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The y-A&O,-attached Cr(II) dimer and Cr(lI) monolayer catalysts which were active for the 
hydrogenation of propene at low temperatures, were prepared by the reaction between Cr(q’- 
C3H& or Cr2(q3-C3H& and surface OH groups of y-Alz03. followed by chemical treatments with 
Hz. The characterization of the catalyst surfaces was performed by means of IR spectroscopy, 
temperature-programmed decomposition, UViVIS diffuse reflectance spectroscopy, ESR, volume- 

try and chemical analysis. Q 1986 Acadcmlc Press, Inc. 

INTRODUCTION 

It has been demonstrated that q3-ally1 
complexes of transition metals readily react 
with surface hydroxyl groups of inorganic 
oxides such as SiOZ, A1203, TiOz, zeolite, 
etc. (Z-4) and the obtained surface metal 
complexes can be converted to their lower 
or zero-valent levels by reduction with hy- 
drogen at 273-870 K (3, 4). Chromium ions 
supported on A1203 by a traditional impreg- 
nation method are in general hardly re- 
duced to the bivalent level with H2 or CO. It 
has been found that the use of Cr(T3-C3Hs)3 
provides a way of preparation of the highly 
active, Alz03-bound Cr(I1) monomer cata- 

lyst (5, 6). In the present paper we report 
the preparations and characterization of 
new y-A1203-attached Cr(I1) dimer and 
Cr(II) monolayer catalysts. These samples 
were synthesized by taking advantage of 
the reaction (7) between Cr2(q3-C3HJ4 and 
the surface OH groups of y-A&O3 followed 
by chemical treatments with HZ. 

EXPERIMENTAL 

The y-A1203-attached Cr(II)-monomer 
catalyst (B) was prepared according to 
the following steps as previously reported 
(5, 6): 
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The Cr(II)-dimer catalyst (E) was pre- A1203 followed by the chemical treatments 
pared by the reaction between Cr2(q3- as described in the previous report (7); 
C3H& (8) and the surface OH groups of y- 
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SCHEME 2 

The concentration of surface OH groups of 
y-A&O3 (specific surface area: 190 m2g-l) 
used for the preparation of the dimer cata- 
lyst was controlled to 2.6 OH nmm2 by heat- 
ing at 773 K for 1.5 h under O2 pressure of 
13.3 kPa and evacuating for 1 h in situ be- 
fore contacting a pentane solution of 
Cr2(q3-C3H&. The attaching reaction of the 
Cr complex onto the Al203 at 273 K was 
rapid and completed within 20 min. 

y-Al203 employed for the preparation of 
a new Cr(I1) monolayer catalyst was ob- 
tained by calcination of boehmite at 823 K 
and its surface area was 72 m2g-‘. The y- 
Al203 thus obtained was exposed to water 
vapor of 2.0 kPa for 5 h at room tempera- 

ture followed by evacuation at 573 K for 1.5 
h; these treatments provided a nearly full 
monolayer (10 OH nmm2) of OH groups at 
the y-Al203 surface. The OH-covered Al203 
was contacted to a pentane solution of an 
excess of Cr2(q3-C3H& at 273 K with stir- 
ring. The stirring was continued for 2 h until 
the surface was saturated with Cr com- 
plexes. After decantation of the pentane so- 
lution of residual Cr2(q3-C3H&, the surface 
complex formed by the attaching reaction 
was washed 3 times with purified pentane 
under vacuum in order to remove free Cr2 
complexes. The preparation scheme of the 
new Cr(I1) monolayer catalyst is as follows 

[OH OH OH OH] FM 
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After attaching chromium onto alumina, 

97 

the pentane used as a solvent for the Cr2(q3- 
C3H& complex was evacuated at room 
temperature for 1 h under the base pressure 
of 1.33 x lop3 Pa. Every 0.05-0.3 g of the 
obtained samples (A), (D), and (G) were di- 
vided into U-shaped Pyrex-glass tubes with 
two break-seals and further treated at 343 K r 1563 I 
for 1 h under vacuum before use as cata- I . * * ’ 1 
lyst. The amount of chromium attached on 1900 1600 1300 

the support was determined from the initial Wave Number/cm 
-1 

(before attachment) and the final (after at- 
tachment) concentration of Cr2(v3-CjH& in 

FIG. 1. IR spectra of AlzOj-attached CrZ(q3-CjH& 
after various treatments. (1) Evacuation at 3 13 K for 1 

pentane by a known FeS04-KMn04 titra- h, (2) evacuation at 355 K for I h, (3) evacuation at 423 
tion method. The Cr loadings in these cata- K for 30 min, (4) evacuation at 523 K for 30 min, (5) 

lysts were in the range 0.21-0.91 wt%. reduction with H2 (7.3 kPa) at 823 K for 1 h, (6) back- 

The UV/VIS diffuse reflectance spectra ground (Al,O,). 

