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Abstract

Halide clusters, [(MCl12)Cl2(H20)4]-4H20 (M: Nb, Ta) and (HO)2[(MeClg)Clg]-6H20O (M: Mo, W) with an octahedral
metal framework, develop catalytic activity for the isomerization and slight hydrogenation of olefinic double bonds when
the halide clusters are treated in a stream of hydrogen at elevated temperatures. In the case of Nb clusters, treatment above
200°C produces the catalytic activity. Raman spectra of such heat-treated clusters show that the cage breathing motion of
Nbg remains intact, whereas the breathing vibrations of the edge bridging Nb—Cl g€[N\bdisappear. In the case of W
clusters, the catalytic activity appears at 3@Q at which temperature the structure of {@lg)Cl,(H20),] begins to decay to
form WgCl12. Maximum activity emerges at 45C, at which temperature the structure o§@V;» begins to decay. Elemental
analyses of both clusters show the loss of Cl atoms. Thus, activation of these clusters occurs by partial loss of the halogen
ligands, leaving the cluster framework intact.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction [4,5] with a halide cluster has been reported. Aside
from our preliminary report[6], we are unaware
Extensive effort has been made towards the syn- of any report of the use of halide clusters as cata-
theses of new halide clusters or combining known lysts[7-9]. Carbonyl clusters, on the other hand, are
halide clusters with new network&8—3]. The appli- heavily associated with catalysis, with most of these
cation of these clusters has focused mainly on their clusters containing platinum group metals. These
electronic and magnetic properties. Studies on the metals have versatile catalytic activities in both ho-
reactivity of cluster halides have been quite limited. mogeneous and heterogeneous systems. However,
Reactivity with organic or inorganic reagents can be carbonyl clusters are thermally unstable. Almost all
seen predominantly in the field of ligand exchange decompose above 20Q due to their inherently weak
reactions, and occasionally the reaction of hydrogen metal-metal bonds. Hence, reactions catalyzed by
clusters with intact metal frameworks are rdi®].
"+ Corresponding author. Tek:81-48-467-9399: !solatiqn and'characterization of mqlecular clusters
fax: +81-48-462-4631. is relatively simple. Thus, they provide good mod-
E-mail address: chihara@postman.riken.go.jp (T. Chihara). els of metal catalysts. Halide clusters are generally
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synthesized by comproportionation of a metal with 2. Experimental

the corresponding mononuclear metal halide at ele-

vated temperatures (generally 600-10Q) for sev- 2.1. Materials and characterization

eral days to weeks in a sealed tube, implying that

halide clusters are too stable to react with organic  The cluster complexes [(NE112)Cla(H20)4]-4H,0
substances. Evidently, the thermal stability of halide (1) [17], [(NbgBr12)Bra(H20)4]-4H20 [17], (H30)2
clusters prevents attempts to utilize them as catalysts.[(MogClg)Clg]-6H20 [18], [(TagCli2)Cla(H20)a]-
Since metal-metal bonds of the group V and VI 4d 4H,0 [17], and (HO)[(WsClg)Clg]-6H0 (2) [19]

