. 



Notes 

Deiaiis of the chemical and physical observations and of the v ( C 0 )  
spectrum obtained were independent of the type of alunilna used as 
long as the sample was piimari!y in  he y phase. The Vycor used 
was powdered Coming high-purity porous glass adsorbe!it (lot no. 
8144). 'I'ha 1 8 0 2  was from Yeda Mcsezrcn and Development &til. 
and was 98.1% enriched. 

lr Spectra- Ai! spectra were obtained usi11): a Bccknnan IR-4 
spectropliiotometer. Where notat, the spectra were recorded for Nujol 
nxilis or solutions, Otherwise, Eli spec:ra. were obtained by plating 
the aluniina sample out of 2 chloroform slurry onto the inner surface 
of the window of an in. gas cell which was jointed to provide ready 
access. The high scal.tering of' these solid samples required relatively 
wide d i t  settings in order to obtain sufficient signai levels. 

Surface Adsorption of klloster Carbonyls, Solutions of Rh6(C0) i6 

in ciiloroforin w e x  M ~ K I  to deposit the m i d  carbonyl on the alumina 
or siiicz surfaces. Typically, 25 rag of the carbonyl in -50 rnl of 
chloroform was stirrcd a t  50' with 11.5 g 3f the oxide for about 10 
min. The alurniria was then! filtered, w s s h ~ d  several times, arid 
air-dried briefly. The rkodiuin carbonyl in the wash or that remaining 
in the chloroform solvent exhibited only the ir spectrum typical of 
Rhs(C8)io. Both %3bz(G0)4Ciz and Rh4CO) i? were similarly 
deposited ~ i i t  of' Skdly B soiution. In each casc the c a r h i y l  remaining 
in sclution appeared unafi'e,cpced by ifiteraction with the alumina. 

Results and K%SC1$59i038 

When ~ ~ ~ ~ ~ ~ e ~ a c a r ~ o ~ i y l  iizxarlnodi~m, Rix(CX3) 16, is stirred 
in a chiorofu'crm solution over alz1iYlin.a a t  SO" for several 
minutes, the oxide surfttice acquires a, light tan zolcr; the very 

because of red~crion in concentration. After fileration and 
dark Color Of the Whtj(cO) 16 SOl.UtfWll 21SO iigttWk3 perceptibly 

air-drying, the rhoifhtm carbonyl-alanr ina material retains the 
light tan color or changes sligl-itly t.n bi golderr hue; the product 
exhibits a spectrim in the v ( G 0 )  region like that in Figure 
1 c. This spectrum changes and Glnaally disappears over scverai 
hours' exposure to air as shown by the  sequence of spectra in 
Figxe IC--e. However, uixder an atmosphere of GO the color 
of ths aliirsirna-.suy;por.led materia! changes to a deep violet 
and an intense P.(CO) spectream reauras (Figure Xb). This 
spectrum closely resembles that of solid. R h ~ ( 6  
Figure Ib and a). Expesure to air or to dry oxygen agijiri leads 
to graduai frequency and intensity changes until, after 1 day 
or snore, the P(CS) spectrurfi disappeers completely. 'This 
sequence can be repeated several times without aotieesbly 
dlrninishing the intensities for :he M y  carbonylated material 
and withou.t the appearance of new balds besides those present 
in Figure Ib-e. In addition, when the surface-suppored sa.mple 
is in the fully carbonylated violet form, Rhs(CO)rs C ~ P I  be 
removed from elre alumina surface i n k  refluxing chloroform 
if the system is maintained under an atmuspher., of CO. We 
in@rc d pith - 4  these results :is evidence ?hat a gradual decarb43n- 
~kI~~CM1 of the R.116 c\Wkr C8,edJUed O n  the ahiKlh2 S U r f a R  
and that the Rh6 cluster either retains its integrity or fragments 
into srnallcr uiiits which remait: in very close proximity in the 
decarbocylatcd fuKm. 

Under l V S ,  the forma.tion of oxygen-labeled C X B z  occurs 
concomitantiy with the disappearance of  the v ( C 0 )  spect~rsnm, 
Alumina bianb weated in the same fashion gave no detectable 
COz, The precise nature of the rlrodinm species remaining 
after this carbon monoxide oxidation is not yet hiipwn, althwtgh 
the easy reversibilitj of these reactions suggests that molee;ular 
oxygen is adsorbed at 'the caurdirratien sites vacated by the 
oxidized CO as in the reactioia step 
Rh,(CO),,~Ai,O, + 071 i- n/Z)O, -+ 

Mh, (CO) -.J02 3 ,  ~161,0, i nCQ, 

'H'he formation of at least one stable internieaiate during the 
decarbmylation proe;-ss is indicated by the, simultaneous 
appearance of twa bands betweer? 2030 arid 2,100 cm-1 foiallowd 
by their  disappearance as the reaction progresses (see Table 
I). 

Attempts 10 observe ir bands typical CC coinplexed molecular 

Figme I .  ilr spsctza in the v ( C 0 )  region showing various stages 
of decarbosrylation of' the Rh, cluster on alumina. Spectra 
shown are for (a) solid lih,(CO),, as Nlajol miill, (b) fully car- 
bonyiated Rh,(CO),, on a~umina after exposure to 1 atni of cu 
for more than I day, (c) the same sample after exposure to  1 atm 
of dry 0, for several hours, (d) the same sample after exposure to 
dry 0, for mora than 1 day, and (e) the r a m  sample after ex- 
posure io dry 0, for several days. 