(DRS) were measured after various treat- 
ments of samples in a thin quartz cell com- 
bined to a closed circulating system on a main peak at 1563 cm-’ a small peak was 

JASCO UVIDEC-500 spectrometer. The observed at 1461 cm-r which may be as- 

IR spectra of the surface allyl-type complex signable to a CH2 deformation mode. The 

were recorded in a quartz cell with two peaks disappeared by reduction with Hz at 

NaCl windows by a self-supported disk 823 K for 1 h. 

method on a JASCO IR-810 spectrometer. The TPDE chromatogram of the ally1 

The temperature-programmed decomposi- species (D) under circulation of a reduced 

tion (TDPE) chromatograms of the surface pressure of Hz (9.3 kPa) was taken in order 

complexes were taken in a closed-circulat- to know the number of ally1 ligands coordi- 

ing-type TPDE apparatus (a flow of hydro- nated to a Cr atom, the degree of homoge- 

gen of 9.3 kPa) connected to gas chroma- neity of the Cr species (D) and the thermal 

tography using a column of 5A molecular stability in comparison with a Ct-?(q3-C3H& 

sieve (1.5 m) and a column of VZ-IO (2 m). complex. The chromatogram in Fig. 2 

The O2 or H2 uptakes in O2 oxidation or H2 showed a main peak for propene evolution 

reduction of the Cr samples were volumet- at 599 K together with a propane peak at a 

rically measured. similar temperature. Besides these major 
products small amount of ethene and eth- 
ane were evolved around 720 K and meth- 

RESULTS ane was also observed above 593 K in Fig. 
Cr(ZZ)-Dimer Catalyst 2. Small amounts of carbon remained at the 

The new y-A1203-attached Cr(II)-dimer catalyst surface after the ligand decomposi- 

catalyst (E) was obtained by removal of the tion (C/Cr < 0.11 in an atomic ratio); these 

ally1 ligands of species (D) with HZ. The IR were analyzed as CO2 by oxidizing with O? 

spectra of species (D) after evacuation at at 773 K. The number of ally1 ligands on a 

various temperatures are shown in Fig. 1 Cr ion in the surface complex (D) was cal- 

where the C-C stretching-frequency peaks 
for all the samples were observed at 1563 

culated from the equation, (i iC; + C02)/ 
i-l 

cm-’ except for a low-temperature-treated 3, as previously described (5). The value is 
sample. The sample evacuated at 313 K given in Table 1, which indicates that the 
showed a more broad peak. Besides the structure (D) had one ally1 ligand per Cr 
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FIG. 2. Temperature-programmed decomposition 
(TPDE) chromatogram of the Cr-ally1 dimers (D) at- 
tached to y-AlzOs; heating rate: 4 K min-‘. 

atom. The composition of the surface com- 
plexes was essentially the same for the two 
kinds of y-A&O3 used in the present study. 

The surface species (D) was transformed 
to Cr(II)-dimers (E) with reduction with HZ 
at 860 K. The (E) was further converted to 
Cr(VI)-dimers (F) with stoichiometric oxi- 

TABLE 1 

Stoichiometric Behaviors in the Reduction and 
Oxidation of the Attached Cr Catalysts 