and 5d metals are stronger than their platinum group were prepared according to published procedures.
counterparts, an uncoordinated metal center could beThe solid state cluster ¥Cli2 ([WGCVB]C'%C%%
revealed leaving the thermally stable metal frame- (3) was obtained by heating at 67°C/h to 450°C
work intact, if some of the ligands are removed. Most and holding at 450C for 1h [20]. The complex
halide clusters have octahedral metal array structuresre;Clg ([R%CI%]CI%CI%;%) was commercially avail-
consisting of the pure metal crystals, with terminally aple (Furuya Metal) and used without further purifi-
coordinating, bridging, or triply bridging halogen cation. The crystals of the complexes were crushed
w-donor ligands. The oxidation number of the metal and screened to 15@00mesh. 1-Hexene (>99%,
atoms in the cluster is approximately2, which is  Aldrich) was used as received. Hydrogen (99.999%)
the average of those of the oxide and neutral bulk was generated by hydrolysis of water (Whatman).
metal. The catalytic activity, as well as the reactivity Powder X-ray diffraction (XRD) was performed with
of the metal atom in the middle oxidation states, has a Rigaku RAD-3R X-ray diffractometer using Cu
not been reported. Moreover, the concerted effect of Kq radiation at a scan rate of /min. Raman spectra
the metal-metal bonds of the cluster is also unknown. were recorded on a Kaiser Optica| Systems HoloLab
Hydrogen was chosen as an activation reagent for the 5000 with an Nd:YAG laser operating at 532 nm with
cluster, as hydrogen is a simple gaseous molecule anda 7.6 mm focus lens. Counts were accumulated 30
can yield hydrogen chloride while leaving a hydride times at 1s intervals. Elemental analysis was per-
ligand in the cluster. Either one hydride ligand with formed by the Chemical Analysis Section of this
two coordinatively unsaturated sites or three of these institute (RIKEN). The products were analyzed by
is enough for hydrogenation and isomerization of an GC/MS (Hewlett-Packard 5890 Series Il gas chro-
olefin in the case of a mononuclear complexd]. matograph coupled with a Jeol Automass System II,
Three coordinatively unsaturated sites or equivalent 3 15 mx 0.25 mmx 0.25u.m DB-1 capillary column,
active sites for M of the cluster are enough for the  helium carrier gas) and GLC (GL Sciences 353B gas
reaction, assuming that the remaining halogen lig- chromatograph fitted with a flame ionization detector,
ands are fluxional. This would correspond to only a a 30 mx 0.25 mmx 0.25um DB-1 capillary column,
half-active site for each metal atom. Moreover, more helium carrier gas). All of the products were identified
extensive activation would give rise to various types by comparison with authentic samples obtained com-
of reactions with retention of the cluster framework. mercially. The catalytic activities were analyzed by an
Thus, a simple reaction of olefin with hydrogen was on-line GLC. (Shimadzu 7A gas chromatograph fitted
chosen as a test reaction for the cluster catalysis, with a flame ionization detector, a 10m3 mm 25%
and successful catalysis of isomerization is reported sebaconitrile on Uniport C packed column, nitrogen

here. carrier gas.)
Platinum group metals and Ni are used practically

for the isomerization and hydrogenation of olefins 2.2, Catalytic measurement

in heterogeneous systerfi—15] No metal halides,

except TiC} [16], have been reported as isomeriza-  The reaction apparatus used for the preliminary
tion catalysts of olefins in heterogeneous systems, al- treatment of the cluster and subsequent catalytic re-
though metal sulfides and oxides of group V and VI action is shown irFig. 1. A weighed cluster sample
metal compounds have been reported to catalyze the(30 mg) was placed in a Pyrex (up to 5@0) or quartz
reaction. (550-600°C) tube (3mm i.d.) surrounded closely
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ses of both liquid and gas products revealed that the
main products are hexane acid- andtrans-2-hexene
with a trace amount ofis- andtrans-3-hexene. The
total amount of 3-hexene was no more than 1% at
30% conversion and was thus ignored. No products
other than those resulting from isomerization and
hydrogenation were detected. The conversion was
proportional to the amount of catalyst used, insofar as
the conversion did not exceed 30%. Raman spectra of
the sample in the stream of hydrogen were measured
without removing the sample from the tube.

Fig. 1. Schematic drawing of the reaction system: 1, hydrogen gen-
erator; 2, stop valve; 3, pressure regulator; 4, mass flow controller;
5, flow meter; 6, microfeeder; 7, preliminary heater for reaction
gas; 8, oven; 9, copper jacket; 10, glass reactor; 11, catalyst; 12, 3.1. Catajysis by halide clusters
six-way valve; 13, sampler loop; 14, heater for gas sampler; 15,
on-line GLC; 16, trap bottle.

