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SiO2-impregnated complete and incomplete cubane-type molybdenum oxide clusters such as [(RhCp*)4Mo4Ol6 ] (I) and 
[(RhCp*)2Mo3Og(OMe)4 ] (/I) were photoreduced with a UHP-Hg lamp (> 365 nm) in CO, resulting in the formation of catalyti- 
cally active species for propene metathesis at 300 K. The CO-photoreduced Mo oxide clusters were characterized by EXAFS, 
IR, XPS and TPD technique. The results suggest that the Mo-O4c (four-centered bridging oxygens) in I were specifically reduced 
with CO under the illumination to produce two sets of subcarbonyl species, e.g., those characteristic of the IR bands at 2061 
and 2021 cm -1 , which were thermally inactive for the 13CO exchange reaction but very active under illumination at 300 K, possi- 
bly assignable to Mo(CO)x (x = 2, 3), whereas those at 2092 and 2035 cm -1 due to Rh(CO)2, which were readily exchangeable 
with 13CO at 300 K in dark. Removal of both carbonyls attached on Rh and Mo in photoreduced I and II by evacuation at 375- 
440 K led to the formation of oxygen-deficient Mo 4+/Mo 5+ sites, which exhibited high catalytic activities in propene metathesis 
at 300 K to produce an equimolar mixture of ethene and 2-butenes. The CO-photoreduced incomplete cubane Mo oxide cluster 
(II) exhibited higher activities and higher trans/cis ratios of 2-butenes in the reaction, compared with those on the photoreduced 
I. 
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1. I n t r o d u c t i o n  

Some me ta l / a l l oy  cluster c o m p o u n d s  such as 

[Rh6-xIrx(CO)16] (x = 0-6) and  [Pt3(CO)6]n 2- (n = 3-5) 
have been of  great  interest as molecular  precursors  
graf ted on oxide surfaces and  en t rapped  in zeolite micro-  
po rous  cages, because o f  the promise  o f  such systems 
for  ra t ional  p repa ra t ion  o f  ta i lor -made  metal  catalysts  
[1,2] and  q u a n t u m - d o t s  o f  semiconduc tor  devices. 

Recent ly ,  novel  metal  oxide clusters such as inte- 
gra ted  triple and  quadrup le  cubane- type  mo lybda t e  and  

1 To whom correspondence should be addressed. 

vanada te  cluster c o m p o u n d s  such as [(MCp*)4M04016 ] 
and [(MCp*)4V6019 ] (M = Rh,  Ir ;  Cp* = pen tamethy l -  
cyclopentadienyl)  have been synthesized [3]. They  repre- 
sent a par t  o f  the stepped layer s t ructure  o f  (111) ordered  
faces o f  MoO3 and  V2Os crystals,  which are  used as het-  
erogeneous catalysts  in a var iety o f  organic  oxidat ion  
reactions [4]. In  part icular ,  the s t ructure  o f  the complete  
cubane- type  M o  oxide cluster I is a l inear s t ructure  com-  
p o u n d  where cubic units fuse together  by sharing faces, 
as shown in fig. 1. These oxide dus te r s  capped  with 
RhCp* and  IrCp* gain a t tent ion as molecu la r  mode l ing  
o f  the suppor ted  metal  catalysts.  On  the other  hand,  the 
c o m p o u n d  I reacts with M e O H  in the presence o f  p-  
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Fig. 1. Molecular structures of complete and incomplete cubane-type molybdenum oxide clusters such as [(RhCp*)4M04Ol6] (I) and 
[(RhCp*)2Mo3Og(OMe)4 ] (II). 
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hydroquinone to produce incomplete cubane-type clus- 
ter II which has a cluster framework characteristic of the 
ordered active MoO3 (100) faces [5]. Moreover, 
Kazansky et al. [6] reported that SiO2-impregnated 
MoO3 was photoreduced under CO and exhibited cat- 
alytic activity for propene metathesis, although the 
active structure of the Mo species was unknown. Ekerdt 
et al. [7] recently performed a Fourier transform IR 
study on the ultraviolet photoreduction of SiOz-impreg- 
nated MoO3 in CO to show the stoichiometric formation 
of carbonyl species assigned to Mo4+(CO)2 and 
Mo4+(CO)3. 