Catalysts MonomerY Dim& Monolayer 

Chemical analysis of Cr 
(wt% as Cr/Al,OJ 

Number of Cs-ligand/Cr in 
the surface complex 

0.91 0.49 0.24 

1.04 1.1 co.15 

O2 uptake/Cr in the step, 
Cr2+ -+ W+ 0.99 0.99 1.04 
Cr2+ + Cr3+ - - 0.27 

Hz uptake/Cr in the step, 
(21.6’ + Cr2+ 2.04 1.98 2.02 
C1.6++ Cr3+ - - 1.57 

dation with O2 as shown in Scheme 2 and 
Table 1. These steps were followed by 
means of DRS. Figure 3 shows the DRS 
spectra of the y-A1203-attached Cr-dimer 
catalyst and the impregnation Cr catalyst 
under various conditions. The 380-nm peak 
of the traditional impregnation Cr(V1) cata- 
lyst obtained by calcination of impregnated 
chromic acid at 823 k in Fig. 3b is assigned 
to the charge transfer band of Cr6+ = 02- in 
a monochromate structure. Besides the 
Cr6+ peak a shoulder at ca. 600 nm also 
implies the presence of Cr3+ species. When 
the impregnation Cr(V1) catalyst was re- 
duced to Cr2.15+ level on average with Hz at 
860 K for 2 h in a closed circulating system 
with a U-shaped liquid-N* trap placed soon 
after the catalyst, a complicated spectrum 
with a peak position at 439, 585, 650, 713, 
and 810 nm in Fig. 3b was observed, sug- 
gesting a mixture of Cr species in different 
oxidation states and environments. The 
spectrum of the surface species with an al- 
lyl ligand (D) showed two peaks at 470 and 
610 nm in Fig. 3a. The broad ESR spectrum 
with g = 2.03 and AH = 1300 G was ob- 
served. The Cr(II)-dimers (E) obtained 
from (D) exhibited main DRS peaks at 615 

(0) 366 

I . . * . . * 
800 600 400 2t 

Wovelength/nm 

0 Similar values in the range of Cr-loadings 0.21- 
0.91 wt%. 

b Similar values in the range of Cr-loadings 0.36- 

FIG. 3. DRS spectra of the attached (a) and impreg- 
nation (b) Cr catalysts. (a): (1) Cr(III)-ally1 dimer (D), 
(2) Cr(II)-dimer (E), (3) Cr(IV)-dimer (O), (4) Cr(VI)- 
dimer (F), (5) Cr(VI)-dimer catalyst, rearranged by re- 
peated reduction-oxidation cycles. (b) (1) Reduced 
catalvst (Cr2.15+), (2) oxidized catalyst. 0.78 wt%. 
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and 805 nm, and also a small peak at 443 The Cr(II)-dimers attached on SiOZ in- 
nm. When the Cr(I1) species was carefully stead of y-Alz03 showed a much lower ac- 
and slowly exposed to oxygen of 6.6 kPa at tivity than the A1203-attached catalyst (E) 
room temperature, new peaks at 375, 465, in the hydrogenation of propene ( 7). The 
and 660 nm were developed. The Cr(I1) DRS spectra of the Si02-attached species in 
species (E) was oxidized with O2 at 773 K Fig. 4 were taken for comparison with 
to give the Cr(V1) spectrum (A,,,: 386 nm) those in Fig. 3a. 
in Fig. 3a. 

S102 
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The Cr(II)-ally1 dimers (K) on SiOZ de- 
picted a characteristic peak at 553 nm 
which is assigned to 6 - 6* transition for 
the Cr(I1) dimer structure with a direct 
Cr(II)-Cr(I1) bond. On removing the ally1 
ligand with Hz at 860 K, the structureless 
spectrum of Cr ions (L) in a univalent level 
was observed. This species was oxidized to 
the dichromate (VI) species (M) with O2 at 

800700600500400300200 

Wavelength/ nm 

FIG. 4. DRS spectra of the SiO*-attached Cr-dimer 
catalysts. (1) Cr(II)-ally1 dimers (K), (2) Cr(I)-dimers 
(L), (3) Cr(VI)-dimers (M), (4) Cr(II)-dimers (N). 

(Ml 

773 K which showed a characteristic peak 
at 485 nm. The spectrum of Cr(II) dimers 
(N) obtained by reduction of (M) is shown 
in Fig. 4 where a main peak at 800 nm to- 
gether with 460- and 620-nm peaks was ob- 
served. 