3. Results and discussion

Pulverized crystals of [(N4Cl12)Cl2(H20)4]-4H20
(1) were packed into a glass reaction tube and heated
with a copper tube, and placed in the center of an elec- in a stream of hydrogen for 1 h. Reaction was initiated
tric furnace. The catalyst sample was given a prelimi- by introduction of 1-hexene into the stream of hydro-
nary treatment between room temperature and®@00  gen. A typical reaction profile is plotted iig. 2 Clus-
for 1h in a stream of hydrogen (40 ml/min). The re- ter 1 catalyzed isomerization and slightly catalyzed
action was initiated by feeding 1-hexene (10 mg/min) hydrogenation of the olefinic bond to yietdls- and
into the stream of hydrogen using a microfeeder at the trans-2-hexene and hexane. No other reactions were
same temperature, or constant temperature of 150 orobserved. Although the catalytic activity decreased
250°C. The reaction was monitored by sampling the with time, thecis/trans selectivity of the isomerized
reaction gas (1 ml) with a six-way valve every 15 min product 2-hexene remained constarable 1lists the
followed by analysis using the on-line GLC. Analy- catalytic activity of various halide clusters and related
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Fig. 2. Typical reaction profile of 1-hexene with hydrogen over f8h2)Cly(H20)4]-4H20 (1). Following treatment ofl (30 mg) in a
stream of H (40 ml/min) at 350C for 1 h, reaction was started by the introduction of 1-hexene (10 mg/min) to itstrem at the same
temperature.
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Table 1
Activity of halide cluster catalysts
Catalyst Conversion (%)

IsomerizatioR (cis/trans) Hydrogenatioh
[(NbgCl12)Cl2(H20)4]-4H20 (1) 31.3 (0.47) 0.3
1d 25.5 (0.60) 0.0
[(NbgBr12)Bra(H20)4]-4H,0 0.75 (0.47) 0.0
[(NbGBrlz)Brz(H20)4]-4H20€ 35.9 (045) 0.4
(H30)2[(M0ogClg)Clg]-6H,0 1.8 (0.78) 0.1
[(TagCl12)Cla(H20)4]-4H,0 1.4 (0.45) 0.1
(H30)2[(WeClg)Clg]-6H20 (2) 1.8 (0.62) 0.1
Re;Clg 0.0 (5 0.0
Pt metall 2.3 (0.75) 4.8
Pd metdl 5.4 (0.56) 1.1
Nb metal 0.0 (-) 0.0
No catalyst 0.0 (-) 0.0

aCatalyst was treated at 25G for 1 h followed by reaction at the same temperature, and the data were recorded after 4 h of reaction.
Catalyst: 30 mg (150200 mesh), H: 40 ml/min, 1-hexene: 10 mg/min.

b |somerization= 2-hexeng(1-hexenet 2-hexenet hexang x 100 (%) at 4 h.

¢Hydrogenation= hexang(1-hexenet 2-hexenet hexang x 100 (%) at 4 h.

dHe (40 ml/min) was used instead ofH

€ Catalyst treatment and reaction was performed at°850

f Unsupported metal black powder. Catalyst powder was diluted with quartz sand (30 mg) before being charged into the reactor.

compounds treated in the same way. This table shows(2) [29], WO, (1.4) [30], and WQ (1.4) [30]. The
that Nb metal had no catalytic activity under the same correspondingigitransratio of 2-hexene has not been
reaction conditions. Niobium pentachloride cannot be reported on basic catalysts; however, on acidic cata-
applied to the catalysis under the same reaction con-lysts the values reported are low: 0.83 on HY zeolite
ditions, as its boiling point is as low as 250. These [31] and 0.5 on H-ZSM-532]. Thus, the halide clus-
results clearly show that the halide cluster of Nb de- ters might be classified as acidic catalystable 1
veloped into a novel catalystable 1shows also that  also shows that the halide clusters are clearly dis-
the cluster bromide of Nb and chlorides of Mo, Taand tinguished from the platinum group metals by the
W with octahedrally arranged §/metal cores showed low hydrogenation activities. The catalytic activities
catalytic activity for the isomerization of olefins. Al-  of the cluster catalysts listed ifable 1are low com-
though rhenium metdPR1] and rhenium sulfideR2] pared with those of Pt and Pd. However, such a com-
have been reported to be hydrogenation catalysts, aparison is moot, since these two are in the form of
rhenium cluster, ReClg, with a triangular metal core  amorphous black powder and the clusters used here
had no catalytic activity under the same reaction con- are pulverized crystals. Our preliminary experiments
ditions. The catalytic activity varied with the cata- showed that the catalytic activity is enhanced more
lyst employed; however, theigtrans selectivities of than 100 times when the clusters are supported on
2-hexene remained in a relatively narrow range and the silica gel.