In this study, we have used these complete and incom- 
plete cubane-type molybdenum oxide clusters such as I 
and II and studied their photoreduction in CO as the 
molecular model of active structures for the olefin 
metathesis, which were characterized by means of 
EXAFS, XPS, TPD and FT-IR. In addition, the subcar- 
bonyl species in the CO-photoreduced I and II have 
been discussed on their local structures, Mo oxidation 
states and catalytic activities for 13C0 exchange reaction 
and propene metathesis reaction after removal of the 
carbonyls by their thermal evacuation. 

2. Experimental 

2.1. Cata lys t  preparat ion 

The cubane-type molybdenum oxide clusters I and II 
were synthesized and purified by the literature methods 
[3-5]. The Rh capped Mo oxide clusters I and II (5 wt% 
Rh loading) were impregnated from the CH2C12 solution 
at 300 K on SiO2 gel (Aerosi1200, Japan Aerosil Co., sur- 
face area = 200 m2/g; dehydrated by evacuation at 
473 K). We represent the SiO2-impregnated I and II as I' 
and II', respectively. The cluster-impregnated materials 
were photoreduced in a quartz reactor(186 ml) in CO 
using a ultra-high pressure (UHP) Hg-lamp (USHIO- 
elect. Co., USH-500D with a 500-W lamp; > 365 nm). 

2.2. I R  and T P D  studies 

TPD were monitored by an Anelva 100A quadrupole 
mass spectrometer. 

2.3. E X A F S  and X P S  measurement  

The samples for EXAFS measurement were mounted 
in in situ cells made by pyrex glass (~  = 15 mm x 25 mm 
long) with a Kapton film (500 #m thick) to prevent expo- 
sure to air and moisture. The EXAFS spectra were meas- 
ured with the BL-10B instrument of the Photon Factory 
in the National Laboratory for High Energy Physics 
(KEK-PF) using synchrotron radiation. The ring cur- 
rent was 360-250 mA. The EXAFS spectra were meas- 
ured in transmission mode and a Si(311) channel cut 
monoclometer was used. Mo K-edge and Rh K-edge 
EXAFS spectra were analyzed using the computer pro- 
gram supplied by Technos Co. LTD. The EXAFS oscil- 
lation x ( k )  was extracted from the observed data by 
subtracting the smoothly varying part, which was esti- 
mated with a Victoreen function and cubic spline 
method. 

The k3-weighted EXAFS function with the k-range 
of 3.4-15.7 A was Fourier transformed and the Fourier 
transformed function was inverse Fourier transformed. 
The inverse Fourier transformation was conducted in 
the R-range of 1.08-2.27 A, 2.55-3.23 A, and 1.08- 
2.27 A, for Mo-O, Mo-M (M = Mo or Rh), and (Rh-C 
and Rh-O), respectively. The Fourier filtered EXAFS 
function was simulated by calculated EXAFS functions 
which were derived from empirical backscattering 
amplitude and phase shift function using the single scat- 
tering plane wave theory [8,9]. The back scattering 
amplitude and phase shift function were extracted from 
those of reference compounds such as Na2MoO4 to eval- 
uate the Mo-O and Rh-O contributions, whereas those 
for Rh-C and Mo-C were taken from Mo(CO)6. Table 1 
shows the crystallographic data and FT parameters of 
the reference compounds such as Rh, Mo foils, Mo(CO)6 
and Na2MoO4. Because the atomic numbers of Mo and 
Rh atoms are close to each other, we used the EXAFS 
parameters without any further correction. Similarly, to 

Transmission infrared (IR) spectra were obtained 
from 200 scans at a resolution of 2 cm -1 with a 
Shimadzu-8100M Fourier transform infrared (FT-IR) 
spectrophotometer. The I' powder was pressed into a 
self-supporting disc of 40 mg/15 mm in diameter and 
mounted in an IR cell with KBr windows. After evacua- 
tion at 300 K, the photoreduction was performed in CO 
(1.33 kPa) under illumination with an ultra high-pres- 
sure Hg lamp. Before and after the photoreduction in 
CO, the IR spectra were recorded at 300-573 K with sub- 
traction of the gas phase of CO and silica background. 