Cr(II)-Monolayer Catalyst 

The attachment of Cr2(q3-C3H& onto the 
OH-covered y-A&O3 surface provided the 
AlzOj-attached Cr-monolayer catalyst (G). 
Figure 5 shows the TPDE chromatogram 
for the y-A&03-attached Cr(I1) assembly in 
monolayer (G). The amount of products de- 
sorbed was much less than that for the spe- 
cies (D) in Fig. 2. A main product was pro- 
pene similarly to the case of the dimer, but 
the peak position (543 K) was lower by 56 
K as compared with the peak for (D). An- 
other different feature of Fig. 5 from Fig. 2 
is the evolution of 1-butene. The carbon 
amounts deposited at the surface after the 
TPDE analysis were negligible (C/Cr < 
0.03). Consequently, the total amount of 
the C3H5 ligands remained in the species 
(G) after attaching Cr2(q3-C3H& onto the 
full-monolayer OH surface was found to be 
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FIG. 5. TPDE chromatogram of the y-A1203-at- 
tached Cr-monolayer species (G); heating rate: 4 K 
min-‘. The scale in the ordinate is expanded as com- 
pared with that in Fig. 2. 

no more than 15% of the amount of Cr ions 
contained. 

The DRS spectra of the Cr(I1) monolayer 
assembly (G) attached on y-Alto3 are 
shown in Fig. 6. The DRS spectrum of the 
(G) showed a main peak at 620 nm with a 
small peak at 800 nm in contrast to the 
spectrum (Fig. 3) of species (D) made by 
the reaction between CrZ(q3-C3H& with a 
r-Al,03 surface with OH groups of 2.6 OH 
nmp2. The species (G) was further treated 
with HZ at 860 K for 30 min and then oxi- 
dized to the Cr(V1) monolayer catalyst (H) 
with O2 at 773 K, uptaking the quantitative 
amount of O2 as given in Table 1. The 
Cr(V1) catalyst (H) had only a peak at 379 
nm similarly to the Cr(V1) dimers (F). The 
Cr(V1) assembly in monolayer was found to 
be transformed to Cr(II1) surface (J) by mild 
reduction with H2 at 573 K as shown in 
Scheme 3. The (J) was also obtained by 
stoichiometric oxidation of the Cr(I1) 
monolayer with 02 at 263 K. The DRS 
peaks of the Cr(III) monolayer (J) were 
observed at 458 and 610 nm as shown in 
Fig. 6. 

Each step of the transformation in 
Scheme 3 was also volumetrically analyzed 
by the measurements of the amount of HZ 
or O2 consumed in the reduction or oxida- 
tion as shown in Fig. 7. The Cr(I1) assembly 
(G) was quantitatively oxidized to the ter- 
valent level (J) with 02 at 263 K and then 

,- 
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FIG. 6. DRS spectra of the Cr-monolayer catalysts. 
(1) WI) G), (2) Cr(W @I), (3) CrUII) (J). 

with oxidation at 773 K to the Cr(V1) ions 
(H), uptaking the stoichiometric amounts of 
02. Reversely, the Cr(V1) species (H) was 
transformed to the Cr(II1) species (J) by re- 
duction with H2 at 573 K, and at 853 K to 
the Cr(II) assembly (G) again as shown in 
Fig. 7. 

DISCUSSION 

Figure 2 shows a single peak for propene 
at 599 K together with a peak for propane at 
a similar temperature; other products like 
ethene, ethane, and methane are relatively 
negligible. The relative ratio of propane to 
propene reflects the relative probability in 
the reaction steps, CsHs(ad)+ +H2 + &He 
and C3HS(ad) + $H2 ---, C3Hs. The peak tem- 
peratures were almost constant in the range 
of Cr-loadings 0.21-0.91 wt%. The TPDE 

Reduction Time/h Oxidotion Time/h 

FIG. 7. Stoichiometric behaviors of the attached Cr 
species in the reduction of Cr(V1) monolayer (H) and 
the oxidation of Cr(I1) monolayer (G). 