ratios are approximately in accord with that of thermal

equilibrium (0.77 at 250C) [23,24] Isomerization 3.2. Catalysis by [(NbgCl12)Cl2(H20)4] -4H20 (1)

of 1-butene tocis- andtrans-2-butenes has been ex-

tensively studied over many heterogeneous basic and Reaction profiles of 1-hexene catalyzedlbat dif-
acidic catalysts. Higttig/trans ratios have been ob-  ferent temperatures are shownHig. 3. No catalytic
served over basic cataly§®5] such as MgO (3.2-7.0)  activity was observed below 10C, indicating that the
[26], ZrOp (7.3) [27], and ThQ (3.1-3.4)[28], and intact cluster is devoid of activity. Catalytic activity
low ratios over acidic catalysts such asJ{lg-nH,O developed slightly when the reaction was performed
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Fig. 3. Reaction profile of 1-hexene catalyzed by [§8h2)Cl>(H20)4]-4H,0 (1) at different temperatures. After treatment {30 mg)
with Hy (40ml/min) for 1h, reaction was started by introduction of 1-hexene (10 mg/min) to thstrdam at the same temperatures.
Conversion= (2-hexenet hexang/(1-hexenet 2-hexenet hexang x 100 (%).

at 150°C, but soon waned. Heating above 280gave with time, but converged to constant activities after
the Nb cluster substantial catalytic activity, which was 3h. AsFig. 4 shows, preliminary treatment at around
further enhanced with increasing temperature. The ef- 200°C gave the maximum activity td; although ap-
fect of the preliminary-treatment temperaturelodn parent activity increased with increasing temperature,
the catalytic activity was examined. The cluster sam- having a maximum activity at 30@, when both the
ples were given a preliminary treatment by chang- preliminary-treatment and reaction temperatures were
ing the temperature for 1 h, followed by reaction with changed concurrently. The Raman spectra wéated
1-hexene at 150C. The catalytic activities decreased at various temperatures in hydrogen streams for 1 h
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Fig. 4. Effect of treatment temperature on catalytic activity of {8h2)Cl2(H20)4]-4H20 (1). After treatment ofl at various temperatures
for 1 h with Hy, reactions proceeded at the same temperatdie After treatment ofl at various temperatures for 1 h, reactions proceeded

at 150°C (@). Other conditions are the same asFig. 3. Conversion= (2-hexenet hexang/(1-hexenet 2-hexenet hexang x 100 (%)
at 4h after the reaction started.
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Fig. 5. Raman spectra of [(MEl12)Cl2(H20)4]-4H20 (1) treated with H (40 mi/min) for 1 h.

are shown inFig. 5 The spectra markedly changed
beyond 200C with increasing temperature. The Ra-
man shift caused by the vibration of Nb-4Gir Nb—O
has not been attributed for compléx However, the
peak at 239 cm! is assigned to the breathing motion
of the NIy octahedron (Ag), whereas those at 161
and 152 cm? are attributed to edge bridging Nb-Cl
breathing vibrations (Eand T,g, respectively)[33].

dron, which may be ascribed to the higher energy
shift. However, the N§ metal framework remained
the same up to 400C. Above 200C, the two Ra-
man peaks originally at 161 and 152 chdue to edge
bridging Nb—Cl breathing vibrations, were replaced
with a new peak at the middle position, suggesting that
the structure of the coordinating Cl ligands changed
above this temperature. It is at this temperature that