For the I' after the photoreduction in CO at 300 K, 
the TPD (temperature-programmed desorption) study 
was conducted by ramping the temperature at a rate of 
2 K min -1 from 300 to 573 K. The evolved products in 

Table 1 
Crystallographic data characterizing the reference compounds and 
Fourier transform ranges used in the EXAFS analysis a 

Sample Crystallographic data Fourier transform 

shell CN R(A) Ak(A -l) At(A) n 

Rh foil Rh-Rh b 12 2.68 3.5-18.0 1.7-2.9 3 
Mo foi l  Mo-Mo b 12 2.75 3.5-18.0 1.8-2.6 3 
Mo(CO)6 Rh-C c 6 2.06 3.5-18.0 0.9-2.0 3 
Na2MoO4 Mo-O c 4 1.77 3.5-16.0 1.1-1.7 3 

a Notation: CN, coordination number for absorber-backscatterer 
pair; R, absorber-backscatterer distance; Ak, limits used for for- 
ward Fourier transformation; At, limits used for shell isolation (r is 
distance); n, power ofk used for Fourier transformation. 

b Crystal structure data from ref. [11]. 
o Crystal structure data from ref. [12]. 
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simulate the Mo-M (M = M o ,  Rh) and Rh-M 
(M = Mo, Rh) contributions we used the parameters 
from the EXAFS data of Mo foil and Rh foil, respec- 
tively. Determination of the Mo-M and Rh-Mo back- 
scattering amplitudes for the bond length was made by 
comparison with those obtained in X-ray diffraction 
analysis [4,5]. The fitting parameters were taken from 
the average values for the interatomic distance (R(/k)), 
coordination number (CN), correction of threshold 
energy (AE0) and difference of Debye-Waller factor 
(Aa) from those of the reference compounds. CN was 
normalized using the X-ray crystallographic data of (I) 
and the empirical EXAFS parameter of this compound 
in crystal. 

The error of the derived parameters was evaluated as 
follows: The parameter in discussion was tentatively 
fixed around the optimum value and the least-squares 
fitting was carried out by varying other parameters to 
calculate a residual factor. The fixed value was consid- 
ered to be within the error range of the parameter if the 
calculated residual factor was smaller than twice that 
at optimum value. The error of the evaluated parameters 
was estimated to less than 0.04 A for the interatomic dis- 
tance and less than 30% for the coordination number, 
respectively. 

The samples for XPS measurement were pressed into 
self-supporting disks (6 mm in diameter and 35 mg/cm 2 
in weight) and placed and held with an Au wire (0.5 mm 
diameter) on the copper-rod to reduce charging of the 
sample. The base pressure of the UHV chamber was 
1.3 x 10 -9 kPa. The sample disk was illuminated in CO 
of 13.3 kPa by the ultra-high pressure Hg lamp through a 
quartz-window. The spectra of MO3d and Rh3d for the 
fresh sample (a), reduced in CO under the photoillumi- 
nation (b) and after evacuation at 473 K (c) were 
recorded by XPS (X-ray photoelectron spectroscopy) 
usingtheVGEscalab3-MarklI (MgKa hu = 1253.6 eV, 
10 kV, 10 mA). The binding energies were normalized 
using the reference Au wire (Au4r 7/2, 5/2 = 83.8 and 
87.4 eV) and the supporting SiO2 disk (Si2p = 103.8 eV) 
as internal standards. 

3. Results and discussion 

3.1. CO-photoreduction and 1 3 C 0  exchange reaction 

Photoreduction of I' and II' was performed in CO at 
300 K with the ultra-high pressure Hg lamp which was 
placed approximately 25 cm apart from the quartz cell 
containing the samples. About 2 mol of CO2 per 1 mol of 
the Rh capped Mo4 oxide cluster I were obtained by a pro- 
longed photoreduction (24 h) at 300 K. As shown in 
fig. 2a, two sets of the carbonyl IR peaks at (2092, 
2035 cm -1) and (2061,2021 cm -1) were observed. All the 
CO peaks gradually increased and reached the maximum 
intensities in 24 h, as presented in fig. 2a. Interestingly, 
thelatter twin CO stretching bands at 2061 and 2021 cm- 1 
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Fig. 2. IR spectral changes of I': (a) after the photoillumination in CO 
at 300 K for 24 h, (b) after the CO-photoreduced sample (a) was 
exposed to 13CO (1.33 kPa) at 300 K in 2 h and (c) after the resulting 

sample (b) was illuminated in 13 CO for 1 h at 300 K. 