analyses indicate that the majority of the amount of ally1 groups remained at the sur- 
Cr-dimer species were uniformly distrib- face after the attaching reaction was calcu- 
uted on the ~-A1203 surface. The C-C lated to be as few as 0.15 C3H3 per Cr atom; 
stretching band of ally1 ligands in the spe- 92.5% of the ally1 ligands of Cr2(v3-C3H& 
cies (D) was observed at 1563 cm-i as were lost by reaction with surface OH 
shown in Fig. 1 where a small peak at 1461 groups. The saturation mass of attachment 
cm-i, assignable to a CH2 deformation of the Cr species was 0.24 wt% as Cr/A1203 
mode, was also observed. The C-C stretch- when the r-Al203 (surface area = 72 m2g-r; 
ing frequency is different from 1520 cm-i pore diameter at maximum in the distribu- 
(n-ally1 type) for Cr(q3-C3H& and also from tion = 2 nm) was employed. The saturation 
near 1620 cm-r for v1-C3Hg (a-ally1 type). mass implies that a Cr2(q3-C3H& molecule 
We propose that the ally1 ligands of (D) are solvated with pentane molecules could not 
of $-type (or dynamic u-ally1 type). The enter the pores of support which diameter 
decrease in the peak intensity by heating to are smaller than about 3.5 nm. The Cr di- 
523 K in Fig. 1 is compatible with the TPDE mers initially attached at the pore entrance 
curve in Fig. 2. As seen in Fig. 2, the sur- may interfere the subsequent entering of 
face-attached q2-ally1 ligand of (D) was the Cr dimer complexes into the pore. The 
much more themostable than the original monolayer-covered Cr species (G) thus ob- 
Cr2(q3-C3H& complex. The amount of the tained consumed two oxygen atoms per Cr 
C3H5 groups coordinated on a Cr atom is atom to be oxidized to the monochromate 
given in Table 1, which indicates that the (VI) structure (H) with O2 at 773 K as given 
structure (D) had one ally1 ligand per Cr in Table 1; the (H) depicted a peak at 379 
atom; that is, two ally1 ligands of Cr2(q3- nm assigned to a charge transfer band (IA, 
C3H& were lost by reaction with two OH - ‘T2 (9) of a monochromate structure in 
groups with a concomitant oxidation of Cr Fig. 6. The stoichiometry suggests that the 
from 2+ to 3+. The oxidation state of Cr Cr ions (G) in monolayer with almost no 
atom in (D) was also confirmed by the DRS C3HS ligands were genuinely in a bivalent 
spectrum in Fig. 3. The peaks at 470 and level. The bivalency of the naked Cr ions in 
610 nm are assigned to the d-d transitions (G) is also shown in Fig. 6 where the DRS 
for d3 ions. The dependence of the ESR peaks at 620 and 800 nm were observed and 
peak intensity (g = 2.03, AH = 1300 G) of no distinct peaks for Cr(II1) ions appeared 
(D) upon temperature suggested a weak, di- at 400-500 nm; the spectrum is entirely dif- 
rect exchange interaction between two ad- ferent from those of Cr(III)-ally1 species 
jacent Cr3+ ions. The TPDE peaks for (D) (D) (Fig. 3) and Cr(III)-oxide species (J) 
were observed at higher temperatures by (Fig. 6). 
about 90 K than those of the peaks for the The Cr(III)-C3HS dimers (D) almost uni- 
monomer (A), reflecting a difference of (A) formly distributed on r-Al203 were reduced 
and (D) in the environments of Cr(II1) spe- to the Cr(I1) level (E) by treatments with H2 
cies. These results demonstrate that two Cr in Scheme 2. The (E) showed two peaks at 
atoms of a Cr2(q3-C3H& dimer were chemi- 615 and 805 nm in Fig. 3 similarly, to the (G) 
cally and adjacently attached to form the in Fig. 6. Again, the O2 titration at 773 K 
structure (D) in Scheme 2. confirmed the bivalency of (E) as given in 

In contrast to the formation of the Table 1. The remained question is which 
Cr(III)-ally1 dimers (D), the attaching reac- symmetry the Cr(I1) ions are situated in. 
tion of an excess of Cr2(q3-C3H& with the The peak near 800 nm may be referred to 
r-Al203 surface covered with full-mono- tetrahedral Cr(I1) ions (IO, II). The Cr(I1) 
layer OH groups led to the formation of the ions (N) attached on Si02 showed a peak at 
Cr species (G) which showed very small 800 nm in Fig. 4 where minor peaks at 460 
TPDE peaks as shown in Fig. 5. The and 620 nm are due to Cr(III) ions. but its 
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amount seems to be a few percents of total 
Cr taking into account the larger molar ex- 
tinction coefficient of d-d transition of d3 
ions as compared with that of d4 ions. 
Thus, the Cr(II) ion on SiOz is an example 
situated in Td symmetry. On the other hand, 
the peaks at 615 nm in Fig. 3 or 620 nm in 
Fig. 6 might be assigned to the transition 
5E2g- 5T28 for an octahedral Cr(I1) species 
(22). However, the monomer species (B) 
which had three vacant coordination sites 
on a Cr(I1) ion as previously reported (5) 
showed the DRS peaks at 610 and 800 nm. 
The coordinatively unsaturated site of the 
Cr(I1) ion of (E) was also estimated to be 
about 2 from the adsorption measurements 
of N2 or O2 at 176 K. These results exclude 
octahedral symmetry for Cr(I1) ions at- 
tached on y-A1203 surface. Although the 
number of the adsorption sites of (E) was 
smaller than that of(B), the environment of 
the Cr(I1) ions of the dimer (E) was spectro- 
scopically similar to that of the Cr(I1) 
monomers (B). Kellerman and Klier ob- 
served the peaks at 590 and 830 nm for 
Cr(I1) ions in A zeolite located in D3h sym- 
metry (13). These results indicate that the 
Cr(I1) ions in (B), (E), and (G) are situated 
in near Crv symmetry, where the peaks at 
610-620 and 800-805 nm are assigned to 5E 
--A,and5E- 5E, respectively, for a trigo- 
nal conformation of d4 ion. 