Table I. u(C0)  Bards foi Species of Interest 

v(C0)  terminala u(C0)  bridginga 
Species -__ 

l-l___ll -- __I_x_ 

Wh,(CO),,b 

FuUv carbcnylated 2095 1v, 2060 s, 2010 m 1805 s 

2105 w, 2070 s, 2047 w, 1833 w, 1793 s 
2022 m, 2020 rrl 

Rk, (C8),6-A1,0, 
Bands assiRried to 2080 s, 2000 s 

intermediate spccies 
Rh, (co)4T1,c 2105 m, 2089 s, 2080 w, 

Rn,(GO),C1,-Vycorb 2405 sh, 2096 s, 2038 s, 
2035 9,2003 w 

(carbonylated) 2005 VI' 

a Frequencies in wave numbers. AS Nujol  mu^. solution 
spectrum. 

oxygen in the region 800-1 400 cm-1 were unsuccessful. 
However-, this region is partially obscured by strong alumina 
abmptions, Indirect evidence for complexation of oxygen on 
the surface. bound rhodium &rive\ from the observation that 
a substantial quantity of oxygen remains even after evacuation 
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Figure 2.  Ir spectra in the v(C0) region of (a) solid Rh,(CO),Cl, 
as Nujol mull, (b) Rh,(CO),Cl, supported on  Vycor after ex- 
posure to air for more than 1 day, and (c) the material obtained 
after exposing fully decarbonylated dimer to  CO for 1 hr. 

under conditions which remove oxygen from an alumina 
surface. The presence of' this adsorbed oxygen was demon- 
strated by exposure of a sample to 1802, evacuation to remove 
physisorbed oxygen, and then exposure to CO. Substantial 
quantities of C160180 were formed along with lesser amounts 
of C1802. 

In order to determine whether other compounds would 
exhibit similar behavior and to see. whether the reaction of small 
clusters to form larger ones was facile on the alumina surface, 
we studied Rh4(CO) 12 and Rh2(C0)4C12 under conditions 
similar to those described above. Both compounds adsorb out 
of alkane solvents onto the surface where they are fully de- 
carbonylated in a short period of time. Exposure to an at- 
mosphere of CO then produces a deep violet material with a 
v(C0) spectrum identical with that in Figure 1 b. The v(C0) 
spectrum progresses gradually through the Figure lb-e de- 
carbonylation sequence upon exposure to air. In addition, 
Rh6(CO) 16 can be extracted into refluxing chloroform from 
the violet fully carbonylated form. The alumina surface 
apparently acts as a very effective catalyst for the conversion 
of these two compounds to Rhs(C0)is under an atmosphere 
of CO. This parallels the solution behavior in which both 
Rh2(C0)4C12 and Rh4(C0)12 can be converted to Rh6(C- 
0)  1611-13 under strongly basic conditions. This suggests that 
the strongly basic nature of the alumina surface hydroxyl 
groups is at least partially responsible for the course of these 
surface reactions. 

These results on alumina surface contrast sharply with our 
observations using silica and Vycor support materials. All three 
rhodium carbonyls appear to undergo physical adsorption or 
crystallization onto silica surfaces where the ir spectra remain 
virtually identical with those of'the free solids for days if the 
samples are maintained at room temperature. A notable 
exception is the system Rh2(C0)4C12 on Vycor. Dramatic 
color changes ensue upon exposure to oxygen and the v(C0) 
spectrum disappears although no new bands are observed 
during this decarbonylation. Under exposure to CO the color 
and ir spectrum typical of the dimer return with no apparent 
conversion to the hexanuclear carbonyl; this again contrasts 
with the behavior on the alumina surface. These spectral 
changes are shown in Figure 2 .  

Our studies also suggest that initiation of the observed 
alumina-catalyzed reaction is sensitive to the manner by which 
adsorption onto the alumina surface is achieved. Several 
samples for which deposition occurred by evaporation of a 

saturated chloroform solution over alumina showed none of 
the behavior described above. The v(C0) spectrum was simply 
that of crystalline Rh6(CO) 16 and the spectrum remained 
unchanged for days or weeks. Only carefully controlled 
adsorption out of a subsaturated solution, presumably as a 
monolayer or less, led to the behavior described above. It also 
occurred that these reactions only took place when at least a 
substantial fraction of the alumina adsorbent was in the y 
phase. Pure @-trihydrate and a-phase samples failed to initiate 
the decarbonylation reactions. 

These studies show that interesting reactions of metal 
carbonyls are catalyzed by oxide surfaces and that the exact 
course of the reaction is very sensitive to the type of surface 
involved. This is consistent with the observations of Parkynsl 
for nickel carbonyl on silica and alumina. Studies of supported 
catalysts derived from molybdenum hexacarbonyl2-6 have 
already suggested that metal carbonyls can be used repro- 
ducibly to form supported metal catalysts by mild heating in 
vacuo. Our results suggest that the proper choice of metal 
carbonyl and oxide support may form decarbonylated metal 
clusters by simple room-temperature oxidation. Mild reduction 
conditions might then succeed in forming very active catalyst 
systems consisting essentially of uniform size metal clusters 
of just a few atoms. Synthetic and catalytic applications of 
these oxide-supported metal cluster carbonyls are deserving 
of further study. 
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Resonance Raman spectroscopy affords the potential of 
elucidating both vibrational and electronic transitions, since 
their coupling produces resonance enhancement of Raman 
bands.233 The technique offers particular promise in biological 
systems,4 where vibrations of chromophoric groupings can be 