were substantially suppressed and eventually disap- 
peared after thermal evacuation under 1.33 x 10 -5 kPa 
at 373-423 K, whereas the other two bands at 2092 and 
2035 cm -1 are thermally stable. Furthermore, it was 
demonstrated that the former carbonyls due to CO bands 
at 2092 and 2035 cm-1 underwent a facile exchange reac- 
tion with 13CO (1.33 kPa) even at 300 K, showing the iso- 
topic band shifts towards 2043 and 1987 cm -1 (fig. 2b). 
By contrast, the latter CO stretching bands at 2061 and 
2021 cm-1 were thermally inactive for the 13 CO exchange 
reaction at 300-373 K, but readily reacted at 300 K under 
the illumination with a UHP-Hg lamp: the IR peaks 
were shifted to 2013 and 1974 cm- 1, as presented in fig. 2c. 
By comparison with some referred IR data of the Rh car- 
bonyl species, e.g., [Rh(CO)2C1]2 (u(CO) --- 2095 and 
2045 cm -1) and surface-grafted Rh(CO)2 (u(CO) 
---2104-2085 and 2042-2035 cm -1) derived from 
Rh4(CO)12 impregnated on SiO2 and A1203 [10], the CO 
bands at 2092 and 2035 cm -1 are assigned to the twin car- 
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bonyls attached to Rh in the CO-photoreduced I t as 
depicted in scheme 1. On the other hand, Ekerdt et al. 
reported [7] that the molybdenum carbonyl species are 
formed by ultraviolet photoreduction of MoO3 /SiO2 in 
CO, showing the twin CO stretching peaks at 2128 and 
2080 cm -1 due to the tetrahedral M o 4 + ( C O ) 2  species. 
The lower wavenumbers of CO stretching bands were 
also reported for the Mo(CO)3(OH)3 anchored on A1203 
(2021 and 1930 cm -1) [15] and Mo(CO)3 in NaY pores 
(1911 and 1790 cm-1) [16]. Accordingly, it was suggested 
from this evidence that the CO stretching bands at 2061 
and 2021 cm -1 (exchangeable with 13CO only under the 
photoillumination) are associated with carbonyls, e.g., 
Mo(CO)x (x --- 2, 3) bound to the reduced Mo sites in the 
CO-photoreduced I t. Additionally, it was found by the 
FT-IR and TPD study that all the subcarbonyl species 
formed by the photoreduction ofI t in CO were completely 
removed by the evacuation at 375-440 K, possibly leav- 
ing the oxygen-deficient Mo sites as shown in scheme 1. 

3.2. EXAFS /  XPS  characterization 

In order to obtain more structural information about 
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Fig. 3. Fourier transformed Mo K-edge EXAFS (x(k)k 3) for (a) I/  
BN, Co) I' after evacuation at 300 K, (c) after the sample (b) was photo- 
reduced in CO (13.3 kPa) at 300 K for 24 h, and (d) after the CO-photo- 

" reduced sample (c) was evacuated at 473 K for 2 h. 

the photoreduction of the Rh capped Mo oxide cluster I 
in CO, EXAFS and XPS measurements were carried 
out. Fig. 3 shows the Fourier transformed k3-weighted 
EXAFS function of Mo K-edge for Y before and after 
the photoreduction in CO (figs. 3a-3c), and after the 
thermal evacuation of the CO-photoreduced sample (c) 
(fig. 3d). The phase shift correction was not performed in 
fig. 3. The major two sets of peaks were observed in 
figs. 3a-3d at 1.1-2.3 /~ and 2.5-3.2 ,A,, which were 
attributed to Mo-O and Mo-M (M = Rh, Mo), respec- 
tively. The Mo-O contributions at 1.1-2.3 A are reason- 
ably resolved in three Mo-O bonds with different bond 
length which are reasonably assigned to the Mo=O 
(terminal) (R = 1.72 A, CN = 2.0), Mo-O3c (designated 
as a three-centered bridging oxygen) (R = 1.93 A, 
CN = 2.0) and Mo-O4e (four-centered bridging oxygen) 
(R = 2.32 A, CN = 2.0), respectively. The contributions 
of Rh-O4e (2.10 A) and Rh-O3e (2.13 A) could not be 
distinguished from each other. In addition, the Mo-O-  
Rh (R = 3.28 A, CN = 2.0) and Mo-O-Mo (R : 3.37 A, 
CN = 3.0)) bondings were observed in the secondary 
coordination sphere. When the sample I' was reduced in 
CO (fig. 3c), the peak at 1.8 A before the phase shift cor- 
rection relatively decreased, while the intensities of other 
peaks basically remained unchanged. When the CO- 
photoreduced sample was evacuated at higher tempera- 
tures such as 473 K, the peak intensity of Mo-metal 
effectively decreased and a peak at 2.4 A, possibly due to 
the Mo-Mo bond, newly appeared (fig. 3d). By contrast, 
the peak intensity at 1.6 A remained unchanged. Fig. 4 
shows the inverse Fourier transformed EXAFS oscilla- 
tion of Y (solid line) and the calculated oscillation curve 
consisting of those from three Mo-O shells (dotted line) 
which fitted well the observed function. When the 
EXAFS function was simulated by one or two shells, the 
calculated EXAFS function cannot be adapted to the 
observed spectra. Table 2 summarizes the results of the 
curve fitting analysis of EXAFS parameters for I in crys- 
tal and Y before and after the photoreduction and ther- 
mal evacuation of the resulting material. The Mo K- 
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Fig. 4. Fourier filtered ka-weighted Mo K-edge EXAFS oscillation 
(x(k)k a) of I' evacuated at 300 K (solid line), and its curve-fitting 