Crystal structure data revealed that the differences in the catalytic activity emerged. No appreciable changes
M-M distances parallel the observed variations in the of these Raman spectra have been observed after 5h
Raman shift. The variations of the observed shift of reactions with 1-hexene at the same temperature. The

the Mg A1g band are almost entirely accounted for

by differences in the M—M force constant that accom-

formation of coke possibly suppressed this reaction.
Evolution of HCI gas was detected whdnwas

pany differences in the M—M bond distances, and not treated above 15@C, and a violent evolution began

by differences in mixing of the M—M and M-Xor
M-X?® coordinates[34]. The peak attributed to the
Nbe A1g vibration mode begins to shift to higher en-
ergy by treatment at 15@€ and had the greatest shift
at 250°C. The loss of some internal ClI ligands can
increase the Nb—Nb bond order of the JNbctahe-

when treated above 20C€. The evolution of Cl
gas was not however detected up to 3G0 The
[(NbgCl12)Cl2(H20)4] moiety of 1 is neutral and
even if it converts to the corresponding extended solid
state complex N&Clia ([NbeCICl55] Cl35CIES
[35], no evolution of HCI occurs, as shown lirg. (1)



S Kamiguchi et al./Journal of Molecular Catalysis A: Chemical 195 (2003) 159-171 165

® Nb
O d
o2 Ho0
-4H,0
—>
1
Scheme 1.
andScheme 1 but physically to remove the produced HCI, which
accords with the observation that the reactivitylof
[(NbeCli)CLy(H;0)4] - 4H,0 (1) treated in a stream of helium exhibited almost the same
*> NbgCly4 + 8H,0 (1) reactivity, as presented ifable 1

However, HCI could be produced by disproportiona- [(NDeCl12)Cl2(H20)4] - 4H20 (1)

tion of 1, as exemplified b¥qgs. (2)—(4}o form Nb—O — [(NbgCl12)CI(OH)(H20)3] + HCI + 4H,0
species. In this case, hydrogen operated not chemically
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Fig. 6. Analytical data of the treated sample of [gy2)Cl2(H20)4]-4H20 (1) with Hy (40 mi/min) for 1 h. Analytical data of intact
are also plotted. NbL(), CI (O), rest of Nb and Cl {\), and relative ratio of CI/Nb@).
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Fig. 7. XRD pattern of [(NBCl12)Cl2(H20)4]-4H20 (1) treated with H (40 mi/min) for 1 h.
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Fig. 8. Effect of treatment temperature on catalytic activity o§@b[(WeClg)Cls]-6H20 (2). After treatment of2 at various temperatures
for 1 h with H,, reactions proceeded at the same temperatube After treatment of2 at various temperatures for 1 h with, Heactions
proceeded at 150C (@) and 250C (O). Other conditions are the same asFig. 3. Conversion= (2-hexenet hexang/(1-hexenet 2-
hexenet hexané x 100 (%) at 4 h after the reaction started.
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[(NbgCl12)CI(OH)(H20)3]

— [(NbgCl12)(OH)2(H20)2] + HCI 3)
[(NbeCl12)CI(OH)(H20)3]
— [(NbeCl12)(0)(H20)3] + HCI 4)

Fig. 6 shows analytical data of Cl and Nb atoms
in the treated samples. The Cl content loftarted

167

decreasing when treated above 280 Fig. 6 also
shows that the relative amount of Cl to Nb, which is
not volatile unless changed to NbGlx = 2, 3 or 5)

or NbCIQ3, decreased with an increase in the treat-
ment temperature, and that experimentallys@h1 o
species on average were formed by the treatment
at 200°C. The total amounts of Nb and CI of the
treated samples are around 90%/Fas 6 shows, and

authentic 3

A W metal , 4
An A 600°C

Y WoC
% £ ¥ X 5000
P e W30 v v 450 °C
e 400 °C
P WeCli2
~ ~ 350 °C
5 -~ 300 °C
°|
~
> - A 250 °C
‘B
C
0] “ A
= 200 °C