The Cr(II)-ally1 dimer (K) attached on 
Si02 exhibited a characteristic absorption 
peak at 553 nm (Fig. 4) which is assignable 
to ‘Al, - lA2u (6 - S*) transition for dinu- 
clear Cr(II)-Cr(I1) structure as previously 
reported (14). The bond distance between 
two adjacent bivalent chromiums of the di- 
mer (K) was estimated to be 0.222 nm, as- 
suming a linear relation between the dis- 
tance of the metal-metal bond and the 
energy (18.1 x lo3 cm-‘) of the ‘Al, - ‘Azu 
transition (15). The Cr-Cr separation is 
much longer than 0.1975 nm for the original 
Cr2(q3-C3H5)4 complex. In contrast, the 
DRS spectra of (E) and (G) provided no 
information on direct bonding between the 
two adjacent Cr(I1) ions in the dimer struc- 

ture (E) and the monolayer assembly (G). 
Good EXAFS spectra of the samples were 
not obtained owing to their low Cr-loadings 
below 1 wt%. 

When the Cr(I1) dimers (E) were care- 
fully oxidized with O2 at room temperature, 
new peaks at 375, 465, and 660 nm ap- 
peared as shown in Fig. 3. These absorp- 
tion peaks, similar to those of Cr(IV) ions in 
A-zeolite (13), are ascribed to Cr(IV) in dis- 
torted tetrahedral symmetry. It is likely 
that the irreversible oxidation of trigonal 
Cr(I1) to tetrahedral Cr(IV) occurs in the 
following manner: 

Cr Cr Cr Cr 
0’ ‘0 0’ ‘0 - 

/\ /\ 

O* P 

SCHEMES 

It is to be noted that the Cr(I1) monolayer 
(G) was quantitatively oxidized to Cr(II1) 
level (J) with 02 at 263 K as shown in Fig. 6 
and Table 1, reflecting a difference in the 
arrangements of Cr(I1) ions (dimers or as- 
sembly). The (J) was converted to the 
monochromate (VI) structure (H) by oxida- 
tion with O2 at 773 K as shown in Fig. 7, 
Fig. 6, and Scheme 3. Reversely, the 
Cr(V1) monolayer (H) was mildly reduced 
to the Cr(II1) monolayer (J) with d-d peaks 
at 458 nm (4A2g - 4T2g) and 610 nm (4A2g - 
4T1,) again, uptaking a stoichiometric 
amount of H2 at 573 K as shown in Figs. 6 
and 7. The (J) was further reduced to (G) 
with HZ at 860 K. The stoichiometric behav- 
iors of attached Cr species in reduction and 
oxidation steps are given in Table 1. In gen- 
eral, the surfaces of the attached Cr(I1) cat- 
alysts obeyed gradual rearrangements dur- 
ing repeated oxidation-reduction cycles at 
860 K. The rearranged Cr(II) surface con- 
tained small amount of Cr(II1) ions. 

The traditional AlzOrsupported Cr cata- 
lysts in both oxidized and reduced states 
showed complicated Cr spectra (Fig. 3) as 
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compared with the attached Cr catalysts. A 
few different species seem to be always 
present in the impregnation catalysts and 
the extent of reduction is not clean (16). 

It was found that the AlzOj-attached 
Cr(II) monomer (B), Cr(I1) dimer (E), and 
Cr(I1) monolayer (G) catalysts were highly 
active for the hydrogenation of propene at 
195-261 K. The details of catalytic reac- 
tions on the Cr(II) catalysts will be reported 
in the following paper (17). 
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