(dotted line) in the R-range of 1.08-2.27 A for Fourier filtering. 
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Table 2 
EXAFS results for (a) [(RhCp*)4Mo4Olr] (I) diluted in boron nitride (BN) crystal, (b) I impregnated on SiO2 after evacuation at 300 K, (c) after 
photoreduction of the sample (b) in CO (13.3 kPa) at 300 K for 24 h and (d) after evacuation of the sample (c) at 473 K for 2 h to remove CO a 

Sample Bond R (A) CN AE0 (eV) Atr (A) R-factor (%) 

(a) (RhCp*)4Mo40~6/BN Mo=O(terminal) 1.73(1.70) 2.0 1.9 0.000 7.98 
Mo-O3e (bridge) 1.94(1.93) 2.0 1.9 0.001 
Mo-O4r (bridge) 2.39(2.34) 2.__0_0 1.9 0.000 
Rh-O (bridge) 2.11 (2.10) 3.0 - 1.4 0.034 6.18 
Rh-C 2.15(2.13) 5.0 -5.4 0.056 
Mo-metal (Rh) 3.28(3.22) 2.0 -4.5 0.001 7.55 
Mo-metal (Mo) 3.37(3.36) 3.0 -2.3 0.000 
Rh-metal (Rh) 3.28(3.33) 1.0 -4.2 0.006 8.55 

(b) (RhCp*)4M04Ol6 / SiO2 Mo=O (terminal) 1.73 1.9 2.1 0.000 5.14 
(evac. at 300 K) Mo-O3e (bridge) 1.94 1.7 2.1 0.020 

Mo-O4~ (bridge) 2.40 1 .__88 2.1 0.032 
Rh-O (bridge) 2.10 2.8 -2.8 0.037 
Rh-C 2.15 4.6 -5.0 0.050 
Mo-metal (Rh) 3.27 1.9 -3.7 0.000 
Mo-metal (Mo) 3.38 2.6 -4.2 0.000 
Rh-metal (Rh) 3.21 0.7 -7.2 0.005 

(c) (RhCp*)4M04016/SiO2 
(CO-photoreduction) 

(d) 

Mo=O (terminal) 1.73 1.9 1.9 0.000 
Mo~)3o (bridge) 1.94 1.7 1.9 0.042 
Mo-O4o (bridge) 2.41 1.3 1.9 0.001 
Rh-O (bridge) 2.10 2.4 -2.3 0.027 
Rh-C 2.17 5.0 -3.4 0.076 
Mo-metal (Rh) 3.28 1.7 -3.2 0.000 
Mo-metal (Mo) 3.38 2.3 -3.6 0.000 
Rh-metal ( R h )  . . . .  