150 °C

100 °C
RIS U 50 °C
_ 1 Y S| rt
‘L)LL ] PR untreated 2
20 40 60 80
260/ deg

Fig. 9. XRD pattern of (HO),[(WeClg)Clg]-6H,0 (2) treated with H

(40 ml/min) for 1 h. The XRD pattern of authenticg®li2 (3) is

also shown. Both of the identified compounds, f@)Cl4(H20)2] and 3, have two strong diffraction peaks at 12.4-12.6 and 15.3215.6

hence, unique diffraction peaks of each compound are indicated.
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therefore some components presumably originating samples treated at various temperatures react at 150

from the water contained ifh were left in the treated

and 250°C, the maximum activities appeared around

cluster samples. Assuming that the rest is composed450 and 480C, respectively. The X-ray diffraction

of oxygen or the hydroxyl group, the experimental
formula of the 200C-treated sample is NEIgO7.2

or NbsClg(OH)s 8. Hence, the catalytic activity of the
cluster can be attributed to the acid site of the Nb—O
moiety or the surface hydroxyl group with retention
of the octahedral metal framework.

The X-ray diffraction patterns ot treated in the
same way are shown Fig. 7. The change of the X-ray
diffraction pattern reveals that treatment above 00
changesdl to an amorphous compound that is not the
extended solid state compound §d14 prepared by

patterns of treated at various temperatures in hydro-
gen streams for 1 h are presentedrig. 9, with the
pattern of WCl1» ([WGCIg]CI‘§CIﬁ;‘2’) (3) synthesized
independentlyFig. 9 shows that the cluster changed
at above 100C from (HzO)2[(WClg)Clg]-6H20
(2) via [(WeClg)Cla(H20),] [36,37] to an extended
W-CI-W bonded solid state compour8l[38] as
heat was applied up to 40C (Scheme 2 The com-
plex decayed to an amorphous compound by 450
while very weak broad peaks attributable ta®@/and
W,C were observed at 450 and 5@D, respectively.

another route. Furthermore, the change of the crystal Finally, it was reduced to metallic W at 60C. The

structure did not give rise to the catalytic activity.
3.3. Catalysis by (H30)2[ (WsClg)Clg] -6H20 (2)

Fig. 8 presents the catalytic activities of W cluster
2 after preliminary treatment at varying temperatures
for 1 h, followed by the reaction at the same temper-
ature. The activity commenced when the preliminary
treatment and the following reaction were carried out
at 300°C, and the activity markedly increased with

temperature (300C) at which the catalytic activ-
ity commenced is the decomposition temperature of
[(WgClg)Cls(H20)2], as shown irFig. 8 The temper-
atures (456-480°C) at which the maximum activity
is observed is the decomposition temperature3.of
In both cases, degradation of the crystal structures
relates to the catalytic activity.

The Raman spectra @&ftreated at various temper-
atures in hydrogen streams for 1h are illustrated in
Fig. 1Q with the spectrum o8 synthesized indepen-

increasing temperature. On the other hand, while the dently. Characterizations of the peaks of H@lg)-

Scheme 2.
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Fig. 10. Raman spectra of §)[(WeClg)Cle]-6H20 (2) treated at various temperatures with 40 ml/min) for 1 h. The Raman spectrum
of authentic WCli2 (3) is also shown.

Clg(H20)2] and 3 are not available, although that of ture of 3 brought about the maximum catalytic ac-

2 has been report@4]. The peak due to the breath- tivity. This would be in accord with the results of
ing motion of the W octahedron Ay accidentally X-ray analyses. No appreciable changes of the Ra-
overlaps that of the W—Clcage breathing mode at man spectra or the XRD patterns were observed after
300cnT!. This peak and the assigned peak of the subsequent 5h reactions with 1-hexene at the same
W-W vibration of Wg at 153 cnT? of cluster2 almost temperatures.