5.97 

9.34 

2.19 

6.74 

4.31 

8.87 

(RhCp*)4Mo4016/SiO2 Mo=O (terminal) 1.72 1.6 0.47 0.001 6.96 
(evac. at 473 K after Mo-O3o (bridge) 1.95 1.5 0.47 0.060 
CO-photoreduction) Mo-O4c (bridge) 2.45 1.1 0.47 0.016 

Rh-O (bridge) 2.12 1.9 -1.1 0.048 3.70 
Rh-C 2.19 5.4 -3.1 0.080 
Mo-metal (Rh) 3.25 1.8 -2.8 0.108 10.16 
Mo-metal (Mo) 3.33 1.4 -2.0 0.037 
Rh-metal ( R h )  . . . .  

a CN, R (,~), E0 (eV) and Aa (,~) represent coordination number, interatomic distance, changes in inner potential correction and Debye-Waller 
factor, respectively. The interatomic distances in parentheses are taken from the X-ray crystal structure data (ref. [4]). The errors in R and 
CN were estimated to be 0.04.~ and 30%, respectively. 

edge EXAFS data suggested that the Mo-O4~ bond con- 
tribution was specifically suppressed (R = 2.41 A, 
CN = 1.3) compared with those of  the other M o - O  
bonds after the photoreduction in CO. Additionally, it is 
interesting to find that according to the Rh K-edge 
EXAFS data for these samples, the R h - O  contribution 
of  the Mo oxide cluster I '  was clearly decreased by the 
photoreduction whereas that of  R h - O  (Rh-CO) 
remained unchanged. The subsequent thermal evacua- 
tion at 473 K to remove CO resulted in the further 
decrease of  C N  for Mo-O4c, Rh-O,  while the M o - M o  
bond relatively increased. Also, a slight elongation of 
the interatomic distances of  Mo-O-me ta l  bonds was 
observed, as shown in table 2. These results suggest that 
the bridging M o - O 4 e  w e r e  selectively reduced by photo- 
reduction to produce the carbonyl species which were 
eliminated after evacuation at 473 K. The XPS data as 
shown in fig. 5a suggested that the Mo in the I ~ was par- 
tially reduced from Mo 6+ (BE of  Mo3d 5/2, 3/2 = 234.4, 

237.5 eV) to a mixture of  Mo 4+ (MO3d 5/2, 
3 / 2 = 2 3 3 . 0 ,  236.2 eV) and Mo 5+ (Mo3a 5/2, 
3/2 = 233.5, 236.7 eV) after the photoreduction in CO. 
Deconvolution of  these peaks results in an area percen- 
tage of  41 and 11% for Mo 4+ and Mo 5+ (fig. 5b), respec- 
tively. Interestingly, the evacuation of  the CO- 
photoreduced sample at 473 K led to increasing contri- 
bution (36%) of  Mo 5+, being mixed with 18% of  Mo 4+. 
The XPS results, coupled with the E X A F S / I R  data sug- 
gested that the oxygen-deficient MoS+/Mo 4+ sites are 
formed by removal of  CO from the photoreduced oxide 
cluster I ~, depicted as a proposed structure of  I '  in 
scheme 1. When I'  was photoreduced in CO, an O4r brid- 
ging oxygen in I '  was removed to give CO2 
(CO + Oae ~ CO2) and carbonyls bound to the coordi- 
natively unsaturated Mo and Rh  sites. The resulting sub- 
carbonyl species were eliminated by the evacuation at 
473 K to form the oxygen-deficient Mo sites. 

Kazansky [6] previously proposed a model for the 
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Fig. 5. MO3d XP spectra of(a) I' after evacuation at 300 K, (b) after the sample (a) was photoreduced in CO (13.3 kPa) at 300 K for 24 h, and 
(c) after the sample (b) was evacuated at 473 K for 2 h. 

photoreduction of MoO3/SiO2 catalyst in CO, which 
proceeds the removal of terminal Mo6+~-O bond to give 
Mo 4+ and CO2. By contrast, the EXAFS, FT-IR, TPD 
and XPS results in this work suggested that the bridged 
Mo6+-O4e bonds, whereas a negligible removal of 
Mo6+--O bonds, are selectively reduced with CO under 
the photoillumination, resulting in the formation of the 
carbonyls attached to Rh 3+ and Mo 4+ /Mo 5+ sites in the 
distorted cubane-type molybdenum oxide duster frame- 
works. The further removal of CO eventually led to the 
formation of oxygen-deficient Mo 5+/Mo 4+ sites with a 
coordinative unsaturation. 

3.3. Propene rnetathesis reaction 

Propene metathesis reaction was carried out at 273- 
323 K using a closed circulating system equipped with a 
pyrex-glass reactor with volume of 186 ml. Propene 
(13.3 kPa) was admitted onto the samples of I t and IY 

after the photoreduction at 300 K, followed by thermal 
evacuation at 473 K. Products consisting of ethene and 
2-butenes were quantitatively analyzed by gas chroma- 
tography (Hitachi 163 type GC) using silica and VZ-10 
columns. 

Both precursor samples of I t and II' were inactive for 
the propene metathesis reaction. The reaction negligibly 
occurred even on the CO-photoreduced samples. Never- 
theless, it was interesting to find that after the thermal 
evacuation at 473 K, the propene metathesis reaction 
occurred catalytically at 273-323 K on the CO-photore- 
duced Y and IY to yield an equimolar mixture of ethene 
and 2-butenes, as shown in fig. 6. The results suggested 
that the resulting oxygen-deficient Mo sites in the CO 
reduced Y and II' are responsible for the propene meta- 
thesis reaction, as depicted in scheme 1. Furthermore, it 
was found that the CO-photoreduced oxide cluster II' 
exhibited over twice higher activities for the propene 
metathesis than the oxide cluster Y. The initial rates of 
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propene metathesis reaction on the CO-photoreduced I ~ 
and II' at 300 K were 1.75 • 10 -4 and 4.15 x 10 -4 
mol(ethene)/(mol(cluster) s-l), respectively. The CO- 
photoreduced I' had much larger activation energy 
(Ea = 11.2 kJ mo1-1) than the II' (Ea = 4.8 kJ mo1-1) 
under similar reaction conditions. The higher activities 
of the incomplete cubane complex II' may be based on its 
higher unsaturafion of coordination around Mo atoms 
in the oxide cluster framework, compared with those in 
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Fig. 6. Formation of products in the propene metathesis reaction at 
300 K as a function of reaction time (h); ((3) C2H4; (A) trans-2-CaHs, 
and (D) eis-2-C4Hs on CO-photoredueed Y, and (0)  C2H4, 
(A) trans-2-C4H8, and (E) cis-2-C4Hs on CO-photoreduced II' after 

evacuation at 473 K, respectively. 
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I' (fig. 1). Furthermore, it is noteworthy that the trans/ 
cis molar ratios of 2-butenes formed in propene metath- 
esis reaction on photoreduced II' (trans/cis = 1.7) were 
higher than on sample I' (trans/cis = 1.3). It may be pro- 
posed from the kinetic results that the CO-photoreduc- 
tion offers more sterically crowded Mo 5+/Mo 4+ sites in 
the complete-cubane Mo oxide cluster I for a preferable 
formation of trans-2-butene in the propene metathesis 
via the metallocydic intermediate than the incomplete- 
cubane Mo oxide cluster II moieties. 

Although the propene metathesis activities on the 
CO-photoreduced Y and II' were relatively smaller than 
those on the CO-photoreduced MoO3/SiO/ [6] and 
Moa(acetate)4/SiOa [17], the activation energy of pro- 
pene metathesis reaction on Y and IY (11.2 and 
4.8 kJ mo1-1) were much smaller than those of the con- 
ventional M o catalysts (20-40 kJ mo1-1) [6,13,14]. 

4. C o n c l u s i o n  

In summary, (1) the EXAFS, FT-IR, TPD and XPS 
results in this work suggested that the Mo--O4c bonds in 
the Rh capped cubane-type Mo oxide dusters I are speci- 
fically photoreduced in CO, whereas the reduction pro- 
ceeded negligibly for terminal Mo=O bonds. (2) The 
photoreduction of I in CO resulted in the formation of 
two sets of carbonyls attached to Rh 3+ (v(CO) -- 2092 
and 2035 cm -1) and those with Mo4+/Mo 5+ sites 
(v(CO) = 2061 and 2021 cm-l). (3) All the carbonyls 
were completely removed by the thermal evacuation at 
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434 K, leaving oxygen-deficient  sites which exhibited 
high activities for  the propene  metathesis  react ion to 
f o r m  an equimolar  mixture  o f  ethene and  2-butenes. (4) 
The  incomple te -cubane  M o  oxide cluster I I  after the 
CO-pho to reduc t i on  in CO provided  the coordinat ively  
unsa tura ted  M o  sites exhibited higher catalyt ic  activities 
in the p ropene  metathesis  with lower t rans /c is  ratio, 
c o m p a r e d  with those on the comple te-cubane  M o  oxide 
cluster I. 
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