disappeared at 30@, and then the catalytic activity Intense evolution of HCIl was confirmed by prelim-
developed. The spectra of 300, 350 and 4Dareated inary treatment above 10, although Gl was not
samples are almost the same as that of the authenticdetected during this time. The evolution of HCI, how-
sample of clusteB. At 450°C, most of the Raman  ever, does not necessarily demonstrate the formation of
peaks disappeared, and the maximum catalytic activ- the Cl-deficient cluster species, since the §{15)Cl¢]

ity appeared. These findings suggest that the structuralmoiety of 2 is a dianion bearing two protons, and
change from2 to 3 brought about the catalytic ac- the change o to the complex [(WClg)Cl4(H20)z]
tivity, and that decomposition of the molecular struc- accompanies the evolution of HCI, as described in



170

Eqg. (5) The next step in the conversion 3aoes not
release HCI, as shown &qg. (6)

(H30)2[(WeClg)Clg] - 6H20(2)

~100°Cl (WClg)Cla(H20)2] 4+ 2HCI + 6H,0 (5)

[(WeClg)Cla(H20)2]

>300°C

— [WgCIg]Cl2Cls/2(3) 4+ 2H0 (6)

Nevertheless, the evolution of HCl was detected above
300°C, which indicates that the same reaction as in
the case of the Nb cluster took place as exemplified in
Eas. (7)-(9)

[(WeClg)Cla(H20)2]

— [(WgClg)Cl3(OH)(H20)] + HCI @)
[(WeClg)Cl3(OH)(H20)]

— [(WeClg)Cla(OH)5] + HCI ®)
[(WeClg)Cl3(OH)(H20)]

— [(WgClg)Cl2(0)(H20)] + HCI (9)

Chemical analysis of the 40C-treated sample re-
vealed that the W content was 72.41% and the Cl con-

S Kamiguchi et al./Journal of Molecular Catalysis A: Chemical 195 (2003) 159-171

activity by preliminary treatment around 200, was

not retained as a solid state cluster. Hence, the activ-
ity waned at treatment temperatures as low as°250
The catalytically active species were probably oxo or
hydroxo clusters with acidic character.

4, Conclusion

Molecular halide clusters of Nb, Mo, Ta and W
are stable complexes showing no catalytic activity.
However, preliminary treatment at 250 gave them
catalytic activity for double bond isomerization of the
olefin. When the Nb clustet was treated in a hydro-
gen stream with increasing temperatures, the crystal
structure was found to decay above @0 However,
the molecular structure changed around 200by
losing some of the Cl ligands, leaving the dNtluster
metal framework intact. The temperature at which
the catalytic activities appeared was in accord with
that of the change of the molecular structure. In the
case of W cluste®, the catalytic activity appeared
on treatment at 300C, at which temperature the dis-
crete molecular cluster [(¥Clg)Cl4(H20),] changed
to the solid state cluste3. The catalytic activity was
enhanced with increasing temperature up to the de-

tent was 26.65%, and accordingly, the rest amounts to cay of 3 at around 450C. Retention of the catalytic

0.94%. The experimental error inherent in each anal-
ysis is estimated to b£0.5%, and hence total error is
+0.71%. The formation of YO as a minor component

in the 450°C-treated sample, &3g. 9shows, also sup-

activity at higher temperatures can be attributed to
retention of the catalytically active defective moiety
in the network of the solid state clust&r In both

clusters, the active species would be oxo or hydroxo

ports some oxygen atoms being retained in the treatedclusters of solid acid character.

samples. Thus, a small amount of oxygen moiety may
be left in this 400 C-treated sample, and the empirical
formula is W5Cl11.5(0)o.9 or WgCl1150(OH) s.

The authentic sample 08 exhibited an X-ray
diffraction pattern and Raman spectrum as shown in
Figs. 9 and 10both the pattern and the spectrum are
practically in accord with those of the sample treated
at 300-400°C, suggesting the formation of stable
solid state3 by the treatment. This conflict may be
interpreted in terms of the formation of an imper-
fect crystal containing a defective MI%]CI%CI‘}&%
moiety exhibiting catalytic activity. In other words,
small amounts of the foreign cluster, which has the
catalytic activity, were held in the crystal lattice of
{[W6CIi8]CI§CIZ;‘2‘ » Up to ca. 450C. In contrast, the
defective moiety [NBCl12] in 1, which has maximum
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